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tions at the highest radiation dose. We speculate that
 NNK treatments plus radiation at the highest dose may
induce p53-dependent apoptosis, which eliminates the
cells bearing radiation-induced DSBs in DNA [29]. The
involvement of p53 in the maintenance of genome sta-
bility is associated with several pathways such as cell
cycle arrest, apoptosis and DNA repair. Low levels of
DNA damage appear to enhance p53-dependent DNA
repair while high levels induce apoptosis [30]. We envis-
age that NNK treatments plus radiation at the highest
dose introduce genotoxic damage to the cells, the levels
of which are enough to trigger the apoptosis. Zhou et
al. [31] examined the combined effects of NNK-and a-
particle irradiation with human-hamster hybrid cultured
cells and concluded that the induction of chromosome
deletions were additive when the NNK dose was low but
a suppressive effect was observed at a higher NNK con-
centration. In vivo studies also suggest that exposure to

high levels of cigarette smoke decrease the risk of lung

cancer induced by radon in dogs [32]. However, a mul-
-tiplicative effect of smoking and radon is observed in
rats [33]. In humans, the definitive interaction models
have not been established between smoking and radia-
tion exposure [24,25]. Thus, further work is needed to
clearly establish the interactive genotoxic mechanisms
between radiation and cigarette smoking in vivo.

NNK, a tobacco-specific nitrosamine, is metaboli-
_ cally activated by a-hydroxylation of the methyl and
methylene groups [34]. Methylene hydroxylation leads
to DNA methylation while methyl hydroxylation leads
to pyridyloxobutylated DNA [35]. DNA methylation
occurs at N7 and OS of guanine and 0* and 0? of
thymine. It is suggested that O%-methylguanine (0%-mG)
and pyridyloxobutylated DNA are responsible for G:Cto
A:T and G:C to T:A mutations, respectively, which acti-
vate Ki-ras oncogene in the mouse lung tumors induced
by NNK [6]. In the present study, G:C to A:T and G:Cto
T:A mutations were induced by NNK treatments signifi-
~ cantly (Table 1). Tiano et al. [36] examined the genotox-
icity of NNK in AS52 hamster cells expressing human
CYP2A6 and analyzed the induced mutations with the
gpt gene as a reporter gene for mutations. Because of the
lack of 05-mG methyltransferase in the cell line, about
80% of mutations were G:C to A:T transitions. Interest-
ingly, most of the G:C to A:T transition hotspots occur
at the second G of the GGT sequence motif, which is the
motif of codon 12 in the Ki-ras oncogene [37]. When
we define the hotspot as the site where more than four
G:C to A:T mutations were identified, we identified 18
hotspots in the gpt gene among 155 G:C to A:T mutants
recovered from NNK-treated mice. They are nucleotide
27, 64, 86, 87, 92, 107, 110, 113, 115, 116, 128, 274,

281, 287, 402, 409, 417 and 418 when A of ATG of the
start codon of the gpt gene is set as nucleotide 1. Tiano
et al. [36] identified four hotspots of the second G of
GGT in nucleotide 23, 116, 128 and 281 in the gpt gene,
three of which are included in the hotspots identified by
us. However, we identified other hotspots such as the
second G of GGA at nucleotide 87, 274, 402 and 418,
the second G of GGG at nucleotide 27, 64, 92 and 417
and the second G of GGC at nucleotide 113. Thus, we
conclude that NNK: preferentially induces G:C to A:T
mutations at the second G of GGX where X represents
any of A, T, G and C. In addition to G:C to A:T and
G:C to T:A mutations, we observed an increase in the
MFs of A:T to T:A and A:T to C:G in the NNK treated
mice (Table 1). Substantial increases in the MFs of A:T
to T:A and A:T to C:G are also reported by Hashimoto
et al. [38], who examined the genotoxicity of NNK with
lacZ transgenic mice (Muta™ Mouse). Since reporter
genes for mutations, such as gpt, cll or lacZ, are not
expressed in vivo and are not imposed by any selection
bias, they can reflect any genotoxic events occuiting in
the genomic DNA. In contrast, oncogenes such as the ras
gene can only detect mutations that can activate the onco-
genic activity of the gene products. Thus, we assume that
NNK induces modifications iri DNA such as O*-methyl
or O*-methyl thymine in the lung, which may account for
the induction of A:T to C:G and A:T to T:A mutations,
respectively [8]. Although the toxicological significance
of these mutations is currently unknown, these mutations
may contribute to the carcinogenicity of cigarette smoke
as well. )

