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Abstract The effect of oxfendazole (OX), a benzimid-
azole anthelmintic, on hepatic gene expression was
investigated in the liver of rats as a preliminary study to
elucidate the possible mechanism of its non-genotoxic
hepatocarcinogenesis. The liver from a male F344/N
rat given a diet containing 500 ppm of OX for 3 weeks
was examined by global gene expression analysis in
comparison with an.untreated rat. Microarray analysis
revealed that phase I and phase II detoxifying enzymes
were up-regulated in an OX-treated rat. In addition to
these genes, the expressions of several upregulated
genes related to xenobiotic metabolism and oxidative
stress [e.g. Cyplal; NAD(P)H dehydrogenase, qui-
none 1 (Ngol); glutathione peroxidase 2 (Gpx2);
glutathione S-transferase Yc2 subunit (Yc2)], were
confirmed by real-time reverse transcription polymerase
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chain reaction (RT-PCR). Furthermore, rats were
administered 500 or 1,000 ppm of OX for 9 weeks, and
the effect of OX on oxidative stress responses was eval-
uated by real-time RT-PCR along with conventional
toxicological assays, including lipid peroxidation (thio-
barbituric acid-reactive substance; TBARS). A longer
treatment period and/or a higher dose of OX tended to
increase the gene expressions of not only phase I
(Cyplal and Cypla2) but also phase II (Ngol, Gpx2,
Yc2, and Akr7a3) drug metabolizing enzymes. Toxico-
logical parameters, such as TBARS, serum aspartate
aminotransferase (AST), and serum alkaline phospha-
tase (ALP), showed slight but significant increases
after treatment with OX for 9 weeks. These results
indicate that OX elicits adaptive responses against oxi-
dative stress in the liver and suggest that the imbalance
in redox status might be one of the factors triggering
the initial step of OX-induced non-genotoxic carcino-
genesis in the liver of rats.

Keywords Oxfendazole - Cytochrome P450 induction -
Oxidative stress - Rat
Introduction

Oxfendazole [methyl 5-(phenylsulfinyl)-2-benzimi-
dazolecarbamate] (OX) is a benzimidazole anthelmin-

. tic that has been widely used for the treatment and

prevention of gastrointestinal parasites in livestock ani-
mals, including cattle, pigs, and sheep (Jacobs and Tay-
lor 2001; Velik et al. 2004). The pharmacological effects
of OX depend on its inhibition of glucose uptake and
of tubulin polymerization in the parasitic worm (Dela-
tour and Parish 1986). Because humans are exposed to
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OX and residues of its metabolites through meat or
milk derived from food-producing animals, it poses a
public safety concern.

Fenbendazole (FEN), which is first metabolized to
its sulphoxide form (OX) in vivo, has been reported to
cause a slight increase in the incidence of hepatocellu-
lar carcinomas in female rats treated orally with a high
dose of FEN (WHO 1991). On the contrary, OX has
not been found to elicit any carcinogenic response in
rats or mice; however, the 38th meeting of the Joint
FAO/WHO Expert Committee on Food Additives
(JECFA) indicated that the lack of carcinogenic poten-
tial of OX could be attributed to its administration at
lower dose levels (WHO 1991).

On the other hand, the tumor-promoting potential
of OX has been suggested by using a two-stage hepato-
carcinogenesis model in rats (Mitsumori et al. 1997).
Results showed that the number of hepatocellular foci
positive for the antibody to the placental form of gluta-
thione S-transferase, a putative preneoplastic marker
enzyme for chemical hepatocarcinogenesis (Kitahara
et al. 1984), was increased in rats treated with OX for
8 weeks following an intraperitoneal injection of diet-
hylnitrosamine. In addition, OX increased cytochrome
P450 enzyme proteins (CYP1A1/2 and CYP2B1) and
decreased the immunohistochemically positive spots of
connexin 32 in a dose-dependent manner. Each change
is known to be a biological hallmark for characterizing
a chemical as a tumor promoter (Ito et al. 1996; Klau-
nig and Ruch 1990; Diwan et al. 1988). Moreover, the
same results were obtained in the two-stage carcino-
genesis study of FEN in the liver of rats (Shoda et al.
1999). Considering that OX as well as FEN has no
mutagenic activity in short-term genotoxicity assays
(WHO 1991), these results suggest that OX would
exert its tumor-promoting activity in the rat liver in a
nongenotoxic or an indirect genotoxic manner; how-
ever, its molecular mechanism has not yet been fully
elucidated.

In the present study, the effects of OX treatment on
hepatic gene expression in the liver of rats was investi-
gated by using DN A microarrays and real-time reverse
transcription polymerase chain reaction (RT-PCR)
analyses to obtain information for the possible hepato-
carcinogenesis of OX.

