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ogenic potential of OX could be attributed to its administra-
tion at lower dose levels (WHO 1991). In addition, OX
exerted a tumor-promoting activity when administered to
N-diethylnitrosamine (DEN)-treated rat livers at relatively
high and repeated doses (Mitsumori etal. 1997). OX
increased the number of hepatocellular foci positive for the
placental form of glutathione S-transferase (GST-P), as a
novel prencoplastic marker for chemical carcinogens (Kita-
hara et al. 1984), and decreased the levels of connexin 32, a
protein responsible for gap junctional intercellular commu-
nication, which are considered to be a biological hallmark
of tissues treated with tumor-promoting chemicals (Klaunig
and Ruch 1990), Moreover, the same results were obtained
in a two-stage carcinogenesis study of FEN in the livers of
rats (Shoda etal. 1999). Considering that OX and FEN
have no mutagenic activity in short-term genotoxicity
assays (WHO 1991), these results suggest that OX exerts
its tumor-promoting activity in the rat liver in a non-geno-
toxic or indirect genotoxic manner; however, its molecular
mechanism has not yet been fully elucidated.

Oxidative stress has been recognised as an important
factor involved in the pathogenesis of degenerative and
inflammatory diseases, aging, and cancer (Wiseman and
Halliwell 1996; Trush and Kensler 1991). Indeed, reactive
oxygen species (ROS) are believed to play a pivotal role in
the etiology of liver cancer, and ROS overproduction and
subsequent oxidative DNA damage have been implicated in
enhancing the development of hepatocellular tumors
caused by agents such as the drug fenofibrate (Nishimura
et al. 2007), the insecticide piperonyl butoxide (Muguruma
et al. 2007) and p,p’-DDT (Harada et al. 2003). These com-
pounds have been shown to increase gene expression levels
of the transcription factor Nrf2-regulated genes such as glu-
tathione peroxidise 2 (Gpx2), a NAD(P)H dehydrogenase
(Ngol), Glutathione S-transferase Yc2(¥e2), aflatoxin B1-
aldehyde reductase (Akr7a3), and Glutathione S-transferase
mul(Gstml). It is well known that Nrf2 binds to the antiox-
idant response element (ARE), a cis-acting sequence found
in the 5'-flanking regions of these genes encoding a group
of detoxification and antioxidant enzymes (McMahon et al.
2001), which are involved in protection against oxidative
stress (Thimmulappa et al. 2002; Kwak et al. 2003). Gluta-
thione peroxidase is the antioxidant enzyme thal scavenges
hydrogen peroxide and organic hydroperoxides, and thus
protects cellular components against oxidative stress
(Brigelius-Flohe 1999). Furthermore, Gpx2 may be
involved in mammary carcinogenesis and cell proliferation
in both rats and humans (Naiki-Ito et al. 2007). Nqo1 catal-
yses the obligatory two-glectron reduction and detoxifica-
tion of endogenous and environmental quinones (Riley and
Workman 1992; Talalay etal. 1995). Yc2 catalyses the
conjugation of glutathione to a variety of endogenous and
xenobiotic electrophils (Hayes and Pulford 1995) and
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represents an important cellular defence by acting as scav-
engers of ROS (Hayes and McLellan 1999). Akr7a3 con-
verts aflatoxin B1-dihydrodiol to the less toxic dialcohol
metabolite and plays an important role in the detoxification
of AFB1 by protecting against the formation of protein
adducts (Hayes et al. 1993; Judah et al. 1993). Gstm/ may
play a protective role in defences against 4-hydroxynone-
nal- and hydrogen peroxide-induced oxidative stress in
vitro (Raza et al. 2002) and both constitutive and oxidative
siress-induced mRNA expression depends on the presence
of Nrf2 in the liver (Chanas et al. 2002).

Recently, it has been suggested that repeated doses of
the benzimidazole-derived anthelmintics albendazole and
mebendazole induce lipid peroxidation and an imbalance of
glutathione homeostasis in rat livers (Locatelli et al. 2004).
These results imply the possible involvement of oxidative
stress in OX- and FEN-induced rat hepatocarcinogenesis.

In the present study, the mechanism underlying the
tumor-promoting ability of OX in the livers of rats was
investigated with particular focus on gene expression and
biochemical events affecting the cellular redox status. We
have demonstrated that OX exhibits tumor-promoting
activity that enhances oxidative stress and preneoplastic
foci in a DEN-initiated hepatocarcinogenesis model in par-
tially hepatectomized rats.

Materials and methods
Chemicals

Oxfendazole [methyl 5-(phenylsulfinyl)-2-benzimidazolec-
arbamate, OX; CAS No. 53716-50-0] and N-diethylnitros-
amine [DEN; CAS No. 55-18-5] were purchased from
Hayashi Pure Chemical Industries (Osaka, Japan) and
Tokyo Kasei Kogyo (Tokyo, Japan) with purities of 99.7%
and >99%, respectively.

Animals and experimental design

Animals received humane care in accordance with the
Guide for Animal Experimentation by the Tokyo Univer-
sity of Agriculture and Technology. A total of 24 male
F344/N rats aged 5 weeks were purchased from Japan SLC,
Inc. (Shizuoka, Japan), maintained in an air-conditioned
room with a 12-h light/dark cycle (room temperature,
24 +3°C; relative humidity, 55 + 10%), and given free
access to a powdered diet (Oriental MF; Oriental Yeast,
Tokyo, Japan) and tap water. After a 1-week acclimatiza-
tion period, a medium-term liver carcinogenesis bioassay
(Tto et al. 2003) was performed by the following procedure.
All animals received an intraperitoneal injection of DEN at
a dose of 200 mg/kg body weight, and were fed a diet con-
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taining 0% (basal diet) or 0.05% OX for 6 weeks starting
2 weeks after DEN initiation. All animals were subjected to
two-thirds partial hepatectomy 1 week after OX treatment.
Nine animals died after partial hepatectomy, while 15 ani-
mals survived (9 in the DEN alone group and 6 in the
DEN + 0.05% OX group). Body weight and food consump-
tion were measured once a week. At the end of the experi-
ment, the rats were euthanized by exsanguination under
ether anaesthesia, and the livers were excised and weighed:
the sliced liver samples were fixed in 10% phosphate-
buffered formalin for histopathology and immunohisto-
chemistry. The remaining pieces of the livers were frozen
in dry ice and stored at —80°C until further analysis.

Histopathology and immunohistochemistry

The fixed liver slices were dehydrated in graded ethanol,
embedded in paraffin, sectioned, and stained with haematoxy-
lin and eosin (HE) for histopathological examinations.
Immunochistochemical staining of GST-P and proliferating
cell nuclear antigen (PCNA) was performed by the following
procedure. The deparaffinized liver sections were treated with
0.3% H,0, in methanol for 30 min to block endogenous per-
oxidase and then incubated overnight at 4°C with rabbit anti-
GST-P antibody (1:2,000 dilution; Medical and Biological
Laboratories Co., Lid., Aichi, Japan) or mouse anti-PCNA
antibody (1:500 dilution; Dako, Glostrup, Denmark). For
PCNA staining, the sections were heated by microwave in
10 mmol/1 sodium citrate buffer (pH 6.0) before quenching
the endogenous peroxidase activity. The avidin-biotin-peroxi-
dase complex method (Vectastain Elite ABC system; Vector
Laboratories, Burlingame, CA) was then employed with 3,3'-
diaminobenzidine as a chromogen, followed by light counter-
staining with haematoxylin.

The numbers and areas of GST-P-positive foci (>0.2-
mm diameter) and the total areas of the liver sections were

quantified using Scion Image (Scion Corp., Frederick, MD,
USA). PCNA-positive nuclei were examined in a total of
20 fields (approximately 300400 hepatocytes in each field)
per animal, and the cells with positive nuclei (dark brown)
were counted to determine the PCNA labelling index.

qRT-PCR analysis

The expression levels of the genes listed in Table | were
quantified using quantitative real-time reverse transcrip-
tion-polymerase chain reaction (QRT-PCR) analysis. The
gene products are involved in the detoxification of xeno-
biotics and defences against oxidative stress responses
(Dewa et al. 2007). Briefly, total RNA from five rats per
treatment group was extracted using TRIzol reagent
(Invitrogen Corp.), according to the manufacturer's
instructions. The total RNA was reverse transcribed
using ThermoScript reverse transcriptase (SuperScript I11
First-Strand Synthesis System; Invitrogen). All PCR
reactions were performed using SYBR Green [ chemistry
(Applied Biosystems, CA, USA) and were carried out
under the following conditions using an AB] PRISM
7000 Sequence Detection System (Applied Biosystems):
incubation at 50°C for 2 min followed by 95°C for
10 min and 45 cycles of 95°C for 155 and 60°C for
1 min. The forward and reverse primers listed in Table |
were designed using the Primer Express 2.0 software fol-
lowing Applied Biosystems’ instructions for optimal
primer design. The relative differences in gene expres-
sion were calculated using cycle time (Ct) values that
were first normalised to those of the hypoxanthine-guan-
ine phosphoribosyltransferase (Hprt) gene, the endoge-
nous control in the same sample, and then relative to a
control Ct value by the 2-ddCt method (Livak and Sch-
mittgen 2001). The data represent the average fold
changes with standard deviation.

Table | Phase | and phase [l enzyme/antioxidant genes examined in this study and their primer list

Accession no.  Gene description Gene Forward Reverse
symbol

X00469 Cytochrome P450, family |, subfamily a, polypeptide |  Cyplal  gecitcacatcagecacaga ligtgactciaaccacceagaale
NM_012541 Cytochrome P450, family 1, subfamily a, polypeptide 2  Cypla2  aagcgecggugeang Igcaggaggalggctaagaag
NM_183403 Glutathione peroxidase 2 Gpx2 galcccaagctcalca agticcaggacacatctyg
NM_017000 NAD(P)H dehydrogenase, quinone | Ngel lecgecceaacttcly letgeglgggccaataca
X78847 Glutathione 5 i Yc2 Ye2 asgclgagcagggctgalgt  acaatgcctggglecatcte
NM_013215 Aldo-keto red: family 7, ber A3 Akr7a3  ccpettictigggastocat gecgalgecatigaagigt

(aflatoxin aldehyde reductase)
NM_020540 Glutathione S-transferase, mu 1 Gstml gascgucgegpactiacica acglatcictictectcatagtgastet
NM_012600  Malic enzyme | Mel CEACCAgCANARCIZAgIRt CIECCRClggcaaagale
NM_012583 Hypoxanthine guanine phosphoribosyl ransferase® Hprt gocgaccggctgleal tcalascolg piicalcalcactaate

* Control gene for normalization of relative gene expression




Arch Toxicol

Preparation of microsomal fraction

The microsomal fractions were obtained according to the
method of Yoshihara etal. (2001). Briefly, the liver sam-
ples from each treatment group were homogenised with
three volumes of ice-cold 0.25 mol/l sucrose —0.05 mol/]
Tris-HCI buffer (pH 7.4) using a glass-Teflon homogeniser.
The homogenate was centrifuged at 700g for 10 min, and
the supernatant was centrifuged at 10,000 g for 20 min. The
resultant supernatant was further centrifuged at 105,000 g
for 60 min, and the resultant pellet was resuspended and
centrifuged again at 105,000g for 60 min. Finally, the pellet
was resuspended in the 0.25 mol/l sucrose—0.05 mol/l Tris-
HC1 buffer (pH 7.4) as the microsomal fraction and stored
at —80°C. The microsomal protein concentrations were
determined by a BCA Protein Assay Kit (Pierce, IL, USA).

