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Curcumin reduces oxidative and nitrative DNA
damage through balancing of oxidant—-antioxidant
status in hamsters infected with Opisthorchis
viverrini
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Opisthorchis viverrini (OV) infection is endemic in northeastern Thailand. We have previously
reported that OV infection induces oxidative and nitrative DNA damage via chronic inflammation,
which contributes to the disease and cholangiocarcinogenesis. Here, we examined the effect of curcu-
min, an antioxidant, on pathogenesis in OV-infected hamsters. DNA lesions were detected by double
immunofluorescence and the hepatic expression of oxidant-generating and antioxidant genes was
assessed by quantitative RT-PCR analysis. Dietary 1.0% curcumin significantly decreased OV-
induced accumulation of 8-0x0-7,8-dihydro-2'-deoxyguanosine (8-0xodG), an oxidative DNA lesion,
and 8-nitroguanine, a nitrative DNA lesion, in the nucleus of bile duct epithelial and inflammatory
cells. Expression of oxidant-generating genes (inducible nitric oxide synthase; iNOS, its nuclear tran-
scriptional factor, NF-xB, and cyclooxygenase-2), and plasma levels of nitrate, malondialdehyde, and
alanine aminotransferase, were also decreased in curcumin-treated group. In contrast, curcumin
increased the mRNA expression of antioxidant enzymes (Mn-superoxide dismutase and catalase), and
ferric-reducing anti-oxidant power in the plasma. In conclusion, curcumin reduced oxidative and
nitrative DNA damage by suppression of oxidant-generating genes and enhancement of antioxidant
genes, leading to inhibition of oxidative and nitrative stress. Therefore, curcumin may be used as a
chemopreventive agent to reduce the severity of OV —associated diseases and the risk of cholangiocar-
cinoma (CCA).
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1 Introduction

Infection with liver fluke, Opisthorchis viverrini (OV), is
endemic in Southeast Asia including Thailand, Lao PDR,
Vietnam, and Cambodia [1]. Approximately 6 million peo-
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ple are estimated to be infected with the liver fluke in Thai-
land [2]. The highest prevalence of OV infection has been
found in the Northeast Thailand and is associated with the
high incidence rate of cholangiocarcinoma (CCA) [3].
Infection induces the hepatobiliary disease and is a relative
risk factor for development of CCA [1], which is believed
to be caused via chronic inflammation [3-5].

Abbreviation: CCA, cholangiocarcinoma; iNOS, inducible nitric ox-
ide synthase; NO, nitric oxide; O3, superoxide anion radical; ONOO",
peroxynitrite; OV, Opisthorchis viverrini; 8-0xodG, 8-oxo0-7,8-dihy-
dro-2'-deoxyguanosine
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Excess free radicals including reactive oxygen species
(ROS) and reactive nitrogen species (RNS) are generated
from inflammatory and epithelial cells, and these cells
therefore are considered to play a key role in several patho-
logical conditions including carcinogenesis [5-8]. OV
infection has been shown to mediate iNOS-dependent DNA
damage in intrahepatic bile duct epithelium and inflamma-
tory cells of animals [9, 10]. We have reported that inflam-
mation caused by infection with OV induces the accumula-
tion of 8-ox0-7,8-dihydro-2'-deoxyguanosine (8-oxodG),
an oxidative DNA lesion, and 8-nitroguanine, a mutagenic
nitrative DNA lesion, which may contribute to related dis-
eases and cholangiocarcinogenesis [10]. In addition, the
sensitive balance between the oxidant and antioxidant
forces in the body appears to be very crucial in determining
health and longevity [11]. An imbalance of oxidant-gener-
ating and antioxidant genes or gene products may lead to
oxidative and nitrative stress, contributing to the develop-
ment of disease [12]. Therefore, intervention by chemopre-
ventive agents may reduce DNA damage and prevent CCA.

Curcumin, the active ingredient in turmeric (Curcuma
longa), has been proposed for the treatment of several dis-
eases, including various cancers [13]. Curcumin has been
shown to reduce inflammation and the generation of free
radical and carcinogenesis, and it is inexpensive and has
been found to be safe in human clinical trials [13, 14]. We
have hypothesized that curcumin may reduce oxidative and
nitrative DNA damage through inhibition of inflammation
and balancing of oxidant-antioxidant mechanisms.

To clarify the role of curcumin in reducing oxidative and
nitrative DNA damage caused by OV infection, accumula-
tion of 8-0x0dG, and 8-nitroguanine was assessed by double
immunofluorescence. To evaluate the proliferation of bile
duct epithelial cells, we examined expression of proliferat-
ing cell nuclear antigen (PCNA). Hepatic expression of oxi-
dant-generating genes such as iNOS, its transcriptional fac-
tor NF-xB, cyclooxygenase-2 (COX-2), and antioxidant
genes that encode Cu/Zn-superoxide dismutase (SOD1),
Mn-SOD (SOD?2), extracellular SOD (SOD3), catalase
(CAT) and glutathione peroxidase (GPx), was assessed by
quantitative reverse transcription (RT)-PCR analysis. Bio-
chemical parameters including the plasma levels of nitrate
(end products of nitric oxide (NO)), the plasma malondial-
dehyde (MDA, an oxidative biomarker), the ferric-reducing
anti-oxidant power (FRAP), and alanine aminotransferase
(ALT, an index of liver injury) activity in the plasma was
also analyzed. In addition, histopathological changes in the
liver were studied by hematoxylin and eosin.

2 Materials and methods

2.1 Parasites

OV metacercariac were isolated from naturally infected
fish by pepsin digestion as described previously [9]. Cypri-
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noid fish, obtained from the endemic area of Khon Kaen
province, Thailand, were digested by artificial 0.25% pep-
sin-HCI. OV metacercariae were collected under a dissect-
ing microscope and viable cysts were used to infect ham-
sters.

2.2 Experimental animals

The Animal Ethics Committee of Khon Kaen University,
Khon Kaen, Thailand (Reference No0.0514.1.12/436)
approved this study. Four to six week-old male golden ham-
sters (Mesocricetus auratus) were housed under conven-
tional conditions and fed a stock diet and given water ad
libitum. In the OV-infected group, hamsters were infected
with 50 metacercaria of OV by oral inoculation and treated
with normal diet. In the curcumin-treated group, curcumin
(Cayman, USA, purity 75%) was dissolved in corn oil (final
concentration <1%) and mixed with the homogenized nor-
mal diet, subsequently was made in a pellet, dried and kept
at room temperature and protected from sunlight. Dietary
curcumin was prepared once a week.