Materials and methods
Animals and experimental design

Five-week-old male F344/N rats were purchased from
Japan SLC, Inc. (Shizuoka, Japan) and maintained in

@ Springer

an air-conditioned room with a 12-h light/dark cycle
and given free access to a powdered diet (Oriental
MF; Oriental Yeast, Tokyo, Japan) and tap water.
After a 1-week acclimatization period, the rats (five
or six rats per dose group) were fed a diet containing
0 or 500 ppm of OX (99.7% purity; Hayashi Pure
Chemical Industries, Osaka, Japan) for 3 or 9 weeks.
For the 9-week treatment, an additional dose of
1,000 ppm of OX was administered to investigate
whether OX induces dose-related changes in hepatic
gene expression. At necropsy, the blood was sampled
from the abdominal aorta under ether anesthesia.
The livers were excised, macroscopically examined,
weighed, cut into small pieces that were frozen in dry
ice, and stored at —80°C until analysis. The serum
samples obtained were sent to SRL, Inc. (Tokyo,
Japan) to assess for alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and alkaline
phosphatase (ALP). Animals received humane care
in accordance with the Guide for Animal Experimen-
tation by Tokyo University of Agriculture and Tech-
nology.

DNA microarray analysis

Total RNA was extracted from a control and an OX-
treated rat by using an RNeasy Mini Kit (Qiagen, Hil-
den, Germany), according to the manufacturer’s
instructions, and shipped to KURABO Industries
(Osaka, Japan) for oligonucleotide microarray analy-
sis. By using a CodeLink Bioarray (Rat Whole
Genome Bioarray; GE Healthcare) consisting of more
than 34,000 genes, the differentially expressed genes
were analyzed in a control and an OX-treated liver.
More than a twofold increase or less than a halffold
decrease was regarded as a significant change, and
gene information (molecular activity and biological
function) was extracted from the Gene Ontology web-
site (http://www.geneontology.org). The gene acces-
sion numbers and the UniGene symbols of each gene
listed in Table 1 were retrieved from the website of the
National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov).

Real-time RT-PCR analysis

To confirm the results of microarray analysis, the
expression of several genes identified to be up-regu-
lated by the OX treatment and their related genes were
quantified by real-time RT-PCR. Briefly, the total
RNA from three rats per dose group was extracted
using TR1zol reagent (Invitrogen, CA, USA), accord-
ing to the manufacturer’s instructions. These RNA
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Table 1 Genes related to xenobiotic metabolism and oxidative stress selected from microarray in the liver of a rat administered OX for

3 weeks

Accession  Fold Gene description Gene UniGene  Molecular functions Biological pathways

number change symbol  symbol

NM_013215 2.5 Aldo-keto reductase family 7, Akr7a3  Rn.6043 Aldehyde reductase Aldehyde metabolism
member A3

X00469 2.0 Cytochrome P450, family 1, Cyplal Rn.10352  Monooxygenase Electron transport
subfamily a, polypeptide 1

NM_183403 3.6 Glutathione peroxidase 2 Gpx2 Rn.3503 Glutathione peroxidase =~ Oxidative stress

X78847 4.8 Glutathione S-transferase Yc2 Rn.120929  Glutathione transferase =~ Metabolism
Yc2 subunit

NM_012600 2.9 Malic enzyme 1 Mel Rn.3519 Electron transporter Malate metabolism

NM_017000 2.5 NAD(P)H dehydrogenase, Ngol Rn.11234  Oxidoreductase Xenobiotic metabolism
quinone 1

samples included those of the liver used in the micro-
array analysis. The total RNA was reverse transcribed
by using ThermoScript reverse transcriptase (Super-
Script III First-Strand Synthesis System; Invitrogen).
All PCR reactions performed using SYBR Green 1
chemistry (Applied Biosystems, CA, USA) were car-
ried out under the following conditions: one cycle at
50°C for 2 min followed by 95°C for 10 min and 45
cycles at 95°C (15 sec) and 60°C (1 min) in the ABI
PRISM 7000 Sequence Detection System (Applied
Biosystems). The forward and reverse primers listed in
Table 2 were designed using the Primer Express 2.0
software following Applied Biosystems’ instructions
for optimal primer design. For Cyplal, the primers
were obtained from SuperArray Biosciences Corp.
(MD, USA). The relative differences in gene expres-
sion were calculated using cycle time (Ct) values that
were first normalized with hypoxanthine-guanine phos-
phoribosyltransferase (Hprt), i.e. the endogenous con-
trol in the same sample, and then relative to a control
Ct value by a 2-ddCt method described in Applied Bio-
systems User Bulletin #2: Relative quantification of
gene expression. The data represents the average fold
changes with standard deviation. To investigate the
time- and dose-related changes in gene expression,
additional real-time RT-PCR analysis was performed
in rats treated with OX at doses of 0, 500, or 1,000 ppm
for 9 weeks (five rats per dose group) in the same man-
ner as described above.

Histopathological examination

Livers from the rats of all groups were fixed in 10%
buffered formalin, dehydrated in graded ethanol,
embedded in paraffin, sectioned, and stained with
hematoxylin/eosin (H/E) for histopathological exami-
nation. .

Measurement of thiobarbituric acid-reactive
substances

Lipid peroxidation in the livers was assessed as the for-
mation of thiobarbituric acid-reactive substances
(TBARS) (Ohkawa et al. 1979). Briefly, 0.2 ml of liver
homogenate in 1.15% KCl, 0.2ml of 8.1% sodium
dodecyl sulphate (SDS), and 3.0 ml of 0.4% thiobarbi-
turic acid in 10% acetic acid (pH 3.5) were mixed;
heated at 95°C for 60 min; and then cooled. The reac-
tion mixture was centrifuged at 4,000 rpm for 10 min
after adding 1.0 ml of distilled water and 5.0 ml n-buta-
nol and pyridine (15:1 v/v). The absorbance of the
resulting solution was determined spectrophotometri-
cally at 532 nm by using the Synergy HT Multi-Detec-
tion Microplate Reader (BioTek, VT, USA).