Microsomal reactive oxygen species production

NADPH-dependent microsomal ROS production was
determined by measuring the oxidation of 2',7"-dichlorodi-
hydrofluorescein diacetate (H,DCFDA) to its fluorescent
product 2°, 7'-dichlorofluorescein (DCF) in liver micro-
somes according to the method of Schlezinger et al. (1999).
Briefly, 0.1 mg of microsomal protein was incubated with
5 umol/l H,DCFDA (Invitrogen) in Hank's balanced salt
solution (Invitrogen) at 30°C for 15 min. After incubation,
this microsomal solution was transferred into a 96-well
plate. The reactions were initiated with 1.4 mmol/l NADPH
(Wako Pure Chemical Industries), and the fluorescence was
monitored over 5 min using the Synergy HT Multi-Detec-
tion Microplate Reader (BioTek, VT, USA) with excitation
and emission wavelengths of 485 and 528 nm, respectively.
In some cases, SKF-525A (Toronto Research Chemicals,
ON, Canada), a well-known inhibitor of cytochrome P450,
was added to the well at a final concentration of 0.1 mmol/l.
DCF production (pmol min~' mg protein~') was obtained
from standard curves prepared using DCF.

Western blotting

A total of 20 pg of microsomal proteins was electrophore-
sed on a 10% sodium dodecyl sulphate (SDS) gel, trans-
ferred to a polyvinylidene difluoride (PVDF) membrane
(Hybond-P: GE Healthcare), and blocked. The membrane
was incubated with anti-CYPIA] (1:400 dilution; Santa
Cruz Biotechnology, CA, USA) or anti-CYP2E1 (1:1,000
dilution; Biomol International, PA, USA) overnight at 4°C,
followed by incubation in goat anti-rabbit IgG (horseradish
peroxidase (HRP)-conjugated, 1:10,000 dilution; GE
Healthcare) for 2 h at room temperature. The immunoprod-
ucts were visualised using ECL Plus™ Western blotting
detection reagents (GE Healthcare).
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Determination of 8-OHAG and TBARS levels

Oxidative DNA damage and lipid peroxidation in the livers
were estimated on the basis of the levels of 8-hydrox-
ydeoxyguanosine (8-OHdG) and thiobarbituric acid-reac-
tive substances (TBARS), respectively.

The 8-OHAG levels in liver DNA were determined using
the method of Umemura etal. (2006). Briefly, nuclear
DNA was isolated from 0.3 g of a wet weight sample using
a DNA Extractor WB Kit (Wako Pure Chemical Industries)
containing an antioxidant Nal solution to dissolve the cellu-
lar components. For further prevention of autooxidation in
the cell-lysis step, deferoxamine mesylate was added to the
lysis buffer (Helbock et al. 1998). The DNA was digested
mto deoxynucleotides with nuclease Pl and alkaline phos-
phatase. The levels of 8-OHAG (8-OHdG/10° deoxyguano-

. sine) were then assessed by high-performance liquid

chromatography with an electrochemical detection system
(Coulochem [I; ESA Biosciences, Inc., MA, USA) accord-
ing to the running condition previously reported (Umemura
et al, 2006).

The levels of hepatic TBARS were determined using the
method of Ohkawa et al. (1979). Briefly, 0.2 ml of liver
homogenate in 1.15% KCl, 0.2 ml of 8.1% SDS and 3.0 m]
of 0.4% thiobarbituric acid in 10% acetic acid (pH 3.5)
were mixed, heated at 95°C for 60 min and then cooled.
The reaction mixture was centrifuged at 4,000 rpm for
10 min after adding 1.0 ml of distilled water and 5.0 ml of
n-butanol and pyridine (15:1 v/v). The absorbance of the
resulting solution was determined spectrophotometrically
at 532 nm using a Synergy HT Multi-Detection Microplate
Reader (BioTek). The levels of TBARS were expressed as
the equivalents of malondialdehyde (MDA) amounts that
were produced from 1,1,3,3-tetramethoxypropane.

Statistical analysis

All data are expressed as means with their standard devia-
tions. The statistical significance of differences between the
control and the OX-treated group was determined by the
Student’s ¢ test or the Aspin-Welch's 1 test. A p value of
less than 0.05 was regarded as statistically significant.

Results
Body and liver weights, and histopathological findings

Throughout the experimental period, OX treatment affected
neither clinical symptoms nor food consumption. Body
weight gains in OX-treated rats were suppressed from 2 to
3 weeks after partial hepatectomy; however the final body
weight was not changed compared with that of animals in
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the DEN alone group (data not shown). The absolute and
relative liver weights were significantly increased in OX-
treated rats compared with rats in the DEN alone group
(Table 2). Histopathologically, OX induced hepatocellular
hypertrophy and vacuolation of hepatocytes, which were
the earliest signs of a compound-related effect in rats,

Table 2 Changes in parameters for body weight, liver weight, GST-P
positive foci, oxidative damage and cell proliferation

Group DEN + Basal DEN +0.05%
diet 0x

No. of rats examined 9 6

Final body weight (g) 25334+ 134 255.1+ 144

Absolute liver weight (g) 62+ 0.5 83+ 0.6%*

Relative liver weight 24401 33. £ 0.1%*
(g/100 g body weight)

GST-P positive foci (0.2 mm)

Numbers (number/cm®) 4024 1.94 12.74 £ 5.66*

Ares (mm?/em®) 0.114 007 021 £0.10*

8-OHdG (8-OHAG/10® dG) 0.16 + 0.01 0.20 + 0.02*

TBARS (nmol MDA/mg protein)  0.95 £ 0.06 1.14 + 0,09+

PCNA-positive cells (%) 142+ 032 4.18 + 1.04%*

Each quantitative data represents mean + SD

* ** Significantly different from DEN control (p < 0.05, 0.0, respec-
tively, Aspin-Welch’s r test)
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Fig. 1 Increased mRNA expression levels of phase I and phase I
drug-metabolizing enzymes, and Nrf2-regulated molecules confirmed
by quantitative real-time RT-PCR (qRT-PCR). Each column repre-
sents the mean + SD of the increased mRNA expression levels in the

Effects of OX treatment on GST-P-positive foci and cell
proliferation

The numbers and areas of GST-P-positive foci in the OX-
treated group were significantly increased compared with
those in the DEN alone group (Table 2). In addition, the
effect of OX on cell proliferation was evaluated by immu-
nohistochemistry for PCNA (Table 2). The number of
PCNA-positive hepatocytes was significantly increased in
OX-treated animals (p < 0.01).

Increased expression of genes encoding phase | and phase
[T drug-metabolizing enzymes

In order to evaluate the effect of OX on the hepatic expres-
sion of xenobiotic detoxification- and oxidative stress-
related genes, gqRT-PCR analysis was performed in the
livers of five rats per group using the primers listed in
Table 1. Significant increases in the expression levels of
genes encoding phase [ drug-metabolizing enzymes, such
as Cyplal, Cypla2 and Ngol, were observed in animals in
the OX-treated group (Fig.1). OX also significantly
induced the expression of NF-E2-related factor 2 (Nrf2)-
regulated genes, such as Gpx2, Ye2, Afar, Gstml, Mel (and
also Ngol), the products of which mainly functioned as
phase I drug-metabolizing enzymes (Fig. 1).
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livers of 5 partially hepateciomized rats given 0% (whire column) or
0.05% (black column) of OX after DEN initiation. * ** indicates
significant differences from DEN control (p < 0.05, 0.01 respectively,
Aspin-Welch's r test)
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Enhancement of microsomal ROS production

In order to estimate the cellular sources of ROS, NADPH-
dependent ROS production was measured in isolated
liver microsomes (Fig. 2a). Without NADPH, oxidised
H,DCFDA was not observed as an indicator of ROS pro-
duction. However, ROS production was drastically
enhanced by the addition of NADPH into the microsomal
system, and its amount was statistically increased in rats
given 0.05% OX compared with those in the DEN alone
group. A well-known inhibitor of P450—SKF-525A—
effectively inhibited these enhancements. Furthermore, the
protein  expression of CYPIAl was concomitantly
increased in microsomes isolated from the livers of rats
treated with OX. On the other hand, the protein expression
of CYP2EI, which was reported to predominantly generate
ROS and 10 be related 10 oxidative stress (Gonzalez 2005),
was unchanged by OX treatment (Fig. 2b).
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Fig. 2 Enh of ROS prod and CYPIA! protein expres-

sion in hepatic microsomes isolated from rats given OX. a NADPH-
dependent microsomal ROS production was measured using the
fuorescent probe H;DCFDA, Each column represents the mean + SD
values of ROS production in isolated mi from the livers of 9
or 6 partially hepatectomized rats given 0% (white column) or 0.05% of
OX (black column) after DEN initiation. The gray colwnn shows that
the in vitro addition of SKF-525A (0.1 mmol/) significantly suppresses
ROS production in microsomes isolated from rats treated with 0.05%
OX. *indicates significant differences from DEN control (p <0.05;
Aspin-Welch's r test). t1 indicates significant suppression of ROS
production by SKF-525A in ras wreated with 0.01% OX (p < 0.01;
Aspin-Welch’s ¢ test), b Western blot analysis for CYPIA] and
CYP2E| protein expression for each mi fraction used in (a)
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Increase in oxidative stress changes

In order to evaluate whether oxidative damage to cellular
components occurs during the formation of prencoplastic
foci, 8-OHdG content and the level of TBARS formation
were determined in livers (Table 2). The contents of 8-
OHdG and TBARS were slightly but significantly
increased in rats given 0.05% OX compared with those in
the DEN alone group.