2.2.1 Determination of optimal dose of dietary
curcumin for protective effect on liver injury
of OV-infected hamsters

Because of limited data for optimal doses of curcumin in
hamster models, we examined a preventive effect of various
doses of curcumin supplemented in normal diet on liver
injury in OV-infected hamsters. Fifty male hamsters were
divided into two groups consisting of hamsters with and
without OV infection. Each group was divided into five
subgroups (five animals each), which were given diet sup-
plemented with 0, 0.1, 0.25, 0.5, and 1% w/w curcumin.
After 30 days post-treatment, they were sacrificed and
plasma was collected to measure ALT activity to evaluate
the liver injury. ALT activity was determined by using auto-
mate analyzer (Synchron Clinical System, CX™4, Beck-
man, USA). The most effective dose of curcumin (1%) was
used in subsequent experiments.

2.2.2 Effect of curcumin on DNA damage,
oxidative and nitrative stress and
histological changes in OV-infected
hamsters

We investigated the effect of curcumin on DNA damage,

oxidative, and nitrative stress and histopathological changes

in OV-infected hamsters. Eighty animals were used to inves-
tigate the effect of curcumin on OV-infected hamsters for

14, 21, 30, and 90 days, and 20 animals were used for each

time point. Animals at each time point included four

groups; normal hamsters fed with normal diet (N), normal
hamsters and fed with 1% w/w curcumin-supplemented
diet (N + Cur), OV-infected hamsters fed with normal diet

(OV), and OV-infected hamsters fed with 1% curcumin-

supplemented diet (OV + Cur). Five animals were used in
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each experimental group and sacrificed at time points
described above.

2.3 Specimen collections

After the period of OV infection and curcumin treatment,
hamsters were anaesthetized with ether, and then liver tis-
sues were collected. The liver sections of 0.5 cm in diame-
ter (approximately 150 mg) were taken from the hilar
region and adjacent areas including the secondary order
bile duct lumens, where the worms are usually found, and
were used for either total RNA isolation or histopathologi-
cal study. For total RNA isolation, the livers were immedi-
ately treated with TRIZOL™ reagent for RNA isolation and
then stored at —80°C until use. For histopathological and
immunohistochemical study, livers were fixed in 10% buf-
fered formalin. In addition, the blood was collected from
the heart into a tube containing EDTA. After centrifugation
at 5000 g for 5 min, plasma was collected and stored at
—80°C until analysis.

2.4 Immunohistochemical study

Because our previous data showed the peak of NO produc-
tion and 8-nitroguanine formation in the liver of hamsters
infected with OV for 30 days, we determined the most
effective dose of curcumin on DNA lesions at this time
point by using immunohistochemical study [9, 10]. Co-
localization of 8-nitroguanine and 8-oxodG formation in
the liver was assessed by double immunofluorescence
labeling study as described previously [9]. Briefly, paraffin
sections (5 um thickness) were deparaffinized in xylene
and rehydrated in descending gradations of ethanol. To
enhance the immunostaining, the sections were placed in
citrate buffer (pH 6.0) and autoclaved at 120°C for 10 min
for antigen unmasking. In addition, to demonstrate 8-nitro-
guanine formation in DNA more clearly, tissue sections
were pretreated with 10 ug/mL RNase at 37°C for 1h
according to the method described previously [15]. We pro-
duced highly sensitive and specific anti-8-nitroguanine rab-
bit polyclonal antibody as described previously [9] and
used as primary antibody at a concentration of 2 pg/mL,
and a mouse monoclonal anti-8-oxodG antibody (2 pg/mL,
Japan Institute for the Control of Aging, Fukuroi, Japan)
overnight at room temperature. Next, the sections were
incubated for 3 h with an Alexa 594-labeled goat antibody
against rabbit IgG and an Alexa 488-labeled goat antibody
against mouse IgG (each, 1:400, Molecular Probes Inc.,
Eugene, Oregon, USA). The stained sections were exam-
ined using a fluorescence microscope.

In addition, the localization of iNOS and PCNA in the
hamster liver was also assessed by indirect immunofluores-
cence labeling study as described previously at the corre-
sponding time point with DNA lesions [9]. Paraffin sections
were incubated with the primary antibodies [rabbit polyclo-
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nal anti-iNOS antibody (1:400, Abcam, Cambridge Science
Park, Cambridge, UK), and mouse monoclonal anti-PCNA
antibody (1:100, Santa Cruz Biotechnology, Inc., USA)]
overnight at room temperature. Samples were then incu-
bated with secondary antibodies against mouse or rabbit
primary antibodies as described above.

The histopathological change was assessed by hematoxy-
lin eosin staining in paraffin sections.

2.5 Isolation of MRNA and cDNA production

Approximately 150 mg of the hamster liver from the hilar
region including the secondary order bile duct lumen
(where worms inhabit) was harvested for total RNA isola-
tion using TRIZOL™ (Invitrogen, USA), according to the
manufacturer's instructions. Total RNA was treated with 5
units of DNase (Promega, USA) and 119 units of Ribonu-
clease Inhibitor (Promega, USA). Total RNA (3 ng) was
reverse-transcribed into cDNA using Oligo(dT) 15 primers
(Promega, USA) following the protocol for transcription by
M-MLV reverse transcriptase (Promega, USA).

The oligonucleotide-specific primer pairs for identifica-
tion of hamster-related genes were designed based on Gen-
Bank accession nos. XM342346.2 for NF-kB, DQ355357.1
for iNOS, AF345331.1 for COX-2, NMO017050.1 for
SOD1, NM017051.2 for SOD2, AB212861.1 for SOD3,
NMO012520.1 for CAT, NM030826.2 for GPx, and
DQ403054.1 for glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH).

The primer sequences are as follows: for NF-kB, forward
(GCTTTGCAAACCTGGGAATA), reverse (CAAGGT-
CAGAATGCACCAGA); for iNOS, forward: (CAGAACA-
GAGGGCTCAAAGQG), reverse (TCTGCAGGATGTCTT-
GAACQG); for COX-2, forward: (CCATGGGTGTGAAAG-
GAAAT), reverse (GAAGTGCTGGGCAAAGAATG); for
SOD1, forward (CGGATGAAGAGAGGCATGTT),
reverse (CACCTTTGCCCAAGTCATCT); for SOD2, for-
ward (CCGAGGAGAAGTACCACGAG), reverse
(GCTTGATAGCCTCCAGCAAC); for SOD3, forward
(GGCAGCCCTTGGCTCTGT), reverse (AAAGCTG-
GACTCCGCAGGAT), for CAT, forward (TTGACAGA-
GAGCGGATTCCT), reverse (AGCTGAGCCT-
GACTCTCCAQG), for GPx, forward (GGTTCG AGCC-
CAACTTTACA), reverse (CGGGGACCAAATGAT
GTACT), for GAPDH, forward (AGAAGACTGTG-
GATGGCCCC), reverse (TGACCTTGCCCACAGCCTT).
GAPDH was used as an endogenous control [16] and all pri-
mer sets had a calculated annealing temperature of 55°C.