Statistical analysis

All data were expressed as the means with standard
deviation. The statistical significance of the difference
between the control and the OX-treated group(s) was
determined by Student’s ¢ test or the Aspin-Welch ¢
test (for the 3-week study) or one-way analysis of vari-
ance (ANOVA), followed by Dunnett’s multiple com-
parison test (for the 9-week study). P values of less
than 0.05 and less than 0.01 were regarded as statisti-
cally significant.

Results

Irrespective of the treatment period, none of the
administered OX doses affected body weight or food
consumption.

Firstly, changes in hepatic gene expression in a rat
treated with 500 or 0 ppm OX for 3 weeks were examined
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n using an oligonucleotide microarray. OX induced a
. ‘[;’ slight but significant increase in the relative liver
G 9 g weight (130%) and very slight hypertrophy and vacuo-
3 5. S 5 lation of hepatocytes (data not shown). Of the approxi-
S con. S S mately 34,000 genes in the CodeLink Bioarray, 109 or
2 2 Et) 5 5 & (2 > 48 genes showed more than a twofold increase or a less
< > 5% U than halffold decrease, respectively, in their expression
Lo) 2 8 3 2 2 S 6 in an OX-treated rat compared to a control animal.
G 8 5 5 g é z £ Among these, we focused on six genes related to xeno-
2 8 0 8 > 8 E 8 biotic metabolism and oxidative stress; Cyplal, Nqgol,
8 8 E 5 8 ([2 5 [G Gpx2, Yc2, Akr7a3, Mel (Table 1), and the increased
E é & 2 3 2 Q < Q expressions of these genes were confirmed by real-time
£1883¢ £8b3 RT-PCR (Fig. 1). '
RS, E g 5 8 8 8 < To evaluate the effect of OX treatment on hepatic
% 8.".‘ B<OOQ (_?[97 gene expression of xenobiotic and oxidative stress- -
K|hinintninininin related molecules, rats were administered 500 or
1,000 ppm of OX for 9 weeks, and real-time RT-PCR
.o analysis was performed (Fig.1). Generally, a longer
2 : i E = treatment period and/or a higher dose of OX increased
o< 8 2 S :}: [ these mRNA expressions. In particular, the expression
3 i E:«) 58 < S & of Cyplal was drastically increased (>100 fold) in the
E 59 5 E g S e 9-week treatment period. In addition, Cypla2, gluta-
6 E g 8 é S % thione peroxidase Gpx2, and the NAD(P)H-generat-
8 << 2 8 fé < ing enzyme Mel were up-regulated in a time- and dose-
O 8 8 8 6 é () dependent manner. The expression of phase Il enzyme
by 8 S S<Z E %) ([2 8 genes such as Ngol, Yc2, and Akr7a3 was also signifi-
'i 8 S 2 g [ 6 5] 2 cantly increased by a longer treatment regimen. The
< |3 9853 %88 gene expression of Nrf2 showed a slight but significant
£130338888 increase in rats administered a dose of 500 ppm of OX
E | thmimimininimi for 9 weeks.
Other toxicological parameters that were examined
3 in the 9-week treatment of OX are shown in Fig. 2 and
£ Table 3. OX induced slight hypertrophy and vacuola-
’E_ g E 3N ',§ P tion of hepatocytes with a significant increase in the
E 3 5 S G-E IsSE liver weight. In addition, not only serum AST and ALP
o but also hepatic TBARS showed slight but significant
%: « increases after treatment with OX for 9 weeks.
2| |2 .
I3 a §
E % ‘;;f Discussion
8 z~ £8 3 g OX, FENf ":md their prodrug febaptel (FB) have been
3 E § _§ E 52 widely utilized as anthelmintics in veterinary fields.
; “.g‘ £ 2E ﬁ _‘% FEN is metabolically interconvertible to OX which is
£ b 3 > E, gz its most effective pharmacological form. FB is not a
£ a8 s = .. . .. o
= ZEP8E - benzimidazole but is converted in vivo by cyclization to
§ E goé & “é E £ FEN and subsequent oxidation at the sulfur atom to
§ = ‘E, §§ £ % ?o OX; thus, both FEN and FB are metabolized to OX.
g %E 8 §E 52 These three anthelmintics  showed no apparent
S|e| Ex EEo S Eé mutagenicity in numerous tests, including the Ames/
« | g £ @'ﬁ; % £ § 5 g Salmonella test, in vivo cytogenetics assays, and micro-
:: Lé 2 % 55853 & nucleus assays (WHO 1991). With regard to carcinoge-
=10l 0z00<=zx nicity, the 50th meeting of JECFA finally concluded
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Fig.1 The mRNA expression levels of phase I and phase II xeno-
biotic enzymes and Nrf2-related molecules in OX-treated rats
quantified by real-time RT-PCR. Each column represents the
mean + SD of three (3-week treatment) or five (9-week treat-

Table3 Body weight, organ weight, lipid peroxidation
(TBARS), and serum chemistry in rats administered OX for
9 weeks

Groups 9-week treatment
Control Oxfendazole
500 ppm 1,000 ppm

Body weight 290+ 12(6) 293+15(5) 281 +15(6)
Liver weight )
Absolute (g) 72403 8.4 3 0.5%* 8.2+ 0.3**
Relative 2500 29+ 0.1** 2.9+ 0.1%*