Discussion

OX, FEN, and their prodrug febantel (FB) have been
widely utilized as anthelmintics in veterinary fields. FEN is
metabolically interconvertible 1o OX, which is its most
effective pharmacological form. FB is not a benzimidazole,
but is converted in vivo by cyclization to FEN and subse-
quent oxidation at the sulphur atom to OX; thus, both FEN
and FB are metabolized to OX. These three anthelmintics
showed no apparent mutagenicity in numerous tests,
including the Ames/Salmonella test, in vivo cytogenetics
assays, and micronucleus assays (WHO 1991). With regard
1o their carcinogenicity, the 50th meeting of JECFA finally
concluded that OX has no carcinogenic potential in rats and
mice although OX might have tumor-promoting potential
in rats; thus, the acceptable daily intake (ADI) of 0-7 pg/
kg/day was set as a group ADI for OX, FEN and FB in
JECFA (WHO 1999). However, the mechanisms underly-
ing the tumor-promotion activity of OX in rats, at the
molecular level, have still not been clarified.

Quantitative real-time PCR analysis revealed that phase
1 (Cyplal, Cypla2) drug-metabolizing enzymes were up-
regulated in the livers of rats treated with OX. The induc-
tion of Cyplal and CyplaZ observed in this study was in
agreement with previous reports on several benzimidazole
class compounds. OX induced CYP1A2 protein in the rab-
bit liver (Gleizes etal. 1991); FEN, albendazole and
mebendazole induced CYPIAI and CYPIA2 proteins in
primary rat hepatocytes and HepG2 cells (Baliharova et al.
2003); thiabendazole, an anthelmintic and fungicide,
induced Cyplal in rabbit hepatocytes in in vitro conditions
(Aix etal. 1994); omeprazole, a gastric pump inhibitor,
induced Cyplal and Cypla2 in primary human hepatocytes
(Diaz et al. 1990) and rat hepatocytes (Lemaire et al. 2004).
The activation of Cyplal gene expression induced by ome-
prazole and thiabendazole does not require their binding to
the aryl hydrocarbon receptor (Daujat e al. 1992; Aix et al.
1994), but it depends on a protein tyrosine kinase-mediated
signal transduction pathway in HepG2 cells (Kikuchi et al.
1998) and rat hepatocytes (Lemaire et al. 2004). Indeed,
benzimidazoles are atypical CYP1A inducers, which do not
require their binding to AhR to induce CYP1A enzymes,
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It has been reported that CYPIAI induction is also
related to the production of reactive oxygen species (ROS)
induced not only by classical AhR ligands, such as TCDD
(Park et al. 1996; Knerr et al. 2006) and coplanar polychlo-
rinated biphenyl congeners (Schlezinger et al. 2006), but
also the atypical, non-AhR ligand dicyclanil, which is an
insecticide (Moto et al. 2005). Indeed, we have confirmed
that microsomes isolated from the livers of rats treated with
OX showed enhanced ROS production with a concomitant
increase in CYPIA! protein expression. It is generally
accepted that microsomal CYP450s sequentially transfer 2
electrons to oxygen from microsomal NADPH-cytochrome
P450 reductase with the subsequent formation of an oxy-
genated substrate and water (Poulos and Raag 1992).
Although electron transfer is normally a well-coupled pro-
cess, superoxide and H,0, may be released in the presence
of CYPIA inducers that are poorly metabolised. Indeed,
PCB increases CYP1Al-dependent microsomal ROS pro-
duction in the livers of rats as well as scup (Stenoromus
chrysops) (Schlezinger et al. 2006). Therefore, excessive
amounts of OX can induce CYPIA enzymes and subse-
quently enhance microsomal ROS production. On the other
hand. Shertzer etal. (2006) recently reported that TCDD
decreased hepatic ATP levels and altered the mitochondrial
integrity in mice, which contributed to generate an oxida-
tive stress such as oxidative DNA damages. In the present
study, we have not examined the effect of OX treatment on
mitochondrial functions, and therefore it is necessary to
perform further studies with regard to its tumor modifying
effect as a future work.

In addition, we observed increased gene expression
levels of Nrf2-regulated, anti-oxidative stress genes
(Gpx2, Ngol, Ye2, Akr7a3, Gsiml and Mel) by quantita-
tive real-time RT-PCR. In these genes, Mel is a NAD(P)H-
regenerating enzyme, and its increased expression may be
beneficial for the function of the detoxifying enzymes,
directly (NQO1, Akr7a3), or indirectly (Gpx2, Yc2) (Thim-
mulappa etal. 2002). Collectively, these results suggest
that OX triggers oxidative stress responses, and that the
gene expression levels of phase I and phase II enzymes are
intrinsically induced to maintain the cellular redox balance.

We also estimated whether resultant oxidative damage
occurs in the cellular components during preneoplastic foci
formation. The amount of 8-OHdG in the nuclear DNA of
rats given OX was significantly higher than that in the
nuclear DNA of rats in the DEN alone group. 8-OHdG
adducts have been reported to cause misreading of the
DNA sequence during replication, thereby inducing G:C 1o
T:A transversion, which is involved in carcinogenesis
(Cheng etal. 1992). In fact, some CYPIA inducers such
as dicyclanil and piperonyl butoxide increase the hepatic
8-OHdG levels during their hepatocarcinogenesis in mice
or rats (Moto etal. 2005, Muguruma etal. 2007), and

therefore, it is speculated that increases of 8-OHdG attrib-
uted to OX treatment may contribute its hepatocellular
tumor promoting activity. In addition, OX induced a slight
but significant increase in the level of lipid peroxidation. A
positive correlation between lipid peroxidation and the
induction of preneoplastic lesions has been reported in the
livers of rats treated with DEN followed by treatment with
2-acetylaminofluorene and partial hepatectomy (Sanchez-
Perez etal. 2005). In addition, the cellular level of lipid
peroxidation paralleled the degree of malignancy in a com-
parison between a baby hamster kidney cell line (BHK-21/
C13) and its polyoma virus-transformed malignant counter-
part (Goldring etal. 1993). Our data suggest that OX
induces sustained oxidative stress in the livers of rats,
which accounts for, at least in part, the enhancement in
microsomal ROS production and an increased level of oxi-
dative DNA damage as well as lipid peroxidation. Such oxi-
dative stress responses overwhelming detoxifying systems
might contribute to the tumor-promoting activity of OX.

In conclusion, we have demonstrated that OX exhibits
tumor-promoting activity that enhances oxidative stress and
preneoplastic foci in a DEN-initiated hepatocarcinogenesis
model in partially hepatectomized rats. The prolongation of
this tumor-promotion effect may induce hepatocellular
tumors in rats if high doses of OX are administered for a
long term.
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A global gene expression profiling specific to the early process of
tnmm-pmmﬂionhytenhuduole{ﬂ)orphmhrbhl(?ﬂ}b
a ratl two-stage b model r led 33 genes to
dmwm-prudnnhmmmmmmmhhm
immunohistochemical distribution of transferrin receptor (Tfrc),
nuclmretqnormhh.mllyﬂ group B, member 2 (Nrllb2) and
mimichr ¢ deficient 6§ (MCMG6), included in
the altered expression profile, were therefore examined in FB- and
PB-induced proliferative lesions at both early and late stages of
tumor promotion. In addition, immunoexpression of transform-
ing growth factor B receptor (TGFAR) L, TGFPRII, phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) and phos-
phorylated phosphatase and tensin homolog deleted on chromo-
some 10 (pPTEN) was also examined. In the early stage, most
hepaiocellular foci positive for glutathione S-transferase placental
form (GST-P) showed co-expression of TGFBRI and lack of
PTEN and pPTEN, some GST-P-positive foci co-expressing Tflre
and Nr0b2. In the late stage, selective expression of TGFBRI, but
not TGFBRIL, was also observed in many adenomas and carcino-
mas consistently expressing GST-P. Nrflb2 was variably expressed
in the proliferative lesions, irrespective of the carcinogenic stage.
Like the GST-P-positive foci, adenomas and carcinomas consis-
tently lacked PTEN and pPTEN. Expression of Tfrc and MCM6
was increased in parallel with the carcinogenic stage. In conclu-
sion, loss of PTEN and dysregulation of transforming growth
factor [ signaling can be considered to be involved in rat hepato-
carcinogenesis from early stages. Seleclive expression of Tfre in
proliferative lesions suggests an involvement of changes in iron
homeostasis during the process of tumor promotion/progression
driven by FB or PB.

Introduction

Molecular events in multistep carcinogenesis due [0 non-genotoxic
carcinogens remain largely unclear. Currently although mplahle
daily intake levels have been established for non carcino-
gens such as food additives, pesticides and animal drugs contained
in food, a more thorough understanding of the mechanisms of non-
genotoxic carcinogenesis is needed to secure human health. The car-

ahbwﬂnﬂmm CYP c‘;lu:lwm NSO DEN, Mdmdlylmmmn: FB, fen-
GST § | | form; MCM6, mimict

cinogens in question usually exert tumor-promoting activity of target
Organs in two-stage carcinogenesis models in rodents, and signatures
of carcinogenic responses can be determined by analysis of preneo-
plastic lesions generated at early stages of tumor promotion. This is
the rationale for global gene expression profiling focusing on carly
stages of carcinogenesis for elucidation of putative molecular mech-
anisms responsible for early carcinogenic actions.

The glutathione S-transferase placental form (GST-P) has been
identified as a reliable marker for preneoplastic lesions as end points
in rat liver for rapid detection of carcinogenic agents (1). However, it
is known that only a small proportion of such foci actually progress to
liver tumors. In a recent report, it is suggested that double-positive
foci for GST-P and transforming growth factor (TGF) a in the early
stages of rat hepatocarcinogenesis may be most probably to develop
unnmwsmmpmmnmﬂ) »\!so.dymgnhnonof'l‘(}?ﬂ signal-

ing, such as al of transforming gr factor B re-
oepmrsﬂ‘GFﬂRs)hasbomoomtdmdtophyamucﬂmlemlhe
m and p ion stages of hepatocarcinogenesis, both in

hum.n.nlmdmdum{}-.'l] It has been reported that expression of
TGFP and its receptors is altered in prencoplastic lesions in rat liver
during the tumor promotion stage (6,7). Phosphatase and tensin ho-
molog deleted on chromosome 10 (PTEN) is a tumor suppressor gene
involved in a vaniety of wmor types, and down-regulation of PTEN
expression may contribute o the development of human hepatocellu-
lar carcinomas (8,9). In rats. clear roles of PTEN in hepatocarcino-
to be explored (10).