2.6 Cloning of PCR product

To confirm the PCR fragment, RT-PCR was performed
using a Thermocycler (GeneAmp®, PCR system 9700).
Fragment identity was confirmed after cloning into home-
made T-vector, followed by sequencing using the respective
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Table 1. Sequences of amplified fragments and their percent identities to homologous rat, mouse and human sequences

Genes Sequence (5’ — 3') cDNAfrag- % Nucleotide (% amino acid) identities®
ment size
Rat Mouse Human
iNOS CAGAACAGAGGGCTCAAAGGAGGCCGCAT- 184 92 (90) 91 (85) 91 (90)

GACCTTGGTGTTTGGGTGCCGGCACCCAGAGGAGGAC-
CACCTCTATCGGGAAGAGATGCAGGAGATGGCCCACAAGG-
GAGTGCTGCACCAGGTGCATACAGCCTACTCCAGGCTGC-
CAGGCAAGCCCAAGGTCTACGTTCAAGACATCCTGCAGA

NF-xB GCTTTGCAAACCTGGGAATACTTCATGTAACTAAG- 123 91 (95) 93 (95) -(92)
CAAAAGGTATTTGCAACACTGGAGGCCCGGATGACA-
GAGGCGTGTATACGGGGCTACAATCCTGGACTTCTGGTG-

CATTCTGACCTTG

COX-2 CCATGGGTGTGAAAGGAAATAAGGAGCTTCCTGATTC- 131 93 (97) 92 (95) 86 (81)
GAAAGAAGTTCTGGAAAAAGTTCTTCTCAGGAGAAAGTT-
CATCCCTGATCCCCAAGGCACGAATATGATGTTTG-

CATTCTTTGCCCAGCACTTC

SOD1 CGGATGAAGAGAGGCATGTTGGGGACCTGGGCAACGT- 165 91 (94) 92 (96) 86 (87)
GACTGCTGGGAAGGATGGTGTGGCCACTGTGTCCATTGAA-
GACCCTGTGATCTCTCTCTCAGGAGAGCACTCCAT-
CATTGGCCGAACGATGGTGGTCCATGAGAAGCAAGAT-

GACTTGGGCAAAGGTG

SOD2 CCGAGGAGAAGTACCACGAGGCCCTGGCCAAGGGA- 175 94 (97) 93 (94) 89 (100)
GATGTTACGACTCAGATTGCTCTTCAACCTGCCCT-
GAAAGTTCAATGGTGGGGGACATATCAATCACAG-
CATTTTCTGGACAAACCTGAGCCCTAATGGTGGTGGA-
GAGCCCAAAGGAGAGTTGCTGGAGGCTATCAAGC

SOD3 GTGCACCAGATAACTCCCTATGATG- 133 97 - -
GAGGTTCCCTCCGTTCTTGACACTCCACTT-
TAAGGGCCCTCTGTGTCCCGATAACCACACAAGCCCTTAG-
CATCCCCTTTGAAACAGTCTTTGAGTCTGTTTGCTTCC

CAT TTGACAGAGAGCGGATTCCTGAGAGAGTGGTGCATG- 179 93 (98) 93 (98) 84 (94)
CAAAGGGAGCAGGTGCCTTTGGATACTTTGAGGTCACT-
CACGATATTACCAGGTACTGTAAGGCAAAGGTGTTTGAGCA-
CATTGGAAAGAGGACCCCCATTGCCGTTCGATTCTCCA-

CAGTCGCTGGAGAGTCAGGCTCAGCT

GPx GGTTCGAGCCCAACTTTACATTGTTCGAAAAGTGCGAGGT- 152 94 (96) 92 (94) 81 (84)
CAATGGTGAGAAGGCTCACCCGCTCTTTACCTTCCTGCGG-
GAGTCCTTGCCAGCGCCCAGTGACGACCCGACTGCGCT-
CATGACCGACCCCAAGTACATCATTTGGTCCCCG

GAPDH  AGAAGACTGTGGATGGCCCCTCCGGGAAGCTGTGGCGT- 108 97(100)  98(100)  93(97)
GATGGCCGTGGGGCTGCCCAGAACATCATCCCTGCATC-
CACTGGTGCTGCCAAGGCTGTGGGCAAGGTCA

a) The sequence identities are shown for the portion of the sequence corresponding to the hamster cDNA reported here. The amino
acid sequence is deduced from the nucleotide sequence. No data have been provided as shown in “-”. The GenBank accession
numbers used in the sequence comparison of rat, mouse and human were as follows: iINOS, NM012611.2 (CAA54208.1),
NM010927.1 (AAH62378.1), AF049656 (AAC83553.1); NF-kB, XM001075876.1 (EDL82271.1), NM008689.2 (EDL12139.1), —
(EAX06134.1); COX-2, AF233596.1 (AAN52933.1), NMO011198.3 (AAA39918.1), AY462100.1 (AAA57317.1); SOD1,
BC082800.1 (NP058746.1), BC086886.1 (NP035564.1), EF151142.1 (AAP36703.1); SOD2, NM017051.2 (CAA30928.1),
NMO008160.5 (AAH86649.1), BC007865.2 (CAA68491.1); SOD3, BC061861.1; CAT, BC081853.1 (EDL79667.1), BC013447.1
(AAH13447.1), BC110398.1 (AAK29181.1); GPx, NM030826.3 (CAA30928.1), NM008160.5 (AAH86649.1), BC007865.2
(CAAB8491.1); GAPDH, NW047470.1(ABD77186.1), XR033853.1 (XP001473673.1), and NT009759 (88014556). The GenBank
accession numbers are present as nucleotide (protein) database for rat, mouse and human, respectively.
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gene specific primers with the Cy5-labeled primer (Applied
Biosystems, USA) on MegaBACE™ 1000 DNA analysis
System (Pharmacia, USA). The DNA sequences were ana-
lyzed using the BioEdit software (http://www.mbio.ncsu.
edu/BioEdit). BLAST was used to search the nucleotide and
protein database at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov./BLASTn or
BLASTX). Sequences of amplified fragments and the per-
cent identities for the alignments to homologous rat, mouse,
and human sequences are shown in Table 1.