~-Irradiation at dose rate of 1.0 and 1.5 mGy/h clearly
enhanced the MFs of large deletions when no NNK treat-
ments were combined (Fig. 3A). The total estimated
doses were 0.68 and 1.02 Gy, which may be the low-
est radiation doses that gave positive results in trans-
genic mice mutation assays [16]. In contrast, we could
detect no significant increase in the MF of large deletions
induced by NNK treatments (Table 2 and Fig. 3A and B).
Thus, we suggest that NNK induces mostly base sub-
stitutions but not deletions in vivo. Interestingly, NNK
treatments induce deletions in cultured mammalian cells.
Tiano et al. [36] report that about 20% of mutations
induced by NNK treatments are deletions in AS52 ham-
ster cells expressing human CYP2A6. Zhou et al. [31]
report that about 80% of NNK-induced mutations are
large deletions in the human-hamster hybrid (Ay,) cell
assay. We speculate that NNK may have a potential to
induce both base substitutions and large deletions in
vitro but the latter can be eliminated in vivo by the p533-
dependent mechanism. Chinese hamster cell lines such
as CHO and V79 harbor missense mutation in the p53
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gene [39,40]. Large deletions might have been detected-
in the cultured cells because of inefficient p53 functions.
~ In summary, we have examined the combined geno-
toxicity of y-irradiation and NNK treatments in the lung
of gpt delta mice. Although radiation did not modulate
the NNK-induced base substitutions, NNK treatments
suppressed the induction of large deletions in size more
than 1kb induced by the irradiation. NNK treatments
might induce an adaptive response, which eliminates
the cells bearing radiation-induced DSBs in DNA. This
finding may be helpful in understanding the molecular
- mechanisms of genotoxicity as a result of interactions of
more than one genotoxic agents in vivo.
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Abstract Flumequine (FLU), an anti-bacterial quino-
lone agent, has been recognized as a non-genotoxic
carcinogen for the mouse liver, but recent reports have
suggested that some genotoxic mechanism involving
oxidative DNA damage may be responsible for its
hepatocarcinogenesis. In the present study, we inves-
tigated this possibility in the mouse liver using male
" and female B6C3F1 gpt delta mice fed diet containing
0.4% FLU, a carcinogenic dose, for 13 weeks. Mea-
surements of 8-hydroxydeoxyguanosine levels in liver
DNA, and gpt point and deletion mutations revealed
no significant increases in any of these parameters in
either sex. Histopathologically, centrilobular swelling
of hepatocytes with vacuolation was apparent, how-
ever, together with significant increase in bromode-
oxyuridine-labeling indices in the treated -males and
females. These results suggest that genotoxicity,
including oxidative DNA damage, is not involved in
mouse hepatocarcinogenesis by FLU, which might
rather solely exert tumor-promoting effects in the liver.
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Introduction