(/100 g bw)
TBARS 2492 +£3.69 32.75+5.12* 34.40 % 6.34**

(nmol/g liver)
ALT (UN) 4243 4843 58+ 6
AST (Un) 78+ 8 90 + 3* 112 4+ 10*+*
ALP (UN) 608 + 44 661 £ 12* 699 + 38**

Each parenthesis represents the number of animals per group

*, ** significantly different from control (P <0.05, P <0.01,
respectively; Dunnett’s multiple comparison test)

that OX has no carcinogenic potential in rats and mice
although OX might have tumor-promoting potential in
rats; thus, the acceptable daily intake (ADTI) of 0-7 pg/
kg/day was set as a group ADI for OX, FEN, and FB in
JECFA (WHO 1999). However, the tumor promotion
mechanisms of OX in rats at the molecular basis have
still not been clarified.

In this present study, we investigated the effects of
OX on hepatic gene expression in rats by DNA micro-
array and real-time RT-PCR analyses. Firstly, to select
genes involved in oxfendazole-induced hepatocarcino-
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ment) animals. ++, *, ** indicate significant differences from the
time-matched control (++P < 0.01 by Student’s ¢ test; *P < 0.05 or
**P < 0.01 by Dunnett’s multiple comparison test)

genesis, global gene expression analysis was performed
in the liver of a rat treated with 500 ppm OX for
3 weeks. In this treatment regimen, OX induced vacuo-
lation of hepatocytes which was the earliest sign of the
compound-related effect in rats (WHO 1991). Micro-
array analysis confirmed that phase I (Cyplal) and
phase II (Ngol, Gpx2, Yc2, and Akr7a3) enzymes were
up-regulated in an OX-treated animal, which was con-
firmed in the OX treatment group (five rats) by real-
time RT-PCR. The longer period (9 weeks) and/or
higher dose (1,000 ppm) treatment of OX significantly
increased the mRNA expressions of these genes and
their related genes (Cypla2, Mel, and Nrf2).

The induction of Cyplal and Cypla2 observed in
this study was in agreement with previous reports on
several benzimidazole class compounds. OX induced
the CYP1A2 protein in the rabbit liver (Gleizes et al.
1991); FEN, albendazole, and mebendazole induced
the CYP1A1 and CYP1A2 protein 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 et al. 1994); omeprazole, the gastric pump inhibi-
tor, induced Cyplal and Cypla2 in primary human
hepatocytes (Diaz etal. 1990) and rat hepatocytes
(Lemaire etal. 2004). In the [*H]-2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) displacement study (Dau-
jatetal. 1992; Aix et al. 1994), it was demonstrated that
the binding of TCDD to the aryl hydrocarbon receptor
(AhR) was not required for the activation of Cyplal
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Fig. 2 Representative histopathological changes of H/E-stained
liver sections of rats are given a basal diet, and b 1,000 ppm OX
for 9 weeks. OX-induced slight hypertrophy and vacuolation of
hepatocytes

gene expression by omeprazole and thiabendazole; the
induction is dependent on a protein tyrosine kinase-
mediated signal transduction pathway in HepG2 cells
(Kikuchi etal. 1998) and rat hepatocytes (Lemaire
etal. 2004). CYP1A1 induction has also been linked
with the production of reactive oxygen species (ROS)
in not only classical AhR ligands, such as TCDD (Park
et al. 1996; Knerr et al. 2006), and coplanar polychlori-
nated biphenyl congeners (Schlezinger et al. 2006) but
also the non-AhR ligand dicyclanil that is an insecti-
cide (Moto et al. 2005). Furthermore, it has been sug-
gested that oxidative stress responses were induced in
the livers of rats treated with albendazole for up to
10 days (Locatelli et al. 2004).

The present study also showed that OX induced the
phase II enzyme genes Gpx2, Ngol, Yc2, and Akr7a3
and their related gene Mel. Interestingly, all these
enzymes are regulated under the transcriptional factor
Nrf2 (Thimmulappa et al. 2002; Kwak et al. 2003). Nrf2
binds to the antioxidant response element (ARE)
which is a cis-acting sequence, found in the 5'-flanking
region of the genes encoding a group of detoxification
and antioxidant enzymes (McMahon et al. 2001). Glu-
tathione peroxidase is the antioxidant enzyme that

@ Springer

scavenges hydrogen peroxide or organic hydroperox-
ides and thus protects cellular components against oxi-
dative stress (Brigelius-Flohe 1999). Gpx2 is known as
gastrointestinal GPx which is located in a cytosolic
fraction expressed dominantly in the epithelium of the
gastrointestinal tract (Chu etal. 1993). Nqol, a
NAD(P)H dehydrogenase, catalyses the obligatory
two-electron reduction and detoxification of endoge-
nous and environmental quinones (Riley and Work-
man 1992; Talalay etal. 1995). Glutathione S-
transferase Yc2 (Yc2) catalyses the conjugation of glu-
tathione to a variety of endogenous and xenobiotic
electrophils (Hayes and Pulford 1995) and represents
an important cellular defense by acting as scavengers
of ROS (Hayes and McLellan 1999). Akr7a3, known as
aflatoxin B1-aldehyde reductase, converts 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 etal. 1993; Judah etal. 1993). Mel is a
NAD(P)H-regenerating enzyme, and its increased
expression may be beneficial for the function of detoxi-
fying enzymes directly (NQO1, Akr7a3) or indirectly
(Gpx2, Yc2) (Thimmulappa et al. 2002).