2.7 Quantitative RT-PCR analysis

Relative mRNA expression was determined by ABI7500
thermal cycler using a SYBR Green assay. Three replicates
were performed for each experiment. A PCR reaction
(20 pL) contained 5 pL of single stranded cDNA, PCR buf-
fer, 0.25 mM of each ANTP, 5 pmol of forward and reverse
primers, 0.5X SYBR Green and 1 U of Hot start 7aq poly-
merase (MBI Fermantas, St. Leon-Rot, Germany). The
PCR cycling conditions were 95°C for 10 min, then 40
cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 1 min.
After PCR, a dissociation curve was constructed in the
range of 60-99°C according to the dissociation protocol of
the instrument.

Equivalent PCR efficiency was confirmed for each pri-
mer set from the slope of the standard curve of serial two-
fold dilutions. Dissociation curves always indicated the for-
mation of a single PCR product. All data were analyzed
using the Rotor Gene 5 software (Corbett, Australia) with a
cycle threshold (Ct) in the linear range of amplification and
then processed by the 222 method [17]. Relative gene
expression was calibrated using expression of GAPDH
gene and reported as fold change over background levels in
the normal control sample.

2.8 Analysis of biochemical parameters

The amount of NO production was determined as nitrate in
the plasma by the vanadium-based simple spectrophotomet-
ric method using the Griess reaction [18] with minor modi-
fications. The assay was performed in a standard flat-bot-
tomed, 96-well, polystyrene microtiter plate. The nitrate
concentration in the biological samples was measured after
catalyzed reduction to nitrite using vanadium (III) chloride
(VCl;). Plasma (100 pL) was deproteinized to reduce tur-
bidity with 200 uL of cold absolute methanol to diethyl
ether (3:1, v/v) for 30 min at —80°C. The samples were cen-
trifuged at 12 000 g for 10 min and the supernatant was
analyzed. After 100 uL of the supernatant or standard
nitrate was added to a well, 100 uL of VCl; was added, fol-
lowed by immediate addition of 100 uL of the Griess
reagent (premixed 50 uL of 2% sulfanilamide in 5% HCI
and 50 puL of 0.1% of N-(1-naphthyl) ethylenediamine dihy-
drochloride). The contents were vigorously mixed and the
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Figure 1. Optimal protective dose of curcumin on ALT activity
in the plasma. Fifty male hamsters were divided into two
groups consisting of hamsters with and without OV infection.
Each group was divided into five subgroups (five animals
each), which were given diet supplemented with 0, 0.1, 0.25,
0.5, and 1% w/w curcumin for 30 days. ALT activity in the
plasma was measured by using automate analyzer. Data
present as mean + SD of five animals and experiment was
performed in duplicate. Statistical significance was analyzed
using Student's t-test to compare OV-infected hamsters with
and without OV treated with curcumin treatment. *P < 0.05,
and ***P < 0.001.

plate was incubated for 20 min at 37°C and read absorbance
at 540 nm.

TBA-reactive substances (TBARS) reaction equivalent
to MDA was measured as described previously [19]. Briefly,
200 uL of plasma and 8.1% SDS, 1.5 mL of 0.5 M HCI,
1.5 mL of 20 mM TBA, 50 uL of 7.2% BHT in 95% etha-
nol, and 550 pL of deionized water (DI) were added to a
screw-capped test tube. The sample was stirred and heated
by boiling in a heater (90°C) for 15 min. After cooling for
10 min in an ice box, the chromogen was extracted by add-
ing 1 mL of DI and 5 mL of n-butanol-pyridine solution.
The sample was mixed thoroughly and centrifuged at
3000 g for 15 min. TBARS adduct with MDA, TBAR-
MDA was determined against reagent blank by a spectro-
fluorometry (GEMINI, XPS, Molecular Devices, CA,
USA) with 520 nm excitation and 550 nm emission, using
1,1,3,3-tetramethoxypropane as the standard.

FRAP, antioxidant power, in the plasma was measured by
spectrophotometer [20]. One thousand pL of FRAP reagent
[300 mM acetate buffer, 10 mM 2,4,6-tripyridyl-s-triazine
(TPTZ, Fluka Chemicals, Switzerland), and 20 mM ferric
chloride (FeCls + 6H,0), ratio 10:1:1] was incubated with
30 uL of plasma or standard calibrator (FeSO, * 7H,0) for
4 min at 37°C. The reaction was stopped by adding sulfuric
acid (0.1 M H,SO, in 0.5 M Tris-HCI, pH 6.8). The change
in absorbance at 620 nm between the final reading and the
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OV+Cur

8-Nitroguanine

8-oxo0dG

Figure 2. Protective effect of curcumin against DNA damage. Accumulation of 8-oxodG and 8-nitroguanine in the livers of hamsters
with or without 1% curcumin treatment was assessed by double immunofluorescence technique as described in Materials and meth-
ods. Animals were divided into 4 groups as described in Materials and methods section: normal hamsters fed with normal diet (N),
normal hamsters and fed with 1% w/w curcumin-supplemented diet (N + Cur), OV-infected hamsters fed with normal diet (OV), and
OV-infected hamsters fed with 1% curcumin-supplemented diet (OV + Cur). These animals were sacrificed after OV-infection and/or
curcumin treatment for 30 days. Positive immunoreactivity of 8-oxodG (green), 8-nitroguanine (red), and merge (yellow), is shown in
the nucleus of bile duct epithelial cells and inflammatory cells in OV-infected hamsters and disappeared in curcumin-treated animals.

The magnification was 400x. OV = O. viverrini, BD = bile duct.

reagent blank reading was calculated for each sample, using
Fe'as a standard.

2.9 Statistical analysis

Data were presented as means + SD. The Student's #-test
was used to compare between two groups and One-Way
Analysis of Variance was used to test for differences among
two or more independent groups. Statistical analyses were
performed using SPSS version 11.5. Statistical significance
in immunoreactivities was determined using the y>-test. P
values less than 0.05 were considered statistically signifi-
cant.

3 Results

3.1 Optimal dose of curcumin on the activity of the
liverenzyme ALT

To determine the effective dose of curcumin that can protect
against liver injury, plasma ALT activity was examined in

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

various doses of dietary curcumin (final concentration; 0.1,
0.25, 0.5 and 1%) in the experimental animals at 1 month
post-treatment  (Fig. 1). OV infection significantly
increased plasma ALT activity compared with normal con-
trol. In the curcumin-treated group, a significant decrease
of ALT activity was observed at 0.5 and 1%. Notably, 1%
curcumin decreased ALT activity to the normal level. In
addition, ALT activity in normal hamster treated with cur-
cumin was unchanged compared with normal control at any
dose.