Flumequine (FLU) is a fluoroquinolone compound
with anti-microbial activity against gram-negative
organisms used in the treatment of enteric infections in
domestic animals (Greenwood 1998), which has also
limited application in humans for the treatment of
urinary tract infections (JECFA 2004). Flumequine
and its metabolites are suspected to persist in the edi-
ble tissues of domestic animals and fish (Choma et al.
1999). Toxicity and carcinogenicity studies of FLU
have already been performed using rats and mice, and
FLU-induced hepatocellular tumors in an 18-month
carcinogenicity study in CD-1 mice (JECFA 1998).
However, negative results were obtained in an in vivo
chromosome aberration test, a reverse mutation test in
bacteria and gene mutation tests in mammalian cells
(JECFA 1998). On the basis of these data, the Food
and Agriculture Organization (FAO)/World Health
Organization (WHO) Joint Expert Committee on
Food Additives (JECFA) concluded that FLU is a
non-genotoxic hepatocarcinogen, and that hepatocel-
lular necrosis-regeneration cycles due to hepatotoxicity
are mechanistically relevant to its induction of liver
tumors in mice (JECFA 1998).

Previously, Yoshida et al. (1999) reported that the
administration of FLU in the diet at a concentration of
4,000 ppm for 30 weeks induced basophilic liver cell
foci in CD-1 mice and also increased the number of 8-
hydroxydeoxyguanosine (8-OHdG) positive hepato-
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cytes immunohistochemically. In addition, heterozy-
gous pS3-deficient CBA mice, a strain sensitive to
genotoxic carcinogens, receiving 4,000 ppm FLU for
26 weeks developed basophilic liver foci (Takizawa
et al. 2001). Positive results of in vivo comet assays in
ddY mice, and increases of the number of hepatocel-
lular foci in C3H mice using a two-stage liver carci-
nogenesis model have also been reported (Kashida
et al. 2002), strongly pointing to a necessity for deter-

mination of whether FLLU has initiating potential for-

mouse liver. Based on the results, JECFA temporarily
withdrew the acceptable daily intake values (ADI), but
this was shortly re-established at 0-30 mg/kg bw based
on negative results for unscheduled DNA synthesis
with FLU in rat liver cells in vivo (JECFA 2003, 2004).
Thus, since conclusive evidence regarding the mode of
action of FLU has yet to be provided, clarification of its
in vivo mutagenicity is required for accurate assess-
ment of hazard risk for humans.

Rodents transfected with gpt as a reporter gene
are useful tools for estimating in vivo genotoxicity
and carcinogenic risk of environmental chemicals
(Gorelich et al. 1996; Nohmi et al. 2000; Nishikawa
et al. 2001). In this transgenic mouse mutation assay,
the reporter gene is integrated into mouse chromo-
some as part of A shuttle vectors, which are easily
recovered as phage particles from mouse genomic
DNA by in vitro packaging reactions. Transgenic
mice carrying the A vector are treated with a test
compound, and the mutant phages are infected to

specific E. coli -host cells and selected. An advantage.

of this gpt delta mouse model is to be able to detect
two distinct types of mutations: point mutations can
be positively identified by 6-thioguanine (6-TG)
selection and deletions with sizes of more than 1 K
base pairs by Spi~ selection (Nohmi et al. 2000). In
the present study, we therefore performed in vivo
mutation assays of FLU using B6C3F1 gpt delta
mice, along with measurement of 8-OHdG formation
in liver DNA and hepatocyte bromodeoxyuridine-
labeling indices (BrdU-LIs).

Materials and methods
Chemicals

Flumequine, a white crystallized powder (purity
99.3%), was kindly provided by Kyowa Hakko Kogyo
Co., Ltd. (Tokyo, Japan). Alkaline phosphatase and
BrdU were obtained from Sigma Chemical Co. (St.
Louis, MO, USA) and nuclease P1 from Yamasa Co.
(Chiba, Japan).