A significant increase in the mRNA expression of
Nrf2 itself was observed only in the liver of rats treated
with 500 ppm OX for 9 weeks. The reason why treat-
ment period- and/or dose-related increases of OX on
Nrf2 mRNA expression were not observed is unclear,
but it has been reported that Nrf2 expression control
occurs at the translational level rather than at the tran-
scriptional level (Kwak etal. 2002). Recently, the
important roles of Nrf2 in maintaining redox balance
have been proven in Nrf2-knockout mice treated with
diesel exhaust (Aoki etal. 2001), acetaminophen
(Enomoto etal. 2001), and pentachlorophenol
(Umemura et al. 2006); thus, the Nrf2-driven phase II
inducers were ineffective, and consequently, the reac-
tive phase I metabolites are not conjugated for excre-
tion but form electrophiles that may attack
intracellular macromolecules, including DNA and pro-
tein (Noda et al. 2003). In this study, OX induced the
gene expression of phase I and phase II enzymes with a
small increase in TBARS. The present results indicate
that adaptive responses against oxidative stress are
elicited in the liver of OX-treated rats and suggest that
a longer treatment period of 2 years and the relatively
high dose of OX used in this study might induce neo-
plastic lesions in the liver of rats due to such oxidative
stresses overwhelming the detoxifying systems.

In conclusion, we have demonstrated the up-regula-
tion of phase I and phase II enzyme gene expression in
rats treated with OX by microarray and real-time RT-
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PCR analyses. It is necessary to clarify whether altered
expression of such oxidative stress-related genes is also
responsible for the OX-induced preneoplastic and neo-
plastic lesions in the liver of rats, and therefore further
mechanistic studies are now in progress.
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Abstract

To ascertain whether measurement of possible contributing factors to carcinogenesis concurrently with the transgenic mutation
assay is useful to understand the mode of action underlying tumorigenesis of non-genotoxic carcinogens, male and female gpt
delta mice were given dicyclanil (DC), a mouse hepatocarcinogen showing all negative results in various genotoxicity tests, at
a carcinogenic dose for 13 weeks. Together with gpt and Spi~ mutations, thiobarbituric acid-reactive substances (TBARS), 8-
hydroxydeoxyguanosine (8-OHdG) and bromodeoxyuridine labeling indices (BrdU-LIs) in the livers were examined. Whereas
there were no changes in TBARS levels among the groups, significant increases in 8-OHdAG levels and centrilobular hepatocyte
hypertrophy were observed in the treated mice of both genders. In contrast, BrdU-LIs and liver weights for the treated females, but
not the males were significantly higher than those for the controls. Likewise, the gpt mutant frequencies (MFs) in the treated females
were significantly elevated, GC:TA transversion mutations being predominant. No significant alterations were found in the gpt MFs
of the males and the Spi— MFs of both sexes. The results for the transgenic mutation assays were consistent with DC carcinogenicity
in terms of the sex specificity for females. Considering that 8-OHdG induces GC:TA transversion mutations by mispairing with A
bases, it is likely that cells with high proliferation rates and a large amounts of 8-OHdG come to harbor mutations at high incidence.
This is the first report demonstrating DC-induced genotoxicity, the results implying that examination of carcinogenic parameters
concomitantly with reporter gene mutation assays is able to provide crucial information to comprehend the underlying mechanisms
of so-called non-genotoxic carcinogenicity.
© 2007 Elsevier B.V. All rights reserved.
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mutations in mammalian cells and an in vivo test for
chromosomal damage in rodent hematopoietic cells is
usually applied in order to identify genotoxicity of envi-
ronmental chemicals such as pesticides, food additives
and pharmaceuticals [1]. However, the existence of dis-
crepancies between genotoxicity and in vivo long-term
carcinogenicity is well known [2]. There are several rea-
sons which may explain the occurrence of false negative
or positive results. For instance, although most carcino-
gens require biotransformation to DNA reactive species
for the purpose of exerting genotoxic effects, the enzyme
systems to metabolize xenobiotics in both bacteria and
mammalian cells using in vitro assays are lacking or are
expressed to only a limited extent [3]. Likewise, in in
vivo short-term assays, it is doubtful whether target cells
are exposed to test chemicals at adequate doses for a
sufficient period of time, partly because of test chem-
ical toxicity and/or a low biotransformation capacity
in hematopoietic cells [3]. Thus, it is a natural con-
sequence that alternative batteries of in vitro and/or in
vivo genotoxicity tests do not fully make up the gap [4],
which means we must focus our attention on the mode of
action in terms of the risk assessment for environmental
agents.