3.2 Inhibitory effect of curcumin on DNA damage

Since 1% dietary curcumin had the highest protective effect
against liver injury on days 30 post-treatment, we assessed
the effect of this dose of curcumin on the accumulation of
8-0x0dG, and 8-nitroguanine in the hamster liver at the cor-
responding time point by double immunofluorescence tech-
nique (Fig. 2). In OV infection group, strong immunoreac-
tivity of 8-oxodG and 8-nitroguanine was observed in the
nucleus of bile duct epithelial cells and inflammatory cells.

www.mnf-journal.com
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iNOS
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Normal diet

Normal hamsters
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Figure 3. Protective effect of curcumin on iNOS expression in
the liver of hamsters infected with OV. Expression of iNOS in
the liver of hamsters infected with OV was assessed by indi-
rect immunofluorescence technique as described in Materials
and methods. A strong immunoreactivity of INOS appears in
the cytoplasm of bile duct epithelial cells and inflammatory
cells in OV-infected hamsters and disappears in curcumin-
treated animals. The experiment was performed as described
in Figure 2 legend. The magnification was 400x. OV = O.
viverrini, BD = bile duct.

In contrast, curcumin treatment significantly decreased the
immunoreactivity of 8-oxodG and 8-nitroguanine in ham-
ster liver. In addition, little or no immunoreactivity of these
DNA lesions was observed in normal hamsters with or
without curcumin treatment.

3.3 Inhibitory effect of curcumin on iNOS and
PCNA expression

Figure 3 shows the expression of iNOS in the liver of ham-
sters infected with OV and the effect of curcumin treatment
on days 30 post-treatment. OV induced strong immunoreac-
tivity of iNOS in the cytoplasm of bile duct epithelium and
inflammatory cells at the inflammatory area. In contrast, lit-
tle immunoreactivity of iNOS was observed in OV-infected
hamsters treated with curcumin. In addition, little or no
immunoreactivity of iNOS was observed in the normal
hamsters treated with 1% curcumin and in the normal con-
trol group.

Figure 4 shows the expression of PCNA, which acts as a
response for cell proliferation during DNA synthesis and is
involved in DNA repair, in the liver of hamsters infected
with OV with and without curcumin treatment on days 30
post-treatment. OV induced strong immunoreactivity of
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PCNA

Curcumin treatment

Normal diet

Normal hamsters

OV infection

Figure 4. Protective effect of dietary curcumin on PCNA
expression in the liver of hamster infected with OV. Expression
of PCNA in the liver of hamsters infected with OV was
assessed by indirect immunofluorescence technique as
described in Materials and methods. Strong immunoreactivity
of PCNA appears in the nucleus of bile duct epithelial cells
and inflammatory cells in OV-infected hamsters and disap-
pears in curcumin-treated animals. The experiment was per-
formed as described in Fig. 2 legend. The magnification was
200x. OV = O. viverrini, BD = bile duct.

PCNA in the nucleus of bile duct epithelial cells and
inflammatory cells at the site of inflammation. In contrast,
a significant decrease in immunoreactivity of PCNA was
observed after 1% dietary curcumin treatment. In addition,
little or no immunoreactivity of PCNA was observed in the
normal hamster with 1% curcumin treatment and in the nor-
mal control group.

3.4 Protective effect of curcumin on
histopathological changes in the liver of
hamsters infected with OV and on OV egg
production

Figure 5 shows the effect of curcumin on histopathological
changes in the liver of hamsters infected with OV. OV
induced the dilatation of bile ducts and the thickness of
periductal fibrosis increased with the duration of infection.
The observed histopathological changes were similar to
previously published data [21]. Interestingly, although the
dilatation of bile ducts was increased time-dependently, the
accumulation of inflammatory cells and the periductal fib-
rosis was reduced after 1% dietary curcumin treatment. In
addition, curcumin had no effect on the normal hamster
liver even in curcumin-treated or untreated groups.

To examine the effect of curcumin on worms laying eggs,
two days before animals were sacrificed in OV and
OV + Cur groups, feces were collected for parasite egg
examination using the formalin ether concentration tech-
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Figure 5. Protective effect of curcumin on histopathological changes in the liver of hamsters infected with OV. Histopathological
changes in the liver of hamsters infected with OV and the protective effect of curcumin were performed by hematoxylin and eosin
staining as described in Materials and methods. Animals were treated with OV and/or curcumin for 14, 21, 30, and 90 days, and a
group of each time point was further divided into four subgroups; normal hamsters fed with normal diet (N), normal hamsters and fed
with 1% w/w curcumin-supplemented diet (N + Cur), OV-infected hamsters fed with normal diet (OV), and OV-infected hamsters fed
with 1% curcumin-supplemented diet (OV + Cur). The magnification was 100x. OV = O. viverrini.

nique. No significant difference in the number of OV eggs
per gram of feces was found between these groups (data not
shown).

3.5 Protective effect of curcumin on the
expression of oxidant-generating genes in the
liver of hamster infected with OV

On the basis of rodent genes, we studied oxidant-generating
genes, such as iNOS, its transcription factor NF-kB and
COX-2. Effect of curcumin on the mRNA expression pro-
files of oxidant genes in the liver of hamsters infected with
OV are shown in Fig. 6. The nucleotide sequences of these

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

genes were more similar (>91%) to rat and mouse, than
humans. Genbank accession numbers are shown in Table 1.

After OV infection, mRNA expression of NF-kB, tran-
scriptional regulator of various oxidant genes, and iNOS
significantly increased on day 14 and reached a peak on day
21, and tended to decrease thereafter. Expression of COX-2
gene significantly increased on day 14-30 and decreased on
day 90, but its level was still significantly higher than that
in normal control group. Interestingly, 1% dietary curcumin
significantly suppressed the expression of iNOS, NF-xB
and COX-2 mRNA at different time points. A significant
decrease in NF-kB was observed at day 21 and 90 post-
treatment compared with hamsters without curcumin sup-
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Figure 6. Protective effect of curcumin on the expression of
oxidant-generating genes in the liver of hamsters infected with
OV. Relative mRNA expression of oxidant-generating genes
such as NF-kB, iNOS, and COX-2 to GAPDH was assessed
by quantitative RT-PCR as described in Materials and meth-
ods. Animals were treated with OV and/or curcumin and div-
ided into 4 groups as described in Fig. 5 legend: normal ham-
sters fed with normal diet (N), normal hamsters and fed with
1% w/w curcumin-supplemented diet (N + Cur), OV-infected
hamsters fed with normal diet (OV), and OV-infected hamsters
fed with 1% curcumin-supplemented diet (OV + Cur). Data are
presented as the mean + SD of 3 animals and triplicate set of
experiment was performed. One way ANOVA was used to
compare among these four groups at each time point. a, b, c,
and d are the statistical significance among all groups
(P < 0.05). Different alphabets in the same group mean statis-
tically significant difference in the order d > ¢ >b > a for each
time point. D = day(s).
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plement. Curcumin also significantly decreased the mRNA
expression of iNOS on day 14 and 30, and COX-2 on day
14 and 21 post-treatment. In addition, in normal hamster
with curcumin treatment, these genes transcripts were
unchanged compared with normal control group, except
NF-xB and COX-2 which increased at day 14 post-treat-
ment.