@_ Springer

Animals and treatments

The protocol for this study was approved by the Ani-
mal 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 EGI10 in haploid genome were
raised from mating between CS57BL/6 gpt delta and
non-transgenic C3H/He mice, a strain of mice with
high sensitivity to hepatocarcinogens (Japan SLC, Inc.
Shizuoka, Japan). Twenty male and 20 female B6C3F1
gpt delta mice were each randomized by weight into -
two groups. They were housed in a room with a barrier
system, and maintained under the following constant
conditions: temperature of 23 + 2°C, relative humidity
of 55 + 5%, ventilation frequency of 18 times/h, and a
12 h light-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 fed diet
containing 0.4% FLU or maintained as non-treatment
controls for 13 weeks. At the end of the experiment,
five males and females from each group were sacrificed
and a part of left lateral lobe of the liver was preserved
at -80°C for subsequent mutation assays and 8-OHdG
measurement. The rest of the lobes were fixed in 10%
buffered formalin solution and routinely processed to
paraffin blocks for histopathological examination .as
well as immunohistochemistry. Hematoxylin and eosin
(H-E)-stained tissue preparations cut from the blocks
were examined by light microscopy. At autopsy, the
body and liver weights were measured.

Quantification of hepatocyte proliferation

In order to examine the proliferative activity of he-
patocytes, the remaining five animals from each group
not used for other analyses were given BrdU (100 mg/
kg) by i.p. injection once a day for the final 2 days and

- once on the day of termination at 2 h before being

euthanatized at autopsy. For immunohistochemical
staining of BrdU, after first denaturing DNA with 4N
HCI, tissue sections were treated sequentially with
normal horse serum, monoclonal mouse anti-BrdU
(Becton, Dickinson & Co., Franklin Lakes, NJ, USA)
(1:100), biotin-labeled horse anti-mouse IgG (1:400),
and avidin—biotin-peroxidase complex (Vectastain
ABC kit, Vector Laboratories, Inc., Burlingame, CA,
USA). The site of peroxidase binding was demon-
strated by incubation with 3,3’-diaminobenzidine
tetrahydrochloride (Sigma-Aldrich Co.). The immu-
nostained sections were lightly counterstained with
hematoxylin for microscopic examination. At least
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2,000 hepatocytes in each liver were counted and
labeling indices (LIs) were calculated as the percent-
ages of cells positive for BrdU incorporation.

Measurement of 8-OHdG in liver DNA

In order to prevent 8-OHdG formation as a byproduct
during DNA isolation (Kasai 2002), liver DNA was
extracted by a slight modification of the method of
Nakae et al. (1995). Briefly, nuclear DNA was ex-
tracted with a commercially available DNA Extractor
WB Kit (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) containing antioxidant Nal solution to dissolve
cellular components. For further prevention of au-
tooxidation in the cell lysis step, deferoxamine mesy-
late (Sigma Chemical Co.) was added to the lysis buffer
(Helbock et al. 1998). The DNA was digested to
deoxynucleotides with nuclease P1 and alkaline phos-
phatase and levels of 8-OHdG (8-OHdG/10° deoxy-
guanosine) were assessed by high-performance liquid
chromatography (HPLC) with an electrochemical
detection system (Coulochem II, ESA, Bedford, MA,
USA).

In vivo mutation assays

6-TG and Spi~ selection were perfofmed as previously
described (Nohmi et al. 2000). Briefly, genomic DNA
was extracted from each liver, 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 E. 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 determine the total number of rescued
plasmids, 3,000-fold diluted phages were used to infect
YG6020, and were poured on the plates containing
chloramphenicol without 6-TG. The plates were incu-
bated 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 was calcu-
lated 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 lamb-
da-trypticase soft agar and poured onto lambda-trypti-
case agar plates. Next day, plaques (Spi~ candidates)
were punched out with sterilized glass pipettes and the
agar plugs were suspended in SM buffer. In order to

confirm the Spi~ phenotype of candidates, the suspen-
sions were spotted on three types of plates on which
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.

Statistical evaluation

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

groups.