In this respect, reporter gene-transgenic rodents
may be useful tools to predict carcinogenicity because
studies can be performed with similar protocols as
for the long-term bioassay [5]. Transgenic mutation
assays also have the advantage of allowing a battery
of other in vivo mutation assays such as micronu-
cleus tests in the same animals [6]. Additionally,
various proposed mechanisms underlying the actions
of direct genotoxic carcinogens (e g. generation of
DNA adducts) [7], indirect genotoxic carcinogens (e.g.
aneugenicity or oxidative DNA damage) [8] and non-
genotoxic carcinogens (e.g. methylation, mitogenicity
or cytotoxicity-associated cell proliferation) [9-11]
are able to be investigated concurrently with trans-
genic mutation assays. In fact, we have reported that
simultaneous analysis of glutathione S-transferase pla-
cental form (GST-P) immunohistochemistry in the livers
of gpt delta rats provided crucial information for
understanding the chemical carcinogenesis of 2-amino-
3-methylimidazo[4,5-flquinoline, N-nitrosopyrrolidine
and di(2-ethylhexyl)phthalate [12]). Also, finding of
increases in hepatocyte proliferation together with a lack
of the transgene mutations in gpt delta mice given flume-
quine, an anti-bacterial quinolone agent, helped us to
define this mouse liver carcinogen as a genuine promoter
[13].

Dicyclanil (4,6-diamino-2-cyclopropylaminopyrimi-
dine-5-carbonaitrite; DC), a pyrimidine-derived insect

growth regulator, has given all negative results for
in vitro reverse mutations, gene mutations, chromoso-
mal aberrations, unscheduled DNA synthesis, in vivo
micronucleus formation [14] and alkaline single cell
electrophoretic change [15]. However, DC has been
reported to be a hepatocarcinogen in female mice [14]
and recent studies revealed a possible involvement of
oxidative stress [16]. In the present study, to explore
the mode of action underlying DC hepatocarcino-
genesis, lipid peroxidation, 8-hydroxydeoxyguanosine
(8-OHdG) and hepatocyte proliferation in the livers of -
male and female gpt delta rats given DC at a carcinogenic
dose were examined along with the transgenic mutation
assay.

2. Materials and methods
2.1. Chemicals

Dicyclanil was kindly provided by Novartis Animal Health
Co., Ltd. (Basel, Switzerland) (Fig. 1). Alkaline phosphatase
and bromodeoxyuridine (BrdU) were obtained from Sigma
Chemical Co. (St. Louis, MO, USA) and nuclease P1 from
Yamasa Co. (Chiba, Japan).

2.2. Animals and treatments

The protocol for this study was approved by the Animal
Care and Utilization Committee of the National Institute of
Health Sciences. Male and female B6C3F1 gpt delta mice
carrying 80 tandem copies of the transgene lambda EG10 in
a haploid genome status were raised by mating of C57BL/6
gpt delta and non-transgenic C3H/He mice (Japan SLC, Inc.,
Shizuoka, Japan). Ten male and 10 female B6C3F1 gpt delta
mice were each randomized by weight into two groups. They
were housed in a room with a barrier system, and main-
tained under the following constant conditions: temperature
of 23 £2°C, relative humidity of 55+ 5%, ventilation fre-
quency of 18 times/h and a 12-h light:12-h dark cycle, with free
access to CRF-1 basal diet (Oriental Yeast Co., Ltd., Tokyo,
Japan) and tap water. Starting at 8 weeks of age the mice were
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Fig. 1. Chemical structure of dicyclanil (DC).
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fed diet containing 0.15% DC or maintained as non-treatment
controls for 13 weeks. The dose of DC was a reported carcino-
genic dose in a 18-month carcinogenicity study [14]. All mice
received BrdU (100 mg/kg) by i.p. injection once a day for the
final 2 days of exposure and once on the final day, 2 h before
killing, as previous described [17]. All mice were killed at
week 13 by exsanguination under ether anesthesia and the liv-
ers were immediately removed and weighed; slices were fixed
in buffered formalin for hematoxylin and eosin (H&E) stain-
ing or BrdU immunohistochemistry. Remaining pieces of liver
were frozen with liquid nitrogen and stored at —80°C until
measurement of 8-OHdG in nuclear DNA, and levels of thio-
barbituric acid-reactive substances (TBARS) and performance
of mutation assays.

2.3. Measurement of nuclear 8-OHdG

In order to prevent 8-OHdG formation as a byproduct during
DNA isolation [18], liver DNA was extracted by a slight modifi-
cation of the method of Nakae et al. [19]. Briefly, nuclear DNA
was extracted with a commercially available DNA Extracter
WB Kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
containing an antioxidant Nal solution to dissolve cellular

components. For further prevention of autooxidation in the .

cell lysis step, deferoxamine mesylate (Sigma Chemical Co.)
was added to the lysis buffer [20]. DNA was digested to
deoxynucleotides with nuclease P1 and alkaline phosphatase
and levels of 8-OHdG (8-OHdG/10° deoxyguanosine) were
assessed by high-performance liquid chromatography (HPLC)
with an electrochemical detection system (Coulochem IT, ESA,
Bedford, MA, US.A)).

2.4. Measurement of TBARS

Malondialdehyde (MDA, nmol/g) was assessed as an
index of lipid peroxidation by the method of Uchiyama and
Mihara [21]. In brief, a 0.15 g portion of liver was homog-
enized with 1.35mL of 1.15% KCI solution. To 0.05mL
of this homogenate, 0.2mL 8.1% SDS and 3.0mL 0.4%
2-thiobarbituric acid in 10% acetic acid solution (pH 3.5)
were added, followed by heating in a water bath at 95°C
for 60 min. After cooling, 5.0mL of n-butanol and pyridine
(15:1, v/v) and 1.0 mL distilled water were added and the mix-
ture was centrifuged at 1870 x g for 10min. TBARS were
measured with a Hitachi F-2500 fluorescence spectrophotome-
ter (Hitachi High-Technologies Co., Tokyo, Japan) at 515 nm

(excitation) and 553nm (emission) in the butanol/pyridine-

phase.