" In the present study, to determine molecular mechanisms involved
in the non-genotoxic hepatocarcinogenesis in rat liver, we performed
a global expression profiling of mRNAs specific to the early stage of
tumor by fenbendazole (FB), an anti- helmn:lucdmg(ll}
and phenobarbital (PB), a well-studied hepatocar pro-
moter (12), mammo-mge!wpmxdmgmuixmlusinga
medium-term liver bioassay (13,14). Reduction of connexin 32 in
centrilobular hepatocytes as well as cytochrome P450 (CYP) 1A2
induction have been suggested to be involved in the mechanism of
liver tumor promotion by FB (11). PB is also known to induce CYP
enzymes, particularly CYP2B1/2 and CYP3A2 (15). It has been re-
ported that PB mmhm cell-to-cell communication, stimulates prolif-
eration and i is of h in plastic foci
(16). In addition, increased oxidative stresses due to activation of
detoxifying enzymes are suggested to be responsible for hepatocarci-
nogenesis by PB (15). Based on the expression profiles obtained in the
present study, we further examined cellular localization of molecules
that showed altered expression at the early stage of hepatocarcino-
ymuwmmmlnm.mhumﬂnnmﬂfm
nuclear receptor subfamily 0, group B, member 2 (Nr0b2) and mini-
chromosome maintenance deficient 6 (MCMG6), immunchistochemi-
cally in the FB- or PB-induced hepatocellular adenomas and
carcinomas as well as in the liver cell foci. We also additionally
examined changes in immunolocalization of TGFPRs, PTEN and
phosphorylated phosphatase and tensin homolog deleted on chromo-
some 10 (pPTEN) during the course of hepatocarcinogenesis.

Materials and methods

Chemicals

FB (CAS No. 43210-67-9) was purchased from Sigma-Aldrich Japan K.K
(Tbkyo lelnl PB sodium (CAS No. 57-30-7) was obtained from Wako Pure

deficient 6; NrOb2, nuchwmqﬁwmbﬁmﬂy(l mB
member 2; PH_plmnl I; FTEN,

and tensin h deleled on ch e 10; pPTEN, phl:lsphotyllM phos-
phatase and l:nun g deleted on chr 10; RT, reverse transcrip-
tion; PCR, chain jon; Tirc, fi receptor; TGF,

transforming gmuﬂh factor; TGFPR, tansforming growth factor B receptor.
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(Osaka, Japan) and N-dicthylnitrosamine (DEN, CAS
No 55-18-5) from Tokyo Chemical Industry, Ltd (Tokyo. Japan).

Animal experiments
Mﬂes—uuk-nldmmmwmmhuﬂﬁmmﬂumvwhm
{Kanagawa, Japan) and accli 4 on powdered basal diet (CRE-1; Oriental
Yeast, Tokyo, Ilpln)mdupwmad.‘lhmfwl week. They were housed in

lsorg 2218

L )




polycarbonate cages with stenilized softwood chips as bedding in & barrier-
maintained animal room conditioned st 23-25°C and 50-60% humidity on

Molecules in bepatocarcinogenesis

expression changes in the PB- and DEN-alone groups from that showing
mmmmm+mmnmou-mmu.
in common with both chemicals were also selected. Among genes

a 12-h light/dark cycle

In the expest 1, for gene exp profiling and immunohistochemical

mmmdmhmulhwlymdlwmuwm
is model was emyp d using a medium-term liver bio-

my(lll-t}Awdlmnuwmdlvndadnmmm&mm

wmmm-ndwhnmglemmmeﬂmjemmnfb[mtmm

dissolved in saline) and the others received a single

prmm

lected at the highest dose of each carcinogen, those showing dose-related
expression changes were funher identified by analysis of expression levels
with the low- and middle-dose groups for cach chemical.

w,m RT-PCR

of saline vehicle alone. Mm&mmluﬂumdﬂwmm
fed diet containing FB 400, 1200 or 3600 p.p.m. (DEN + FB groups) or PB 56,
167 or 500 p.p.m. (DEN + PB groups) or basal diet (DEN-alone group). The
rats without initiation were given FB 3600 p.p.m. (FB group) or PB 500 ppm.
(Pﬂm)urhnnldu(mwadmnulm}ﬂiuhghmdmdﬁlu
PB were set as that exhibited tumor jon effects in rat
liver in previous reports (FB, 11; PB, 12). Tbe:mmﬂ:wutmbpﬁadwnm—
thirds partial hepatectomy (PH) at week 3 except for sham surgery in the
untreated control group. At week 8, the animals were killed under deep ether
hesia by ination, and their livers were immediately removed and
wdﬂndmlamumwmumsuiml}im'nhm{anhm
Austin, TX) at 4°C overnight and then stored at ~80°C until use after removing
ﬂumlm!nddnmluudmmﬁmdmlmww
fnnunlm(sl-l?l)and d ly for hi | examination.
In 4 histochemical distribution of se-
lectndpmnemsmhl:mwufmmmmudm”mhmhmnﬂd
mthDENwm:mndlelmnwmn]FBJanpmurFBSCI)ppm from
2 weeks after | jon. They were subjectad to PH at week 3 and

O I-time RT-PCR was performed for confirmation of expression
values obtained with msmmhﬂlhﬂammw
mmmmw Japan). The followi Jected as tar-
WIMILWHMMW
MM{M v-maf musculoaponeurotic fibrosarcoma
family, protein B (Mafb), NrOB2, mmmlmn
Axin2 and [gfbpl. One microgram of wtal RNA was applied to RT with &
High-Capacity cDNA Archive Kit (Applied Biosystems Japan Lid) in a
100-pl total reaction volume. For real-time PCR analysis, ABI Assays-on-
mewmmMWBmtm

leﬁ?ﬂmwmﬁrm} Real-time PCR was
performed in a 50-ul reaction volume using the TagMan probe detection sys-
tem (Applied Biosystems Japan Lid) with specific primers, the corresponding
TagMan® MGH probes (FAM™ dye labeled) and RT products. For Adh/, the
primer sets were designed using Primer Express® software (version 2.0; Ap-
plied Biosystems Japan Lid), and the sequences were TTG AAG GAA ACA
&CTCCATATTCATT(W}MCATOGCCGCTCTGCTTL‘TA

until week 59 to indoce hepatocellular tumors, The livers of surviving animals
mrmmdmdlhulw«!hw:mhﬂngnwpludclemywlﬂl slice

ipt levels were measured with the SYBR Green
dnmmsymmm-SD—ulmmmmmmmniuSYﬂk@ﬂmnm
MMI{WMB“}MWMWm‘MHW

per a rat) were fixed in 10% phosph and prepared for ducts. For & jon dats, 3 dird: curve A

histopsthological examinatios. , lﬂihﬂl. Erplcnm \rlluﬂ Irm wmllnul to two Inm:hqiu genes,
The treatment groups in exy | and 2 are gly and ¥

tary Table S (available at Carcinog and Online). 'nb-unnlpmmﬂ phosphoribosy lransferase.

was reviewed and approved by the Animal Care and Use Comminee of the
National Institute of Health Sciences, Japan.

RNA preparation
For mi lysis and subseq real-time reverse transcription (RT)-
I chain (PCR) analysis, tom] RNA was isolated from livers
u"unnlunuchmpmuwuumlminganlleyMniKtt(QlAﬁEN
KK, Tokyoe, Japan), Concentrations and of RNA were determined with
a RiboGreen RNA Quantitation Kit (Molecular Probes, Eugene, OR) and an
RNA 6000 Nano LabChip Kit (Agilent Technologies Japan, Lid, Tokyo,
Japan), respectively.

Microarray analysis
Five microgram aliquots of wotal RNA were subjected 10 amplification, con-
sisting of RT and subsequent in vitro one-step transcription, using a Messa-
geAmp™ 11 aRNA amplification Kit (Ambion) with s T7 aligo (dT) primer,
according to the manufacturer’s protocol. During the in vitro transcription,
generated aRNAs were labeled with biotin-16-UTP and biotin-11-CTP (Enzo
Biochem. Farmingdale, NY). Aliquots of 20 pg of biotinylated aRNA
wmhprhybndmdmlhlGﬂanp@Rlle!]ﬂlOd\my
(Affymetrix, Santa Clara, CA) at 45°C for 18 h, stained with streptavidin—
Rphycwy&dnm;nm{hblmduhuhﬂmdﬂmmmdmﬂu
GeneChip® Scanner 3000 (Affymetrix),
&mﬂmmmﬂnﬂudmmﬂmw{m
using GeneSpring® software (version 7.2; Silicon Genetics, Redwood City,
CA). To normalize chip-wide variation in intensity, per chip normalization was
performed by dividing the signal strength for each gene with the level of the
!ﬂhpﬂmﬂi&dlh:mnminﬂnrhip;mdxhp:wmby
the i i mthe ples of d control or DEN-slone groups.
Oum-hmnn; change with differences at least 2-fold in magnitude
muwmummuwumm
signal in ="/ of samples in the group showing higher expression values in
were selected. To obtain an expression profile specific (o the early

Immunchistochemistry

Formalin-fixed, paraffin-embedded liver sections were subjected
mmmm-vmmnmmnmmm«m
Burlingame, CA) with 33'-diaminobenzidine/H;O; as the chromogen
Rabbit polycional antibodies against GST-P (MBL, Nagoya, Japan; Catalog
No. 311, 1:1000) were applied for all liver sections obtained at both 6 and 57
weeks of tumor promotion. Serial sections of eight rats of the untreated control,
DENMDEN+FB!-6Mp.pmwdDEN+PBMp.p.m.mnM
6 of promotion as well as all the hep d afier pro-
mmmummwmmwwmm
(mouse monoclonal antibody, Zymed Laboratories, South San Francisco,
CA; Catalog No. 13-6800, 1:200), Nr(b2 (rabbit polyclonal antibody; MBL;
Catalog No. LS-A5411, 1:200), MCM6 (rabbit polyclonal antibody; GeneTex,
San Antonio, TX; Catalog No, GTX24458, 1:200), TGFBRI (rabbit polyclonal
antibody, Santa Cruz Biotechnology, Santa Cruz, CA; Catalog No. sc-398,
1:100), TGFPR1I {rabbit polyclonal antibody, Santa Cruz Biotechnology; Cat-
slog No. sc-220, 1:100), PTEN (rabbit polyclonal antibody; Cell Signaling
Technology, MA; Catalog No. 9559, 1:100) and pPTEN (rabbit polyclonal
antibody; Cell Signaling Technology: Catalog No. 9551, 1:50). pPTEN is an
inactive form of PTEN and the FTEN antibody detects endogenous levels of
ol PTEN.