Results
Body and liver weights and FLU intake

Data for final body and organ weights and intake of
FLU are shown in Table 1. The final body weights
were significantly (P < 0.01) decreased in FLU-trea-
ted males and females. Daily food consumption was
also decreased in the FLU-treated animals, particularly
females, as compared to the control group value. Daily
FLU intake calculated from the consumption values
were 590 and 763 mg/kg/day in males and females,
respectively (Table 1). The doses used in a previous
carcinogenicity study by gavage were 400 and 800 mg/
kg/day, both of which were carcinogenic in mice
(JECFA 2004). Liver/body weight ratios were signifi-
cantly (P < 0.01) increased in the FLU-treated males
and females.

Histopathology and immunohistochemical analysis
of BrdU

Histopathologically, swelling of centrilobular hepato-
cytes with vacuolation was observed in FLU-treated
males (Fig. 1b) and females. Slight infiltration of lym-
phocytes and neutrophils was also observed, although
distinct hepatocellular necrosis was not found. There
were no distinct sex differences in the degree of lesion
development. The number of BrdU-positive liver cells
(Fig. 1c, d)- was increased in the FLU-treated group
(Fig. 2), mostly appearing in the mid-zone of normal-
looking cells adjacent to the damaged cells. The BrdU-
LI in males given FLU was significantly (P < 0.05)
higher than that in females (Fig. 2).

8-OHdG level in liver DNA

The data for 8-OHdG levels in the livers of FLU-
treated males and females are shown in Fig. 3. No
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Table 1 Body and liver weights, and food and flumequine intake data

Treatment Number  Body Liver/body Food consumption  Flumequine intake
. . a . : o/ \2

of mice weight (g) weight ratio (%) (g/mouse/day) Total (mg/mouse) _ Daily (mg/kg/day)
Males -
Control 10 363+ 1.0 4.56 + 0.62 54 - -
0.4% Flumequine 10 314 + 1.5 531 1 0.24* 42 1,517 590
Females ‘ .
Control 10 257 +1.9 428 + 025 7.0 - -
0.4% Flumequine 10 233 +0.8* 542+ 037* 44 1,610 763

2Data are mean + SD values
*P < 0.01 (vs. control)

Fig. 1 Photomicrographs of
livers of male gpt delta mice
treated with basal diet (a, c)
and 0.4% flumequine for 13
weeks (b, d). Note no obvious
alterations (a) and
centrilobular hepatocytes
swelling with vacuolation (b).
H-E staining at X360 original
magnification. Note BrdU-
positive hepatocytes were few
(¢) and remarkably seen
adjacent to the damaged cells
(d). BrdU immuno-

- histochemical staining’
at x360 original magnification

*#

BrdU-LI (%o)
o

8-OHdG/ 10°dG

V_L|

L

Cont FLU

Cont FLU

Male

Female

Fig. 2 BrdU-LIs for hepatocytes in male and female gpt delta
mice fed 0.4% flumequine for 13 weeks. Values are mean + SD

of data for five mice. * Significant increase (P < 0.05) from the
control group. # Significant difference (P < 0.05) between the

sexes
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Fig. 3 8-OHdG levels in the livers of male and female gpt delta
mice fed 0.4% flumequine for 13 weeks. Values are means + SD

‘of data for five mice. No significant differences were observed
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Table 2 Guanine

- Treatment Number Total 6-TG" Total gpt MF
‘();:ljpr?l?ll;:zlots%’:;?::ig:f of mice population colonies mutants (x 105)°
(MFs) in the livers Male

Control 5 3,378,000 27 22 0.80 + 0.44
0.4% Flumequine 5 6,126,000 66 55 1.01 £ 0.52
- . Female
No significart difference Was " Control 5 5,166,000 33 25 0.46 + 0.28
0.4% Flumequine 5 6,864,000 63 43 0.65 £ 0.25

#Data are mean = SD values

significant effect of the FLU treatment was noted in
either sex.