3.6 Protective effect of curcumin on the
expression of antioxidant genes in the liver of
hamsters infected with OV

Effect of curcumin on the hepatic mRNA expression profile
of gene encoding antioxidant enzymes such as SODI,
SOD2, SOD3, CAT, and GPx in the liver of hamsters
infected with OV is shown in Fig. 7. OV infection increased
the expression of SOD3 gene on day 14, and an increase in
SOD2 and CAT expression was observed on day 21 post-
infection. By day 30 post-infection, SOD2 was still
increased, but CAT decreased thereafter. Expression of
SOD1 gene slightly increased than that in normal control
group. Interestingly, the increased expression of SOD2 and
CAT genes was observed in OV-infected hamsters with cur-
cumin treatment throughout the experimental period com-
pared with those with OV infection alone. Curcumin also
increased SOD3 expression on day 90 post-treatment. In
contrast, curcumin had no effect on SOD1 mRNA expres-
sion. In addition, expression of GPx mRNA was unchanged
in all experimental groups (data not shown).

3.7 Protective effect of curcumin on biochemical
parameters in the plasma of hamsters infected
with OV

Figure 8 shows the plasma levels of nitrate (Fig. 8A), MDA
(Fig. 8B), ALT activity (Fig. 8C), and FRAP (Fig. 8D), and
the effect of curcumin treatment. OV infection increased
plasma nitrate, plasma MDA, and ALT activity, on days 14—
90 post-infection. After infection, ALT gradually increased
and reached a peak on day 21 and decreased thereafter, but
its level was still higher than that normal control group.
Interestingly, 1% dietary curcumin treatment significantly
decreased plasma level of nitrate and ALT activity on days
14-30 post-treatment. Furthermore, curcumin significantly
decreased MDA level throughout the time course (days 14—
90). In addition, the plasma level of these biochemical
parameters was unchanged in normal hamsters treated with
curcumin compared with the normal control group.

OV infection also increased plasma level of ferric reduc-
ing antioxidant power (FRAP) in a similar pattern to ALT
activity. In contrast to oxidative and nitrative stress marker
and liver injury markers, plasma FRAP significantly
increased by curcumin supplement on day 14-90 post-treat-
ment. In addition, the plasma FRAP level was unchanged in
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Figure 7. Effect of dietary curcumin on the expression of antioxidant genes in the liver of hamsters infected with OV. Relative mRNA
expression of antioxidant genes encoding CAT, SOD1, SOD2, and SOD3 to GAPDH was assessed by quantitative RT-PCR anal-
ysis. Animals were treated with OV and/or curcumin and divided into four groups as described in Fig. 5 legend: normal hamsters fed
with normal diet (N), normal hamsters and fed with 1% w/w curcumin-supplemented diet (N + Cur), OV-infected hamsters fed with
normal diet (OV), and OV-infected hamsters fed with 1% curcumin-supplemented diet (OV + Cur). Data are presented as the
mean + SD of three animals and triplicate set of experiment was performed. One way ANOVA was used to compare among these
four groups at each time point. a, b, ¢, and d are the statistical significance among all groups (P < 0.05). Different alphabets in the
same group mean statistically significant difference in the order d > ¢ > b > a for each time point. D = day(s).

normal hamsters with curcumin treatment compared with
normal control group.

4 Discussion

We have previously reported that OV infection induces
iNOS-dependent oxidative and nitrative DNA damage in
experimental opisthorchiasis [9, 10], which may be
involved in the initiation and promotion of CCA. Recently,
we demonstrated that the level of 8-0xodG, an oxidative
DNA lesion, in the urine significantly increased in the order
of CCA>OV-infected patients > healthy subjects [22]. 8-
oxodG level decreased after worm elimination in OV-
infected patients [22] and in animal model [23]. Thus, 8-
oxodG may be a useful biomarker to monitor not only infec-
tion but also carcinogenesis. In this study, we demonstrated
the protective effect of curcumin, a tumeric extract, on 8-
0xodG and 8-nitroguanine formation in hamsters infected
with OV. Curcumin effectively suppressed oxidative and
nitrative DNA damage and the expression of oxidant-gener-
ating genes such as iNOS, NF-xB, and COX-2, and
enhanced the expression of antioxidant genes such as

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SOD2, SOD3, and CAT. Curcumin reduced OV-induced
histopathological changes, including inflammatory cell
infiltration and periductal fibrosis. Therefore, we hypothe-
size that supplement with curcumin reduces DNA damage
through the suppression of inflammatory responses and bal-
ancing of oxidant—antioxidant status.

We have previously reported that OV infection strongly
induces iNOS in bile duct epithelial cells and inflammatory
cells [9]. Expression of iNOS is regulated by activated NF-
kB translocated to the nucleus [24, 25]. Recently, we have
also reported that O. viverrini antigen induces the expres-
sion of Toll like receptor (TLR)-2, leading to NF-kB-medi-
ated iNOS, and COX-2 expression in macrophage cell line
[26]. NF-xB is implicated in the expression of a wide vari-
ety of genes involved in inflammatory response [27]. In this
study, our results showed that the expression of NF-«xB,
iINOS, and COX-2 decreased upon curcumin treatment
especially in acute infection (days 14-21). Decreased
expression of iNOS is supported by a decrease in plasma
nitrate level by curcumin. Our findings are supported by a
recent review on the reducing effect of curcumin on NF-xB
expression [13] and related gene products including iNOS
and COX-2 [24, 28]. In addition, COX-2 is a well-known
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Figure 8. Effect of curcumin on the biochemical parameters in
the plasma of hamsters infected with OV. Plasma levels of
nitrate, MDA, ALT, and FRAP were measured as described in
Materials and methods. Animals were treated with OV and/or
curcumin and divided into four groups as described in Fig. 5
legend: normal hamsters fed with normal diet (N), normal
hamsters and fed with 1% w/w curcumin-supplemented diet
(N + Cur), OV-infected hamsters fed with normal diet (OV),
and OV-infected hamsters fed with 1% curcumin-supple-
mented diet (OV + Cur). Data are presented as the mean + SD
of 5 animals and duplicate set of experiment was performed.
One way ANOVA was used to compare among these four
groups at each time point. a, b, ¢, and d are the statistical sig-
nificance among all groups (P < 0.05). Different alphabets in
the same group mean statistically significant difference in the
order d > ¢ > b > a for each time point. D = day(s).
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mediator to inflammatory process and contributes to ROS
production [29, 30], and induced by parasitic infection via
an inflammatory reaction [26]. The inhibitory effect of cur-
cumin on NF-xB activation might be due to suppression of
IkB degradation and p65 translocation to the nucleus [31].
Our result indicates that curcumin can decrease plasma
MDA, an oxidative stress marker, and plasma nitrate level
in animal model of OV infection, which might explain the
ability of curcumin to inhibit free radical generation and
inflammation [32].