For antigen retrieval, the sections were heated in 10 mM citrate buifer by auto-
claving for 10 min before incubation with the TGFRRI and MCM6 antibodies or
for 20 min before incubation for PTEN and pPTEN. In the Nrdb2, Tric and
mmmmmwmhmmmm

Analysis of immunolocalization

The numbers and areas of GST-P-positive foci and the total areas of livers at
week 6 of wmor promotion were measured using an Image Processor for
Analytical Pathology (IPAP-WIN; Sumiks Technoservice, Osaka, Japan),
mdm&zvﬂupumm(m’}dhv:mmmulmlm.ceihdu
L of i hemically stained moleculss was svaloated in

stages of tumor promotion by FB or PB in the rat two-stage hey
genesis model, genes showing altered expression in the FB-, PB- or DEN-alone
group as compared with the i control group were selected first. Next,
genes showing expression changes in the DEN + FB 3600 p.p.m. or DEN +
PB 500 p.p.m. as compared with the DEN-alone group were selected. Then,
mm»;dwuummmmmmmmmm
d by of genes st mmchmcu
lnﬂuPBmdDENdwepmﬁmM ing
DEN + FB 3600 p.p.m. Similarly, mmmn; ﬂwodarprmwnspmﬂctu

with GST-P-positive foci and neoplastic lesions using serial sections
without applying double-labeling experiments with GST-P. For evaluation of
umdmwwﬁwmmmw
foci st 6 weeks of i wmvduﬂ(mm).
I{ﬂi#ﬂl?[mdumhud!(mg)wm ion of five randomly

areas/rat ar 200-fold ifi luation of the exp of
mmmmumnmmmdmmumm
(GST-P-positive foci at both 6 and 57 weeks, hepatocellular adenomas and

PB promotion were identified by sub g the popul of genes sh '3




liver cells. Numbers of MCM6-positive cells and total number of liver cells
were counted by observation of five randomly selected areas/rat at 200-fold
magnification st week 6 sad counted in individual GST-P-positive foci, ade-
nomas and carcinomas at 57 weeks, and then, MCMG6-positive cell index was
calculated

Sraristical analysiz

Data for the numbers and arcas of GST-P-positive foci were assessed by one-
way analysis of variance or the Kruskal-Wallis test following Bartlett's test.
When statistically significant differences were indicated, the Dunnett’s multiple
test was employed for comparison with the DEN-alone group. The data for gans
expression levels from real-time RT-PCR analysis and MCM6-positive cell in-
dmmmmhymsmlu%khuﬂfdbmuluhoqul
variance. For gradin dings, scores of Tfrc and Nr(b2
were analyzed with the Mann-Whitney's U-test between the DEN-alone group
and DEN 4+ FB or DEN + PB groups. For the microarmy data, statistical
.m,mmpufm-m&wmm and the significance of
pene lyzed by the Student’s -test or analysis of
mmMDEN-MMDEN FB or DEN + PB groups.

Results

Microarray analysis
In all, 33 genes (15 genes up-regulated and 18 genes down-regulated)
were identified as showing altered expression st week 6 of wumor

promotion by both FB and PB (Table ). dose-
related expression changes numbered 18 and 32 in the DEN + FB
and DEN + PB groups, ively (supplementary Tables S2 and 83
are available at Carcinogenesis and Online). Among these, there were
several whose products are involved in suppression of cell prolifera-
tion, such as Oki38 (17), protein arginine N-methyltransferase 5
(Prmi5_predicted) (18) and Duspl (19). In both DEN + FB and
DEN + PB groups, up-regulation of OkI38 and down-regulation of
Duspl and Mafb, were observed dose relatedly. Particularly, Maf®
showed down-regulation from the lowest dose of both chemicals.
The results of real-time RT-PCR for validation of microarray data
are summarized in Table [1. Expression levels at the highest dose of
promotion in each chemical were compared between the microarray
and real-time RT-PCR values. In both FB- and PB-promoted liver,
many expression changes were similar between the two analysis sys-
tems, except for changes of Sex6. In addition, & low magnitude of
alteration was found for Adh/ by real-time RT-PCR in the PB-
promoted liver.

Since up-regulation of MCM®6, which 1s involved in DNA replica-
ton and reported as a marker of proliferating cells (20), was found in
the DEN + FB 3600 p.p.m. group, we selected MCM6 for immuno-
histochemical analysis to detect cell proliferation activity. Among
genes showing altered expression specific to the early stages of umor

Table L. List of genes showing up- or down-regulation common to FB and PB promotion in the liver after 6 weeks exposure using a two-stage

hepatocarcinogenesis model (>2-fold, <0.5-fold)

Accession number Gene title Symbol DEN + FB DEN + PB
3600 p.p.m. 500 p.p.m.
Up-tesu.llled (15 genes)
Similar to asporin precursor LOC3006805 4,08~ 224
AAﬂlml Alcohol dehydrogenase | (class 1) Adhl an- m*
AY081218 Pregnancy-induced growth inhibitor Okl38 348 365
NM_031665 Syntaxin 6 Sixé 345" 308
Al410262 EST —_ am 240°
Al 71656 Bicaudal € homolog | (Drosophila) Bicel_predicted 271 254
AWS27797 EST —_ 263 266
AW435169 Ab2-427 LOCS00084 252 279"
BE112720 Protein arginine N-methyltransferase 5 PrmtS_predicted 242 1.98*
BF417032 Transferrin recepior Tire 240" 213*
(M58040) {Tranxferrin receptor) Tfre) (233" 215"
NM_031512 Interieukin | beta s 236" 214
BG380736 Similar 10 h [l 58 homol, RGDI3035020_predicted  2.26°* 248
AlS11280 Similar 10 ouser dense fiber of sperm 1ails 2-like LOCHE5425 218" 226*
AAB9152]1 Spermatogenesis associated 9 Spata®_predicred 2.03* 238
AWS21797 Similar to chromosome 18 open reading frame 54 LOC361346 2.03° 160
Down-regulated (18 genes)
BG374180 EST — 021 045
AWS30361 Protein phosph 1, regulatory (inkibilor) subunil 3C Ppplric 0.22* 039
(BM390827) [Protein phosph 1, regulatory (inhibitor) subunit 3C] (Pppliric) (0.24y (031)
Us6241 v-maj loap ic fib oncogene family, protein B favian) Mafb 0.29** 045
BI285940 EST —_ 0.30° 035
AAGS6038 EST —_ 033 039"
BE120455 — —_ 037 038°
NM_057133 Nuclear receptor subfamily 0, group B, member 2 Nrilb2 0.40° 0a3r
BF391129 Progressi sis homoleg (mouse) Ank 0.41* 050
BE110108 Dual specificity phosphatase ] Duspl 0.41* 044
(U02553) (Dual specificity phosphatase 1) (Duspl ) (044 (D44)"
BF552826 Similar 10 RIKEN cDNA 2310057N15 RGDI562078_predicted  041° 043
BF393046 EST _ 0.43° 0AT"*
AW14108] Stanniocalcin | Stecl 0.43° 040"
BF400220 Transgelin 3 Tagind 0.44° 044
AlD44898 Similar 1o Myb protein P42POP RGDI565160_predicted  0.44** 050"
BI291457 EST —_— 0.46 0.62
AW252251 EST — 0.49° 042
AAGO0ETO Talin | Tinl 0.51° 053
BG371725 Zinc finger and BTB domain containing 16 Zhib16 052" 0.10
EST, ex|

sequence tag.
“Vialues are fold change with the expression level in the DEN-alone group set as 1.

*P < 0.05 versus DEN alone (Student's r-test).
**p < 0.0] versus DEN alone (Student's r-test).
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Table IL. Validation of micromray data by real-time RT-PCR

Gene symbol DEN + FB 3600 p.p.m. DEN + PB 500 p.p.m.

Microarmay Real-ume RT-PCR normalized to Microamay Resl-time RT-PCR normalized to

HPRT GAPDH HPRT GAPDH

Adhl 3.71 = 083" 365 = 0.63* 364 = 0.52° 201 = 0.52* 1.32 = 0,46 153=073
Sixts 345=1.18° 1.73 = 0.44° 1,75 = 0.44° 3.08 = 0.63" 0.84 = 0.50 099 =0.73
Okl38 3.48 = 0.64° 240 = 0.63° 237 = 061° 365 = 053° 1.77 = 0.24° 200 = 0.38%
Mafb 0.29 = 0.04" 029 = 0.03° 0.30 = 0.03° 045 = 0.09" 0.30 = 0.06° 0.35 = 0.03°
Nrib2 0,40 = 0.12* 0.29 = 0.09° 0.28 < 0.06° 031 z0.11* 0.16 = 0.07* 0.18 £ 0.08°
Duspl 0.41 = 0.07* 032 = 0.05° 0.32 = 0.01° 044 =020 0.22 £ 0.14% 0.25 £ 0.16°
Axin2 2.38 = 0.35* 2542086 2.56 = 1.04° - - -
Igfopl — — — 0282016 021 = 0.23° 023 = 0.20°
HPRT, hyp hi phosphorb fi GAPDH, glyceraldehyde 3-phosphate dehydrogenase: Values are mean = standard deviation (n = 4)

unlhlluupvusionlevelin;henﬁihhmpmpmnl.

*Significantly different from the DEN group at P < 0.05 (Student's r-test calculated by GeneSpring).
“Sigrificantly different from the DEN group ai P < 0.01 (Student’s r-iest calculated by GeneSpring).

“Significantly different from the DEN group at £ < 0.05 (Student's -test)
“Significantly different from the DEN group at P < 0.01 (Student’s 1test).

promotion by both FB and PB, up-regulation of Tfrc and down-
regulation of Nrib2 were observed with dose relation in the decrease
of NrOb2 by FB (Table I; supplementary Table S2 is available at
Carcinogenesis Online), Tfrc is a receptor for transferrin, which plays
a major role in intracellular uptake of iron (21). It has been reported
that expression of Tfrc and iron homeostasis are altered in preneo-
plastic nodules and hepatocellular tumors in rats (22,23), Nr0b2 is
an atypical orphan nuclear receptor that lacks a conventional DNA-
binding domain, which acts as a co-regulator of various nuclear
receptors and negatively regulates the gene expression of glucose
6-phosphatase (G6Pase), CYP7AI and PEPCK (24,25). In the preneo-
plastic foci in rat liver, it is well known that loss of G6Pase is commonly
observed (26). Thus, we also selected Tfre and Nr0b2 for immunoloc-
alization analysis in hepatocellular preneoplastic foci and tumors.

Immunolocalization at the early stage of tumor promotion

At week 6 of tumor promotion, the foci induced by FB or PB were
predominantly of eosinophilic type and pasitive for GST-P (supple-
mentary Table 54 is available at Carcinogenesis and Online). The
numbers and areas of GST-P-positive foci were significantly increased
in the DEN + FB 1200 and 3600 p.p.m. (8.04 = 3.60 No.J/cm® and 0.68
% 0.44 mm?*em? at 1200 p.p.m.; 22.09 £ 11.62 NoJem® and 593 +
044 mm*cm® a 3600 pp.m.) and DEN + PB 167 and 500 p.p.m.
(6.90 £ 3.16 NoJem? and 0.50 + 0.24 mm*cm? at 167 p.p.m.; 6.20
+ 2,66 Nofem?® and 046 £ 0.26 mm3fem?® at 500 p.p.m.) groups
compared with the DEN-alone group (3.85 + 2.04 NoJem? and 0.22
+ 0.13 mm*/em?®) (supplementary Table S5 is available at Carcino-
genesis Online). In the untreated controls, FB-alone and PB-alone
groups, very few GST-P-positive foci were observed, and there were
no intergroup differences in numbers and arcas.