Mutation assays

Data for gpt MFs analyzed by 6-TG selection are
summarized in Table 2. There were no significant
increases of gpt MFs in the liver DNA of the FLU-
treated males or females as compared to the non-
treatment control values. Data for Spi~ selection
assessing deletion mutations are summarized in Ta-
ble 3. Again, there was no significant variation in Spi~
MFs values between FLU-treated and control mice.

Discussion

The present study did not provide support for the
earlier finding from immunohistochemical analysis of
increased 8-OHdG adducts in hepatocytes of mice gi-
ven FLU (Yoshida et al. 1999). A marker widely used
for oxidative damage to DNA (Shigenaga et al. 1991),
8-OHdG pairs with adenine as well as cytosine, gen-
erating GC-to-TA transversions upon replication by
DNA polymerases (Cheng et al. 1992). Therefore, it
has been postulated that this oxidized base is respon-
sible for mutagenicity and carcinogenicity of many
epigenetic carcinogens (Le Page et al. 1995; Nakae
et al. 2002). In the present study, we quantitated
8-OHdG in the FLU-treated mouse livers by HPLC-

Table 3 Spi~ MFs in the livers

Treatment Number Total Total MF )
of mice population Spi~ mutants (x 107°)*

Male

Control 5 4,932,000 20 0.40 + 0.14

0.4% Flumequine 5 5,350,500 20 0.38 + 0.31

Female

Control 5 7,587,000 25 033 £ 0.11

0.4% Flumequine 5 5,476,500 24 0.48 + 0.36

No significant difference was observed in MFs
®Data are mean = SD values

ECD, but found no significant increase in either sex of
treated mice. In addition to the fact that the present
experimental conditions regarding animal strain and
duration of exposure were different from these used
previously (Yoshida et al. 1999), it is widely accepted
that HPLC-ECD method is more precise and suitable
for the detection of dose responses than immunohis-
tochemistry (ESCODD 2000). There is a major body of
evidence in favor of most sensitive detection of 8-
OHJG elevation by HPLC-ECD in target organ DNA
of animals exposed to hepatocarcinogens causing oxi-
dative stress (Fiala et al. 1993; Umemura et al. 1996;
Kasai 1997). Therefore, it is clear that FLU dose not
cause oxidative DNA damage in the mouse liver at
least under the present experimental conditions.
Similarly, in the present study, there were also no
remarkable increases in gpt or Spi- mutation frequen-
cies in the liver DNA of male or female gpt delta mice
treated with FLU. We previously reported that many
chemicals classified as genotoxic carcinogens increase
mutation frequency with characteristic mutation spec-
tra in target organ DNA of gpt delta mice (Nohmi and
Masumura 2005; Kanki et al..2005; Masumura at al.
2003). We also confirmed no increases of mutation
frequency in the reporter gene in any organs of trans-
genic mice treated with non-genotoxic carcinogens or
non-carcinogen, and in non-target organs treated with
genotoxic carcinogens (Kanki et al. 2005; Nishikawa
et al. 2001). Recently, we found that an increase in the
mutation frequency with chemical exposure in. a re-

.ported non-target organ was able to lead to tumor

formation with the aid of an appropriate tumor-pro-
moting regimen (Nishikawa et al. 2005). Thus, the data
overall strongly suggest that the in vivo mutation assay
using gpt delta mice is a reliable tool to predict the
potential of a chemical for tumor-initiation. From the
results of a comet assay for FLU, Kashida et al. (2002)
suggested FLU cause DNA strand breaks in infant or
regenerative livers of ddY mice, and sporadically in
adult liver. However, the data were also in line with
effects limited to cells with high mitotic activity. Al-
though we should consider a possibility of other oxi-
dative lesions than 8-OHdG occurring, the overall data
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suggested that any lesions failed to exceed the thresh-
olds for inducing their relevant genotoxicity. Accord-
ingly, it can be said that FLU is not a tumor-initiating
compound, genotoxicity including oxidative DNA
damage not being involved in its hepatocarcinogenesis.