In contrast to oxidant-generating genes, we found that
transcription of the antioxidant genes SOD2 and CAT
increased after curcumin treatment at all time points in this
study. In addition, expression of SOD3 mRNA increased
only on day 90 post-treatment. Increase in the plasma level
of FRAP may be supported by the transcriptional regulation
of antioxidant gene expression. Curcumin enhances the
expression of SOD2 and CAT for host defense against oxi-
dative stress [13, 24, 33] by activation of the transcription
factor nuclear redox factor (Nrf2) [34] leading to increase
in ferric-reducing anti-oxidant power in the plasma.
Increase in mitochondria SOD (SOD2) may be the first line
of antioxidant defense against the overproduction of super-
oxide anion radical (O37) during parasitic infection. It is
speculated that curcumin induces over-expression of SOD2
and CAT, which partially protect the liver from injury due
to increased reactive oxygen production [35]. This hypothe-
sis is supported by the finding that curcumin supplement
decreased OV-induced MDA level and ALT activity.

It has been shown that generation of O3~ and H,O, plays
an important role in host defense against parasite infection
[36]. Excess NO and O3~ production leads to generation of
highly reactive peroxynitrite (ONOO~), which mediates
8-nitroguanine and 8-oxodG formation [5, 37]. Interest-
ingly, our data showed that these DNA lesions almost com-
pletely disappeared after curcumin treatment in the liver of
OV-infected hamsters. PCNA functions as a cofactor for
DNA polymerase & during DNA synthesis and repair mech-
anism and a marker of cell proliferation [38]. We have de-
monstrated that iNOS-dependent DNA damage during
chronic and repeated OV infection promotes the epithelial
cell proliferation, leading to cholangiocarcinogenesis [10].
This study showed that accumulation of PCNA in blie duct
epithelial cells of OV-infected hamsters was dramatically
reduced by curcumin, suggesting that curcumin reduces not
only DNA damage but also cell proliferation to prevent
cholangiocarcinogenesis.

8-Nitroguanine and 8-0xodG formation in DNA is known
to cause mutation, leading to carcinogenesis. 8-oxodG for-
mation results in G:C to T:A transversion, which is fre-
quently found in tumor relevant genes [8, 39]. 8-Nitrogua-
nine undergoes spontaneous depurination leading to apur-
inic sites in DNA [40], resulting in G:C to T:A transversion
[8, 40]. These DNA lesions significantly decreased after
curcumin treatment. Therefore, it can be concluded that
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curcumin can inhibit nitrative and oxidative DNA damage
via an increase in the expression of antioxidant genes and a
decrease in the expression of oxidant-generating genes,
reducing the risk of opisthorchiasis-associated CCA. The
study therefore provides an insight into chemoprevention of
OV-induced CCA.

This work was supported by The Thailand Research Fund
and The Commission on Higher FEducation (Grant
No.MRG5080147). Mr. Suksanti Prakobwong was granted
a scholarship by the Commission on Higher Education for
CHE-PhD-THA-SUP program. We thank Dr. Justin Reese
for assistance with presentation.

The authors have declared no conflict of interest.

5 References

[1] IARC Infection with liver flukes (Opisthorchis viverrini,
Opisthorchis felineus, Clornorchis sinensis). IARC mono-
graphs on the Evaluation of Carcinogenic Risks to Human.
International Agency for Research on Cancer, Lyon. 1994,
61,121-175.

[2] Jongsuksuntigul, P., Imsomboon, T., Opisthorchiasis control
in Thailand, Acta Trop. 2003, 88, 229-232.

[3] Sripa, B., Kaewkes, S., Sithithaworn, P., Mairiang, E. et al.,
Liver fluke induces cholangiocarcinoma, PLoS. Med. 2007,
4,e201.

[4] Ohshima, H., Bartsch, H., Chronic infections and inflamma-
tory processes as cancer risk factors: possible role of nitric
oxide in carcinogenesis, Mutat. Res. 1994, 305,253 -264.

[5] Kawanishi, S., Hiraku, Y., Pinlaor, S., Ma, N., Oxidative and
nitrative DNA damage in animals and patients with inflam-
matory diseases in relation to inflammation-related carcino-
genesis, Biol. Chem. 2006, 387,365-372.

[6] Coussens, L. M., Werb, Z., Inflammation and cancer, Nature
2002, 420, 860—867.

[7] Hussain, S. P, Hofseth, L. J., Harris, C. C., Radical causes of
cancer, Nat. Rev. Cancer. 2003, 3,276—-285.

[8] Ohshima, H., Genetic and epigenetic damage induced by
reactive nitrogen species: implications in carcinogenesis,
Toxicol. Lett. 2003, 140-141,99—104.

[9] Pinlaor, S., Hiraku, Y., Ma, N., Yongvanit, P. et al., Mecha-
nism of NO-mediated oxidative and nitrative DNA damage in
hamsters infected with Opisthorchis viverrini, a model of
inflammation-mediated carcinogenesis, Nitric Oxide 2004,
11,175-183.

[10] Pinlaor, S., Ma, N., Hiraku, Y., Yongvanit, P. ef al., Repeated
infection with Opisthorchis viverrini induces accumulation
of 8-nitroguanine and 8-0xo-7,8-dihydro-2’-deoxyguanine in
the bile duct of hamsters via inducible nitric oxide synthase,
Carcinogenesis 2004, 25, 1535—-1542.

[11] Halliwell, B., The role of oxygen radicals in human disease,
with particular reference to the vascular system, Haemostasis
1993, 23 Suppl 1, 118—126.

[12] Sarvazyan, N., Askari, A., Klevay, L. M., Huang, W. H., Role
of intracellular SOD in oxidant-induced injury to normal and
copper-deficient cardiac myocytes, Am. J. Physiol. 1995,
268, HI115-1121.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[13] Kunnumakkara, A. B., Anand, P, Aggarwal, B. B., Curcumin
inhibits proliferation, invasion, angiogenesis and metastasis
of different cancers through interaction with multiple cell sig-
naling proteins, Cancer Lett. 2008, 269, 199—225.

[14] Goel, A., Jhurani, S., Aggarwal, B. B., Multi-targeted therapy
by curcumin: how spicy is it? Mol. Nutr. Food Res. 2008, 52,
1010—-1030.