Tire showed diffuse liver cell immunoreactivity in the untreated
cantrols and DEN-alone groups, and increased intensity was observed
in liver cells on promotion with FB or PB. in parallel with the micro-
array results (Figure 1A; supplementary Table S4 is available at
Carcinogenesis Online). In addition, a small population of GST-P-
positive foci exhibited strong immunoreactivity for Tirc.

Nrib2-positive liver cells were found diffusely in the untreated
control group. Decreased numbers of Nrilb2-positive cells were ob-
served in the DEN 4+ FB 3600 p.p.m. and DEN 4 PB 500 p.pm.

in parallel with the microarray data (Figure 1B; supplementary
Table §4 is available at Carcinogenesis and Online). However, some
liver cell foci positive for GST-P paradoxically showed increased num-
bers of NrOb2-positive cells as compared with surrounding liver cells.

MCM6-positive cells were detected mainly in regenerative nodules
including oval cells in the DEN + FB 3600 p.p.m. group, and their

numbers were significantly increased in this group as compared with
the DEN-alone group (Figure 1C).

TGFPRI and TGFPRII were immunolocalized in normal liver cells
diffusely but weakly in all groups, including untreated controls (sup-
plementary Table S4 is available at Carcinogenesis Online). Many
GST-P-positive foci showed intense immunoreactivity for TGFPRI,
especially in the DEN 4 FB 3600 p.p.m. group (Figure 2A). In con-
trast, very small populations of foci showed increased or decreased
immunoreactivity for TGFPRIL PTEN and pPTEN immunoreactivity
was diffusely but weakly observed in normal liver cells in all groups,
including untreated controls. It was generally lacking in foci (Figure
2A; supplementary Table S4 is available at Carcinogenesis Online).
On co-localization analysis of each molecule in association with GST-
P positivity using serial sections, increased immunoresctivity of
TGFPRI and decreased immunoreactivity of PTEN and pPTEN were
found in most GST-P-positive foci compared with surrounding liver
cells in the DEN + FB 3600 p.p.m. group. Some foci also showed co-
expression of Tfrc and NrOb2 (Figure 2B). In the DEN + PB group,
although similar immunolocalization changes to FB group were ob-
served for these molecules, rates of foci showing altered immunore-
activity were lower than those in the DEN + FB group.

Immunolocalization at the late stage of tumor promotion

Many adenomas and carcinomas were obtained after promotion by FB
or PB for 57 weeks. Most adenomas exhibited eosinophilic cytoplasm
and solid growth, and carcinomas frequently showed trabecular and
solid growth patierns. Foci observed at the late stage were mostly
eosinophilic, but basophilic and clear cell types were also found.
There were no major differences between the incidence and histolog-
ical types of proliferative lesions induced by FB or PB.

All adenomas and carcinomas were positive for GST-P, although
a small subset of foci, such as the basophilic type, appeared negative
(Figure 3; supplementary Table S4 is available at Carcinogenesis On-
line). The immunoreactivity of TGFRI was increased in the prolifer-
ative lesions in comparison with surrounding liver cells, and the
percentages of lesions strongly expressing TGFBRI were increased
in adenomas and carcinomas, in both FB and PB groups. Localized
expression of TGFPRII in proliferative lesions was largely lacking.
although a small proportion of lesions st i increased or decreased
immunoreactivity. Nr0b2 was variably positive in the proliferative
lesions, without relation to development from foci to carcinomas.
PTEN and pPTEN were weakly positive in the liver cells outside the
proliferative lesions, but were consistently lacking in FB- and PB-
induced foci, adenomas and carcinomas. Immunoreactivity of Tfrc
and MCMS6 increased in parallel with the stage of lesion development.
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immunoreactivily. Bar = 100 pm. The graph shows scores (mean -+ standard deviation) for Tfrc staining intensity. **P < 0.01 versus DEN-alone group (Mann—
Whitney's [-test). (B) Nr(b2 in the untreated contral, DEN + FB 3600 p.p.m. and DEN + PB 500 p.p.m. groups. Nr0b2 was found diffusely in the cytoplasm of
llvu':dlsEMWWImmWMdNﬂI—mdeIMMmmDEN+FBSG(IJ:an. and DEN + PB 500 p.p.m.
groups. Bar = 100 pm. “*F < 0.01 versus DEN-alone group (Mann-Whitney's U-test). (C) MCMS in the DEN-alone, DEN + FB 3600 p.p.m. and DEN + PB
500 p.p.m. groups. MCMé-positive cells with nuclear immunoreactivity were sparsely detected in the untreated control, DEN-alone and DEN + PB 500 p.p.m.
groups. In the DEN + FB 3600 p.p.m. group, Wﬂhmmmnmmmﬂqmmnu = 100 pm. **P < 0.01

versus DEN-alone group (Welch's r-test).

MCM6-positive cell indices did not differ in relation with the im-
munoreactive patterns of TGFRI or TGFPRII in each type of pro-
liferative lesion in either DEN + FB or DEN + PB group, although
carcinomas showed particular variability (Figure 4). Foci and adeno-
mas showing different expression patterns of Nrib2 did not show
obvious variation in the MCM6-positive cell index. On the other hand,
carcinomas showing decreased immunoreactivity of NrOb2 exhibited
higher MCM6-positive cell indices as compared with those showing
unchanged expression of this molecule as compared with surrounding
liver cells in the DEN + PB group. Although statistically non-significant,
a similar tendency was also observed in the DEN + FB group. In both
DEN + FB and DEN + PB groups, MCM6-positive cell indices in
adenomas or carcinomas lacking PTEN and pPTEN immunoreactiv-
ity were lower than in the corresponding lesions showing unchanged
expression of these antigens as compared with sumounding liver cells
(DEN + PB group: significantly different for pPTEN in adenomas;
DEN + FB group: significantly different for PTEN and pPTEN in
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carcinomas). There was an increasing tendency for MCM6-positive
cell indices in adenomas and carcinomas that showed increased im-
munoreactivity of Tfrc as compared with those in the corresponding
lesions showing unchanged expression in both DEN + FB and DEN +
PB groups, but it was statistically non-significant.

Discussion

Both FB and PB are known to induce CYPs, and it has been suggested
that effects such as inhibition of cell-to-cell communication and ox-
idative stress are involved in their mechanisms of carcinogenic action
(11,15,16). In the present study, we subtracted gene clusters simply
responding to FB and PB alone as well as those responding to initi-
ation and PH from those showing altered expression after initiation
plus PH and following promoter treatment, and therefore, the obtained
genes can be considered to play some role in the promotion process by
non-genotoxic hepatocarcinogens. As a result, chemically inducible
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TGFBR.[: PTEN pF']'EIN T‘I'rt and Nr(b2 in GST-P-positive liver cell foci after promotion by FB or PB for 6 weeks, E ic ¥ were classified into

in parison with the

genes related to drug detoxification, inhibition of cell-to-cell commu-~
nication and oxidative stress responses were excluded from the ex-
pression profile. Several genes, such as Okl38, Prmt5 and Duspl, are
known to be related o suppression of cell proliferation (17-19), sug-
g g that e ch of genes toward growth suppression
observed in the carly stages “of tumer promotion was probably a re-
fiection of gene expression in mitotically inactive uninitiated cells that
comprise the predominant cell population in the liver at this time
point.

Immunohistochemical examination revealed that a subset of GST-
P-positive foci exhibit increased immunolocalization of Tfre, Nr0b2
and TGFPRI and decreased immunoexpression of PTEN and pPTEN
after promation by FB or PB. In ¢ to the promotion with FB,
only a small proportion of foci showed altered expression by PB at the
same early stage. This difference between FB and PB might reflect
differences in the action or potential for promotion of these chemicals.
However, since similar immunoexpression patterns were observed in
the FB- and PB-induced tumors at the late stage, it is presumed that
the role of the molecules examined here may be similar in the process
of hepatocarcinogenesis. Simply, slower growth of GST-P-positive
foci in the PB-promoted livers as compared with the FB-promoted
ones might have lowered the chance of acquiring or losing phenotypes
within the foci. It should be noted that the size of foci with PB was
rather small as compared with the FB case.

g intensity in the surrounding liver cells.

Increased expression of Tfrc was observed here in a subset of GST-
P-positive foci in the early stage of tumor promotion by FB or PB, and
levels increased in proportion to the stage of lesion development. Iron
plays an important role in many essential cell functions including the
synthesis of enzymes necessary for cellular growth and metabolism,
and expression of Tfre is closely linked to the proliferation status of
the cell (27). It has been reported that expression of Tfre and iron
homeostasis is altered in prencoplastic nodules and h ellular
tumors in rats (22,23), A correlation berween Tfrc uprusmn and cell
proliferation has been also shown in human breast carcinomas (28).
Therefore, it is suggested that change in iron homeostasis was linked
to the processes of tumor promotion and progression by FB and PB in
the present study,

NrOb2 negatively regulates transcription of G6Pase (25), and loss of
GfiPase is commonly observed in preneoplastic foci in the rat liver
(26). Our present finding that some liver cell foci showed positive
immunoreactivity of NrOb2 as compared with surrounding liver cells
in the early stage of umor promotion might have caused decreased
expression of G6Pase. In the late stage, Nr0b2 was variably expressed
in the proliferative lesions without relation to lesion development.
Interestingly, carcinomas showing decreased expression of Nr(lb2 ex-
hibited higher MCMé-positive cell indices in both PB- and FB-pro-
maoted livers, suggesting that the loss of Nr0b2 may be necessary for
acquisition of a malignant phenotype, different from the suggested
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role for formation of G6Pase (—) foci at the early stage of tumor
promotion.

TGFf is a potent growth inhibitor in liver cells, and thus, it bas been
considered that down-regulation of TGFp signaling is critical for
hepatocarcinogenesis (5). There have been many studies exami

g lesions sh
Student's s-test). Numbers of lesions examined: Fo = 49, Ad = 3&.&=52(F‘Bmp)l‘o

ing unchanged expression in comparison with
104, Ad = 30, Ca = 31 (PB group).

out reduction of TGFPRs (33). Thus, further investigations of factors
downstream of TGFf signaling are needed to clarify the reason for the
unexpected cellular distribution of TGFBRI and TGFBRII in relation
o hepatocarcinogenesis.