2.5. Immunohistochemical procedures

For immunohistochemical staining of BrdU, sections were
treated sequentially with normal horse serum, monoclonal
mouse anti-BrdU (1:80), biotin-labeled horse anti-mouse
IgG (1:400) and avidin-biotin—peroxidase complex (ABC)
after denaturation of DNA with 4N HCI. The sites of

peroxidase binding were demonstrated by incubation with 3,3’-
diaminobenzidine tetrahydrochloride (Sigma Chemical Co.).
The immunostained sections were lightly counterstained with
hematoxylin for microscopic examination.

2.6. Cell proliferation quantification

For each animal at least 3000 hepatocytes were counted.
The labeling index (BrdU-LI) was calculated as a percentage
value derived from the number of labeled cells divided by the
total number of cells counted.

2.7. In vivo mutation assays

6-TG and Spi~ selections were performed as previously
described [5]. Briefly, genomic DNA was extracted from the
livers, and lambda EG10 DNA (48 kb) was rescued as the
lambda phage by in vitro packaging. For 6-TG selection, the
packaged phage was incubated with Escherichia coli YG6020,
which expresses Cre recombinase, and converted to a plasmid
carrying gpt and chloramphenicol acetyltransferase. Infected
cells were mixed with molten soft agar and poured onto agar
plates containing chloramphenicol and 6-TG. In order to deter-
mine the total number of rescued plasmids, 3000-fold diluted
phages were used to infect YG6020, and poured on the plates
containing chloramphenicol 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 col-
lected on day 4. The mutant frequency (MF) was calculated by
dividing the number of gpt mutants by the number-of rescued
phages.

For the Spi~ selection, the packaged phage was incubated
with E. coli XL-1 Blue MRA for survival titration and E. coli
XL-1 Blue MRA P2 for mutant selection. Infected cells were
mixed with molten lambda-trypticase agar plates. Next day,
plaques (Spi~ candidates) 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 sus-
pensions 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 plaques
on every plate, were counted.

For characterizing the mutation spectra of gpt mutants, a
739 bp DNA fragment containing the 456 bp coding region of
the gpt gene was amplified by PCR as described previously [5].
DNA sequencing was performed with Big Dye™ Terminater
Cycle Sequencing Ready Reaction (Applied Biosystems, Fos-
ter City, CA, USA) on an ABI PRISM™ 310 Genetic Analyzer
(Applied Biosystems).

2.8. Statistical evaluation

For statistical analysis, the Student’s #-test was used to
compare body and liver weights, as well as quantitative
data for BrdU-LIs, TBARS, 8-OHdG and MFs between
groups.



T. Umemura et al. / Mutation Research 633 (2007) 46-54 49

3. Results
3.1. Body and liver weights

Data for final body and liver weights in male and
female gpt delta mice given DC are shown in Table 1.
Although all of the values in DC-treated male mice were
significantly lower than those in the controls, liver and
relative liver weights in the treated female mice were
significantly increased as compared with the controls.

3.2. In vivo mutation assays

Data for gpt MFs analyzed by 6-TG selection are
summarized in Table 2. While there were no significant

differences in the MFs between the male groups, the MF
in the DC-treated females was 2.23 + 0.55, which was
significantly higher than the control value (0.48 +0.29).
To characterize gpt mutations due to DC exposure, they
were analyzed by DNA sequencing (Table 3). In the
DC-treated female mice, G:C pairs were the preferred
bases for mutation, accounting for 67.3% of the muta-
tions (70/104). In the base substitutions, the predominant
type was GC:TA (34/104, 32.7%) followed by GC:AT
(26/104, 25.0%) and GC:CG (10/104, 9.6%). In addi-
tion, 16.3% (17/104) of mutant colonies were identified
as carrying single- or multiple deletions. As shown in
Table 4, Spi— MFs in the treated male and female mice
were not significantly different from those in the relevant
controls.

Table 1
Body liver and relative liver weights of gpr delta mice given DC
Sex Treatment No. of mice BW (g) Liver (g) Liver/BW (%)
Mal Control 5 326+ 1.6 1.66 + 0.21 5.07 £ 0.54
ale Dicyclanil 5 290+ 1.1*° 142 + 0.08* 4.89 £ 0.21°
Femal Control 5 250 £ 0.6 1.06 £+ 0.05 4.25 + 0.16
emale Dicyclanil 5 240 + 0.8 127 £ 0.07"* 529 +0.12"
* p<0.05 vs. Control.
** p<0.01 vs. Control.
Table 2
gpt MFs in the livers of gpt delta mice given DC
Sex Treatment  Animal No.  CmR colonies (x10°)  6-TGR and CmR colonies Mutant frequency (x1076)  Mean+ S.D.
Total Independent
1 9.0 6 5 0.56
2 10.7 7 7 0.66
Control 3 6.9 4 3 0.44 0.42+0.20
4 9.5 4 3 0.31
Mal 5 124 2 2 0.16
ae 6 115 6 5 0.43
7 10.7 1 1 0.09
Dicyclanil 8 8.9 8 8 0.90 0.48 +£0.31
9 6.1 4 4 0.66
10 9.7 3 3 0.31
11 8.8 4 4 0.45
12 6.5 5 2 0.31
Contro} 13 12.6 2 2 0.16 0.48+0.29
14 7.6 7 7 0.93
15 8.7 .5 5 0.57
Female 16 7.0 31 19 272
17 13.0 29 26 201
Dicyclanil 18 11.1 51 25 2.26 2.23+0.55"
19 7.0 11 10 1.42
20 8.7 34 24 2.75