[15] Hiraku, Y., Tabata, T., Ma, N., Murata, M. ef al., Nitrative and
oxidative DNA damage in cervical intraepithelial neoplasia
associated with human papilloma virus infection, Cancer Sci.
2007, 98, 964-972.

[16] Pinlaor, S., Prakobwong, S., Hiraku, Y., Kaewsamut, B. et al.,
Oxidative and nitrative stress in Opisthorchis viverrini-
infected hamsters: an indirect effect after praziquantel treat-
ment, Am. J. Trop. Med. Hyg. 2008, 78, 564—573.

[17] Alenghat, T., Yu, J., Lazar, M. A., The N-CoR complex ena-
bles chromatin remodeler SNF2H to enhance repression by
thyroid hormone receptor, EMBO J. 2006, 25, 3966—3974.

[18] Miranda, K. M., Espey, M. G., Wink, D. A., A rapid, simple
spectrophotometric method for simultaneous detection of
nitrate and nitrite, Nitric Oxide 2001, 5, 62—71.

[19] Nowak, D., Kalucka, S., Bialasiewicz, P.,, Krol, M., Exhala-
tion of H,O, and thiobarbituric acid reactive substances
(TBARSs) by healthy subjects, Free Radic. Biol. Med. 2001,
30, 178—186.

[20] Benzie, I. F., Strain, J. J., The ferric reducing ability of plasma
(FRAP) as a measure of ‘antioxidant power”: the FRAP assay,
Anal. Biochem. 1996, 239, 70-76.

[21] Bhamarapravati, N., Thammavit, W., Vajrasthira, S., Liver
changes in hamsters infected with a liver fluke of man, Opis-
thorchis viverrini. Am. J. Trop. Med. Hyg. 1978, 27, 787—
794.

[22] Thanan, R., Murata, M., Pinlaor, S., Sithithaworn, P. ef al.,
Urinary 8-0x0-7,8-dihydro-2'-deoxyguanosine in patients
with parasite infection and effect of antiparasitic drug in rela-
tion to cholangiocarcinogenesis, Cancer Epidemiol. Bio-
markers Prev. 2008, 17,518—524.

[23] Pinlaor, S., Hiraku, Y., Yongvanit, P., Tada-Oikawa, S. ef al.,
iNOS-dependent DNA damage via NF-kB expression in
hamsters infected with Opisthorchis viverrini and its suppres-
sion by the antihelminthic drug praziquantel, /nt. J. Cancer.
2006, 119, 1067—-1072.

[24] Surh, Y.J., Chun, K. S., Cha, H. H., Han, S. S. ef al., Molecu-
lar mechanisms underlying chemopreventive activities of
anti-inflammatory phytochemicals: down-regulation of
COX-2 and iNOS through suppression of NF-«kB activation,
Mutat. Res. 2001, 480—481,243—-268.

[25] Balkwill, F.,, Coussens, L. M., Cancer: an inflammatory link,
Nature 2004, 431, 405-406.

[26] Pinlaor, S., Tada-Oikawa, S., Hiraku, Y., Pinlaor, P. et al.,
Opisthorchis viverrini antigen induces the expression of Toll-
like receptor 2 in macrophage RAW cell line, Int. J. Parasitol.
2005, 35,591-596.

[27] Sen, C. K., Packer, L., Antioxidant and redox regulation of
gene transcription, FASEB J. 1996, 10, 709—720.

[28] Shishodia, S., Amin, H. M., Lai, R., Aggarwal, B. B., Curcu-
min (diferuloylmethane) inhibits constitutive NF-xB activa-
tion, induces G1/S arrest, suppresses proliferation, and indu-
ces apoptosis in mantle cell lymphoma, Biochem. Pharmacol.
2005, 70, 700—-713.

www.mnf-journal.com




1328

S. Pinlaor et al.

[29] Chun, K. S., Surh, Y. J., Signal transduction pathways regulat-
ing cyclooxygenase-2 expression: potential molecular targets
for chemoprevention, Biochem. Pharmacol. 2004, 68, 1089 —
1100.

[30] Warner, T. D., Mitchell, J. A., Cyclooxygenases: new forms,
new inhibitors, and lessons from the clinic, FASEB J. 2004,
18,790—-804.

[31] Chun, K.S.,Keum, Y. S., Han, S. S., Song, Y. S. et al., Curcu-
min inhibits phorbol ester-induced expression of cyclooxyge-
nase-2 in mouse skin through suppression of extracellular sig-
nal-regulated kinase activity and NF-xB activation, Carcino-
genesis 2003, 24, 1515-1524.

[32] Rahman, 1., Biswas, S. K., Kirkham, P. A., Regulation of
inflammation and redox signaling by dietary polyphenols,
Biochem. Pharmacol. 2006, 72, 1439—1452.

[33] Gopalakrishna, R., Jaken, S., Protein kinase C signaling and
oxidative stress, Free Radic. Biol. Med. 2000, 28, 1349—
1361.

[34] Mattson, M. P, Dietary factors, hormesis and health, Ageing
Res. Rev. 2008, 7,43 -48.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[33]

[36]

[37]

[38]

[39]

[40]

Mol. Nutr. Food Res. 2009, 53, 1316—-1328

Kang, J., Chen, J., Shi, Y., Jia, J., Zhang, Y., Curcumin-
induced histone hypoacetylation: the role of reactive oxygen
species, Biochem. Pharmacol. 2005, 69, 1205—1213.

McCormick, M. L., Roeder, T. L., Railsback, M. A., Britigan,
B. E., Eosinophil peroxidase-dependent hydroxyl radical
generation by human eosinophils, J. Biol. Chem. 1994, 269,
27914-27919.

Yermilov, V., Yoshie, Y., Rubio, J., Ohshima, H., Effects of
carbon dioxide/bicarbonate on induction of DNA single-
strand breaks and formation of 8-nitroguanine, 8-oxoguanine
and base-propenal mediated by peroxynitrite, FEBS Lett.
1996, 399, 67-170.

Kubben, F. J., Peeters-Haesevoets, A., Engels, L. G., Baeten,
C. G. et al., Proliferating cell nuclear antigen (PCNA): a new
marker to study human colonic cell proliferation, Gut 1994,
35,530-535.

Bruner, S. D., Norman, D. P, Verdine, G. L., Structural basis
for recognition and repair of the endogenous mutagen 8-oxo-
guanine in DNA, Nature 2000, 403, 859—866.

Loeb, L. A., Preston, B. D., Mutagenesis by apurinic/apyrimi-
dinic sites, Annu. Rev Genet. 1986, 20,201 -230.

www.mnf-journal.com