In h hepatocellular carcinomas, it has been reported that ex-

expression levels of its receptors in human hepatocellular tumors, and
overall, most have revealed reduction (5). In rats, decrease of TGFPRs
was reported in PB-promoted hepatocellular tumors, and it 1s consid-
ered that down-regulation of TGFBRs might provide a selective
growth advantage to tumor cells by allowing them to escape the
growth inhibitory effects of TGFp (3,29). Despite growth inhibitory
effects of TGFf signaling on liver cells, immunoreactivity of TGFARI
and TGFPRII observed in the present study was increased or un-
changed, respectively, during tumor development. Although TGFp
can also act as a pr of tumor progression during the late stage
of umorigenesis and induce tumor invasion and memstasis (30), bio-
logical effects of increased TGFPRI expression in foci from the early
stage of tumor promotion cannot be unequivocally concluded. Since
MCM6-positive cell indices did not differ with the levels of TGFRI
and TGFPRII, the TGFp signaling pathway is possibly impaired in
these proliferative lesions. It has been proposad that the ratio between
TGFBRI and TGFBRII influences the cellular fate by controlling sig-
naling (31). Therefore, differences in expression patterns between
TGFPRI and TGFBRII in GST-P-positive lesions might lead to dys-
regulation of TGF signaling. Dysregulation of do effectors
of TGFf, such as smad? and smad4, has been reported to contribute to
the tumor progression during chemical carcinogenesis in rats (32). In

pression of PTEN is reduced or absent in almost half of cases and
reduced PTEN expression may be involved in pathogenesis and tumor
progression (8,34), In rats, there have been only few reponts of PTEN
expression in the liver tumors. Silins er al. (10) described a subset of
preneoplastic foc: exhibiting a PTEN-positive phenotype and sug-
gested there to be targeted for sphingolipid-induced apoptosis. In
the present study, the levels of both PTEN and pPTEN were decreased
consistently in the foci, adenomas and carcinomas, suggesting that
reduction of PTEN function may be involved in rat hepatocarcino-
genesis from an early stage. Involvement of the PI3 kinase pathway,
including PTEN and AKT, has recently been shown in TGFp-induced
invasion during the tumor progression process (35,36), implying a pos-
sible contribution to late-stage tumor promotion. Expression of the
PTEN gene can be suppressed by TGFS (37). Since increased expres-
sion of TGFPRI and decreased expression of PTEN and pPTEN were
often found concomitantly in the present study, further investigation
of this relationship appears warranted. Although the relation to loss of
tumor suppressor function is unclear, neoplastic lesions lacking
PTEN/pPTEN expression in the present study exhibited lower
MCMG6-positive cell indices than those retaining these antigens. Some
functions related to tumor progression other than proliferation might
be activated in tumors lacking PTEN/pPTEN,

addition, increased expression of smad7, an inhibitory dow

molecule of the TGFP signaling, has been found in many of advanced
human hepatocellular carcinomas, suggestive of its role for acquisi-
tion of ¢ to TGFp, especially in hep llular tumors with-

In conclusion, we here found 33 genes showing altered expression
specific to the early stages of tumor promotion by both FB and PB in
the rat two-stage hepatocarcinogenesis model using microarray tech-
nique. Immunohistochemical analysis indicated that changes of iron
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homeostasis following increased expression of Tirc, specifically in
proliferative lesions, contribute to tumor promotion and progression
by FB or PB, lnslofNrOmeighlpounbl}rpllylmhianmsiﬁm
of the malig: ype in b ellular tumors. In addition, loss
ofPl'EchidmguhﬂonofTGFngmhm may be considered to
be involved in rat hepatocarcinogenesis from early stages. Thus, our
appumuhu lppllcd here utilizing microarray analysis and following

al screening may help searching early biomarkers
of carcinogenesis. Alﬂwuﬂifunher studies should address roles in the
processes of hepatocarcinogenesis, obtained molecules in the present
study may be beneficial for detection and evaluation of non-genotoxic
carcinogens that we are at risk. as well as for understanding of the
mechanism of non-g ic carcinogenesis to secure human health.
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ABSTRACT

Clarifying the participation of oxidative stress among possible contributing factors in potassium bromate
(KBr0y J-induced carcinogenesis is of importance from the perspective of human health protection. In the
present study, utilizing the antioxidative effects of a-tocopherol (a-TP) or sodium ascorbic acid (SAA) to
artenuate oxidative stress, alterations in bromodeoxyuridine labeling indices (BrdU-Lls} and reporter gene
mutations in kidneys of male and female gpt delta rats given KBrO; were examined. Five male and female
gpt delta rats in each group were given KBr0O, at a concentration of 500 ppm in the drinking water for 9
weeks, with 1% of a-TP or SAA admmlstered in lfhe diet from 1 week prior to the KBrOj treatment until the
end of the experiment. Increases in 8-hydroxy levels in kidney DNA of both sexes of rats
given KBrO, were significantly inhibited by SAA, bul not a-TP. While BrdU-LIs in the proximal tubules
of female rats were also significantly reduced by SAA, those in the males and gpt mutant frequencies
in kidney DNA of both sexes were not affected by SAA or a-TF. Immunohistochemical and Western blot
analyses for azy-globulin strongly suggested that induction of cell proliferation observed in the males
might primanly result from acc lation of this protein, independent of oxidative stress. The overall
data indicated that while oxidative stress well correlates with induction of cell proliferation in females,

its role in males and in generation of in vivo mutagenicity by KBrO, in both sexes is limited.

© 2009 Published by Elsevier Ireland Ltd,

. Introduction

During the bread making process, bromate is considered to be
converted to bromide (Kurokawa et al,, 1990), so that use of potas-
sium bromate (KBrO4) has been permitted as a flour improver for
bread making in Japan and the USA in spite of its carcinogenic-
ity (Kurokawa et al., 1986; DeAngelo et al, 1998). However, since
ozonation of surface water for disinfection yields KBrO; as a by-
product (Cavanagh et al,, 1992), there is still concern regarding the
human hazard presented by its renal carcinogenicity. As is clear
from the specific use as a food additive, KBrO; is a potent oxidizing
agent. This property is responsible for changes in DNA bases as well
as lipid peroxidation (LPO), in the kidneys of treated rats (Chipman
etal., 1998; Umemuraetal., 1998). Since 8-hydroxydeoxyguanosine
(8-0HdG), a form of guanine oxidized at C-8 position, is known to be
fairly stable (Kasai and Nishimura, 1991}, elevation of this oxidized
base following KBrO; exposure implies involvement of oxidative
stress in KBrOs-induced carcinogenesis (Umemura and Kurokawa,

* Corresponding author. Tel.: +81 3 3700 9819.
E-muoil address: @nihs.gop (T. L |}

0300-483X%/% - see front matter © 2009 Published by Elsevier Ireland Ltd.
doi:10.1016/).tox.2008.12.007

2006; Delker et al., 2006), Simultaneous treatment with antioxi-
dants is known to prevent elevation of 8-OHdG and LPO induced by
KBrO; (Cadenas and Barja, 1999; El-Sokkary, 2000), but it remains
unclear how oxidative stress contributes to KBrO;-carcinogenesis.
In two-stage model using N-ethyl-N-hydroxyethyl-nitrosamine
as an initiator, KBrOs enhances renal tumorigenesis in both male
and female rats (Kurokawa et al, 1985; Umemura et al., 1995).
Also, short-term exposure to KBrO; in males was found to signif-
icantly elevate bromodeoxyuridine-labeling indices (BrdU-LIs) in
proximal convoluted tubules (PCTs) in the same dose-dependent
manner as evident in the promotion assay (Umemura et al,, 1993).
As a possible mode of action, we have proposed involvement of
oz -globulin accumulation in KBrOs-induced cell proliferation in
males (Umemura et al., 2004). However, the fact that PCT BrdU-LIs
in females exposed to KBrO; were also increased, albeit at higher
doses than in males, implies the existence of other causal factors.
A two-stage model using nitrilotriacetate as a promoter has
further shown that KBrOy possesses initiating activity for renal
carcinogenesis in male rats (Umemura et al., 2006). In addition to
previous positive results in several mutagenicity tests (Ishidate et
al., 1984; Ishidate and Yoshioka, 1980; Hayashi et al., 1988), recent
findings using isolated rat kidney cells (Nesslany et al., 2007) and
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human peripheral lymphocytes (Kaya and Topaktas, 2007) point to
genotoxic potential. Also, in an in vivo mutation assay using reporter
gene transgenic rats, KBrOs proved capable of elevating the trans-
gene mutation frequency (Umemura et al, 2006; Yamaguchi et al.,
2008). Although induction of micronuclei in rat peripheral blood
reticulocytes by KBrO; was inhibited by antioxidants (Sai et al.
1992), there have been few reports demonstrating clear relation-
ships between oxidative stress and its genotoxicity.

Assessment of the participation of oxidative stress in KBrO,
carcinogenesis is clearly necessary for accurate estimation of its
hazard risk to humans. In the present study, taking advantage
of the inhibitory effects of two different types of antioxidants,
a-tocopherol (a-TP) and sodium ascorbic acid (SAA), changes in
BrdU-Lis and a3,-globulin accumulation in PCT, and transgene
mutations in kidney DNA of male and female gpt delta rats given
KBrOy were investigated.

2. Materials and methods
21 Chemicals

KBroy, uTPwdSAAmrepmduudﬁunwakoﬂunwmdusﬂu
(Osaka, Japan). Alkal was ined from Sigma Chemical (St. Loius,
MO, USA} and nuclease m vns fmm Ym Shvju (Chiba, Japan). Anti-BrdU mon-
oclonal and um-u,. glok y
(Glostrug, D Jand R.lD Ltd. (

horse anti-mouse IgC (1:400), and avidin-bioti plex (ABC) after
demhmmmmmWMM
mmmmmmummumm,wmmﬂm
of Rutenburg et al (1969) using L-glutamyl-4- xy-f-naphtylamide (Poly-
WMWP&M)ummummmm
dmmummmumamnnnu. ty o ibed (Lim

et al, 1992} The sites of p d i d by b
with 3,3'-di, y ﬂumr‘ Co.). For
histoch | 1§ of ay,-globulin, sections were treated sequentially with
normal goat serum, polyclonal rabbit anti-oy, lin (1:100), biotin-labeled goat
anti-rabbit 1gG (1:400), and ABC after denaturation of DNA with 4N HCL The
immunostained sections were lightly counterstained with hematoxylin for micro-
SCOHC examination.