* p<0.01 vs. Control.
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Table 3
Mutation spectra of gpt mutant colonies
Sex Male Female
Treatment Control Dicyclanil Control Dicyclanil *
Number (%) MF (x1076) Number (%) MF(x1075) Number(%) MF(x10~%) Number(%) MF (x107%)
Base substitutions
Transversions
GC:TA 12 (5.0) 0.02 1(4.8) 0.02 1(5.0) 0.02 34(32.7) 0.73
GC.CG 3(15.0) 0.06 3(14.3) 0.07 1(5.0) 0.02 10(9.6) 0.21
AT'TA 1(5.0) 0.02 3(14.3) 0.07 1(5.0) 0.02 10(9.6) 0.21
AT:CG 0 0 0 0 2(10.0) 0.05 2(1.9) 0.04
Transitions
GC:AT 6(30.0) 0.13 11(52.4) 0.25 5(25.0) 0.12 26(25.0) 0.56
AT:GC 3(15.0) 0.06 1(4.8) 0.02 3(15.0) 0.07 0 0
Deletions
Single bp 5(25.0) 0.11 209.5) 0.05 - 6(30.0) 0.14 15(14.4) 0.32
Over 2bp 0 0 0 0 0 0 2(1.9) 0.04
Insertions 1(5.0) 0.02 0 0 1(5.0) 0.02 1(1.0) 0.02
Complexes 0 0 0 0 0 0 4(3.8) 0.08
Total 20 0.42+0.20 21 0.48 £0.31 20 0.48 0.29 104 2.234+0.55"

2 The number of colonies with independent mutations.
* p<0.01 vs. Control.

3.3. Oxidative DNA damage and lipid peroxidation

The results for 8-OHdG and TBARS in the livers of
gpt delta mice given DC are illustrated in Figs. 2 and 3,

respectively. 8-OHdG levels in the males and females
(males; 0.62+0.06, p<0.01, females; 0.65+0.13 8-
OHdG/10%dG, p<0.01) treated with DC were elevated
compared with the relevant control values (male;

Table 4
Spi~ MFs in the livers of gpt delta mice given DC
Sex Treatment Animal No. Plaques within XL-1 Plaques within XL-1 Mutant frequency Mean £+ S.D.
Blue MRA (x10%) Blue MRA (P2) (Spi™) (1075)
1 104 4 0.39
2 13.3 2 0.15
Control 3 194 3 0.16 0.27+0.17
4 142 2 0.14
5 11.7 6 0.51
Male 6 204 10 0.49
7 17.1 4 0.23
Dicyclanil 8 10.1 4 0.40 0.42+0.12
9 12.5 7 0.56
10 1.6 5 0.43
11 16.7 15 0.90
12 109 10 0.92
Control 13 339 10 0.29 0.68 +0.29
14 ND ND ND
15 194 12 0.62
Female 16 18.9 14 0.74
17 22.6 29 1.28
Dicyclanil 18 174 7 0.40 0.83+0.35
19 154 10 0.65
20 16.0 17 1.06

ND, not detected.
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Fig.2. Changes of TBARS levels in livers of male and female gpt delta
mice fed DC in the diet at concentrations of O (Control) or 0.15% for
13 weeks. The values are means £ S.D.s of data for five animals.
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Fig. 3. Changes of 8-OHdG levels in liver nuclear DNA of male and
female gpt delta mice fed DC in the diet at concentrations of 0 (Control)
or 0.15% for 13 weeks. The values are means & S.D.s of data for five
animals. Significant differences from the relevant control are shown
by *p<0.01.
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Fig. 5. Changes of BrdU-LIs in hepatocytes of male and female gpt
delta mice fed DC at concentrations of 0 (Control) or 0.15% for 13
weeks. The values are means + S.D.s of data for five animals. Signifi-
cant differences from the relevant control are shown by *p <0.05.

0.41 £0.08, female; 0.36 + 0.05 8-OHdG/10°dG) with
statistical significance. In contrast, there were no signif-
icant differences in TBARS levels among the groups.

3.4. Histopathology and immunohistochemical
analysis of BrdU

Histopathologically, swelling of centrilobular hepa-
tocytes was observed in the treated mice of both sexes
without overt hepatocyte necrosis, the extents being
almost equal in both genders (Fig. 4a and b). Fig. 5
summarizes changes in BrdU-LI for hepatocytes in male

Fig. 4. Photomicrographs of livers of male (a and c¢) and female (b and d) gpr delta mice fed DC at a concentration of 0.15% for 13 weeks.
Centrilobular hepatocyte hypertrophy is evident in both sexes (a and b). H&E staining at x 100 original magnification. In contrast to few BrdU-
positive hepatocytes in a male (c), an appreciable number of the positive hepatocytes is evident in a female (d). BrdU immunohistochemical staining
at x200 original magnification.