26 Cell proliferation quantification

mmmmwummmmmmwummm
culated as the p 3 of cells p for BrdU i

27, Western blotting for uy,-globulin

Kidney samples were homogenized with a Teflon hamogenizer in ice-cold
50 mM Tris-HCl, pH 7.4 containing 0.25 M sucrose and a 1% protease inhibitor cock-
tall (Sigma Chemical Co, ). The homogenate was centrifuged for 10 min at 10000 « g
4C, and the resulting supernatant was collected. Protein concenirations were
determined with a BCA Protein Assay kit (Pierce Biotechnology Ltd.. Rockford, IL
usa;mmmmwngmummmmmmem
ferred to {Millipore Corporati

22, Animals, diet and housing conditions

mmcdhrtﬂlmﬁywnappmdbymmuumuulum
C of Health Sciences. Five-week-old male and
kmlrmdetu Fld4 ul:s-:an'_wnphom ﬁnwﬂcmmymonhmmmhmbda
EG10 per haploid brained from Japan SLC (Shizuoka, Japan). They
were housed in poly:ubonitr cages (5 rats per cage) with hardwood chips for bed-
ding in a conventional animal facility, maintained under conditions of controlled
temperature (2342 C), humidity (55+5%), air change (12 times per hour), and
lighting {12 h light/dark cycle) and were ghven free access to CRF-1 basal diet (BD;
Charles River Japan) and tap warer,

23 Animal treatments

Groups of 5 male and female gpt delta rats were admi d KBrO, sol at
aconcentration of 500 ppm in the drinking water for 9 weeks. Additional subgroups
of 5 male and female gpt delta rats were fed o-TFP or SAA at a dose of 1% in the diet
from 1 week prior to the KBrO; treatment until the end of the experiment. Further
groups of 5 male and female rats each were given basal diet and distilled water
(DW) through the experi | period as controls. All animals were injected
with BrdU (100 mg/kg) Lp. twice a day for the final 2 days of the exposure and once
onlhemdumlmlmnhdmklumgnmzndﬂmmmm

ly mhutHaMn{tMLuwﬂuwﬂmucmmm—
trod (1:8000, Sigma Chemical Co.). Approp 4 secondary
antibodies (1: mmhuCymmn]w“mﬂlmdmmwﬁhmnus
{Amersham Bioscience Corp., Piscataway, NJ, UISA) reagents.

2.8. In vivo mutation assays

6-TG and Spi- selections were perf described (L
et al, M]mlulhhtﬂwaﬁnﬂkuﬁwp Ilrhﬂy genomic DNA was
extracted from the kidneys of the first 3 animals in each group, and lambda EG10
DNA (48 kb) was rescued as phages by in vitro packaging.

m&mmmp&mmmmmmm
YG6020, which exp and d to pl ds carrying gnt
and ch fected cells were mixed with maolten soft
asa:andpoundonmaprphmmummlmlouwﬂ&m In order
wd«mimmwmmummum&mmmmm
used to infect YG6020, and poured on plates c i henicol without 6-
TG. The plates were then incubated at 37 C for selection of 6-TG-resistant colonies.
Positively selected colonies were counted on day 3 and collected on day 4. The
mutant frequency (MF) was calculated by dividing the ol gpt by
the number of rescued phages.

For Spi- selection, packaged phages were incubated with E. colf XL-1 Blue MRA
for survival titration and E coli XL-1 Blue MRA P2 for mutant selection. Infected
nﬂhummudwﬂhmﬂmmmmwpmm:m plagques (Spi-

were killed under ethyl ether anesthesia and a part of left kidney was b i

in lsogen (Nippan Gene, Tokyo, Japan) and stored at —80°C until use for isolation of
total RNA. The remaining left kidney was also stored ar —80°C for B-OHdG measure-
ment, Western blot analysis and in vivo mutition assays. Portions of right kidneys
were fixed in ice-cold acetone for 3 days and processed for embedding in paraffin,
sectioning (4 wm), and Immunostaining for BrdU after histochemical demonstra-
ﬁonohﬂuunwhrwpepuﬁue{y-cnmmmmmmmlmms
fixed in buffered din and then routinely d for embedding in paraffin,
sectioning and immunostaining for u;.-ﬂowlul.

24. Measurement of nuclear 8-OHdG

To prevent 8-OHAG formation as a byproduct during DNA isolation (Kasai,
2002), kidney DNA was extracted by a slight modification of the method of
Makae et al. (1995, Briefly, nuclear DNA was extracted with a commercially avail-
able DNA Extractor WE Kit (Wako Pure Ch I Industries, Ltd.} ¢ ining an

ioxidant Nal to cellular P For further prevention
of autooxidation in the cell lysis step, deferoxamine mesylate (Sigma Chemical
Co.) was added to the lysis buffer (Helbock et al, 1998). The DNA was digested
tudmynnckoﬂdnmmrl mdalhllnrplmphm and levels of 8-
OHdG (8-OHdG/10° d ine) were d rfo liguid
chromatography (HPLC) with an MIMM[CWIOMIL
ESA. Bedford, MA, USAL

25 hemical p

For immunohistochemical staining of Brdl, sections were treated sequentially
with normal horse serum, monoclonal mouse anti-BrdU (1:100), biotin-labeled

[: dates) were punched out with sterilized glass pipetters and the agar plugs were
suspended in SM buffer. In order to confirm the Spi- phenotype of candidates, the
suspensions were spotted on three types of plates where XL-1 Blue MRA, XL-1 Blue
MRA P2, or WL95 P2 strains were spread with soft agar. Real Spi~ mutants, which
made clear plagues on every plate, were counted.

For characterizing the mutation spectra of gpr mutants, a 739bp DNA frag-
ment containing the 456 bp coding region of the gpt gene was amplified by PCR
as described i (Nohmi et al., 2000). DNA sequencing was performed with
the Big Dye™ Terminater Cycle Sequencing Ready Reaction (Applied Biosystems,
Foster City, CA, USA) on an ABI PRISM™ 310 Genetic Analayzer (Applied Biosys-
tems).

3. Results

As shown in Fig. 1, 8-OHdG levels in kidney DNA of male and
female gpt delta rats given KBrO; were significantly increased as
compared to the controls. Although the levels in gpr delta rats
of both sexes co-treated with o-TP or SAA were still significantly
higher than the controls, significant decreases in either sex of rats
were evident as compared to KBrOs-treated animals.

PCT BrdU-LIs in male and female gpt delta rats exposed to KBrO+,
with or without antioxidants, are shown in Fig. 2. In the males,
KBrO; exposure induced prominent rise of BrdU-LIs with statistical
significance, which was not affected by a-TP or SAA treatment. In
the females, KBrO; significantly increased BrdU-LIs as in the males,
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Fig. 1. 8-OHAG levels in kidneys of male and female gpt delta rats co-treated with
KBrOy and a-TP or SAA. Values are means = SDs of data for 5 rats. “p<0.01, signif-
icantly different from the controls (DW). *p <0.01, significantly different from the
KBtOy alone group.
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W 0,

Fig. 2. BrdU-Lis for proximal convoluted tubules (PCT) of male and female gpe delta
rats co-treated with KBrOy and a-TP or SAA. Values are means = SDs of data for 5
rats. "p< 0,01, significantly different from the controls (OW). *p < 0,01, significantly
different from the KBrOy alone group.

butin this case, co-treatment with SAA, but not a-TP, was associated
with suppression of the elevation.

Immunohistochemical data for agy-globulin are shown in
Fig. 3(A-E). Because ay,-globulin is a male rat-specific urinary pro-
tein, in controls scattered accumulation was limited to males (Fig. 3
A). KBrO4 caused accumulation of the protein only in males (Fig. 3
B), which was not inhibited by any antioxidant treatments (Fig. 3 C
and D), no binding being evident even in the KBrOy-treated female
rats (Fig. 3 E). These findings were directly in line with Western blot
results for az,-globulin (Fig. 3 F).

Data for gpt MFs analyzed by 6-TG selection are summarized
in Tables 1 and 2, in the males, although statistical analysis could
not be performed because no gpt mutant colonies were detected in
one control rat, MFs in all the treated groups showed a tendency
for increase (Table 1). Likewise, in the fernales, elevation of MFs in
all the treated groups were found, the increase in the KBrO; alone
group being statistically significant (Table 2). To characterize gpt
mutations DNA sequencing was performed (Table 3). Among the
groups in which the MFs were significantly increased, there were
no common types of mutations. GC:AT transitions in a-TP treated
males, GC:TA and AT:TA transversions in SAA treated males and
single base deletions in KBrO; alone treated females showed the
highest mutation frequencies. As shown in Table 4, there were no
changes in Spi~ MFs in males. In all the treated females, a tendency
for elevation of Spi— MFs was apparent, with statistical significance
in the a-TP treatment case (Table 5), However, co-treatment with
the antioxidants did not appear to exert any effects on MFs for the
gpt gene in the kidneys of rats given KBrOs.

4. Discussion

In the present study, increases of 8-OHdG levels in kidney DNA of
male and female rats following KBrO; exposure were significantly
suppressed by SAA, but not a-TP. Although precise mechanisms
responsible for the differences in efficacy between the two antiox-
idants remain to be determined, it has been reported that dietary
ascorbic acid is capable of accumulating more effectively in renal
cortical tissue of rats than is the case with dietary o-TP (Craven et al.,
1997). In consideration of the fact that KBrO; is efficiently reduced
by GSH at brush borders on the luminal surfaces of PCT cells (Murata
et al., 2001), eventually yielding oxidative stress (Ballmaier and Epe,
1995, 2006), it is plausible that an aqueous antioxidant would exert
preventive effects. Previous study demonstrated that dietary vita-
min E inhibited 8-OHdG levels in kidney DNA induced by KBrO;
at higher dose (Cadenas and Barja, 1999). The incompatible results
might involve differences in the nature of damage to DNA produced
by low vs. high doses of KBrOs. In the present study, simultaneous
treatment with SAA was in fact able to attenuate oxidative damage
caused by KBrO;.

KBrO; at a concentration of 500 ppm has been reported to pro-
mote tumor development in the rat kidney of both sexes (Kurokawa
et al., 1985; Umemura et al., 1995). Induction of cell proliferation,
regarded as a contributing factor, was observed even at 30 ppm
of KBrO; in males, in contrast to the lowest effective dose in
fernales being 250 ppm (Umemura et al., 2004). Interestingly, ez~
globulin accumulation in the kidneys of male rats also occurred ina

Table 1
Effects of antiaxidants on gpt mutant frequencies in the kidneys of male gpt delta rats given KBrO,.
Treatment Animal no. Cm* colomies (= 10%) 6-TG* and Cm* colonies Mutant frequency (= 10°%) Mean £ 50
Water
1 8.0 o 0
ow BD 2 93 1 o1 012
3 7 2 026
6 92 3 033
KBrO; BD 7 988 2 020 0434029
B 66 5 076
n 87 8 092
KBrO, a-TP 12 54 B 148 1.14£030
13 a7 10 1.03
16 101 3 030
KBrOy SAA ” 78 1 077 053024
18 93 5 053

DW: Distilled water, BD: basal diet.
* Two colonies were found on the plate, but neither harbored any gpt mutations.