The present study revealed elevated cell prolifera-
tion in FLU-treatment in terms of BrdU incorporation,
in agreement with a previous report of increase of
proliferating cell nuclear antigen (PCNA)-positive
cells in FLU-treated mice (Yoshida et al. 1999; Tak-
izawa et al. 2001), and our data for liver weights. To-
gether with the body weight suppression, these data
imply hepatotoxicity of FLU (JECFA 1998; Yoshida
et al. 1999). Focal necrosis of hepatocytes was observed
in CD-1 mice at 400 and 800 mg/kg/day in an 18-month
study earlier (JECFA 1998), although distinct hepato-
cellular necrosis was not found in the present study.
The present finding that BrdU-LIs in FLU-treated
males were significantly higher than in females corre-
sponded to the previous report of a sex differentiation
in FLU toxicity (JECFA 1998). Therefore, our data
strongly support JECFA'’s conclusion that the induc-
tion of hepatocellular necrosis-regeneration cycles due
to FLU hepatotoxicity is the relevant to ‘promotion’ of
liver tumor development (JECFA 2004). '

In conclusion, our data clearly demonstrate that
FLU dose not cause either oxidative DNA damage or
mutagenicity in the mouse liver when given even at a
carcinogenic dose. Therefore, it is concluded that
genotoxicity, including oxidative DNA damage, is not
involved in mouse hepatocarcinogenesis by FLU and it
can be classified as a mouse liver tumor promoter.
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Abstract

The limg' is an organ that is sensitive to mutations induced by
chemicals in ambient air, and transgenic mice harboring
guanine phosphoribosyltransferase (gptf) gene as a target
gene are a well-established model system for assessing
genotoxicity in vivo. Transcription factor Nrf2 mediates
inducible and constitutive expression of cytoprotective
enzymes against xenobiotics and mutagens. To address
whether Nrf2 is also invelved in DNA protection, we generated
nrf2*/~ugpt. and nrf2~'"zgpt mice. The spontaneous muta-
tion frequency of the gpt gene in the lung was approximately
three times higher in nrf2-nuil (nrf2~'7) "mice than nrf2
heterozygous (nrf2*/") and wild-type (rrf2*'*) mice, whereas
in the liver, the mutation frequency was higher in nrf2”'" and
nrf2*/~ mice than in nrf2*’* wild-type mice. By contrast, no
difference in mutation frequency was observed in testis
among the three genotypes. A single intratracheal instillation
of benzo(a)pyrene (BaP) increased the lung mutation fre-
quency 3.1- and 6.1-fold in nrf2*'~ and m:[2_/_ mice,
respectively, compared with BaP-untreated nrf2*'~ mice,
showing that nrf2~/~ mice are more susceptible to genotoxic
carcinogens. Surprisingly, mutation profiles of the gpt gene in
BaP-treated mﬂ" ~ mice was substantially different from
that in BaP-untreated mj2'/ ~ mice. In mﬂ_/ ~ mice, spon-
taneous and BaP-induced mutation hotspots were observed
at nucleotides 64 and 140 of gpt, respectively. These results
thus show that Nrf2 aids in the prevention of mutations in vivo
and suggest that Nrf2 protects genomic DNA against certain
types of mutations. [Cancer Res 2007;67(12):5643-8]

Introduction

Nrf2 is an essential transcription factor for inducible and
constitutive expression of several phase II detoxification enzymes,
including glutathione S-transferase-o (GST-) and GST-w and UDP-
glucuronosyl transferase 1A6 (1). Nrf2 also regulates the expression
of antioxidant enzymes, including NAD(P)H:quinone oxidoreduc-
tase-1 and heme oxygenase-1, in response to oxidative stress (2, 3).
Keapl acts to harness Nrf2 to the cytoplasm, and Nrf2 in this
complex rapidly undergoes ubiquitination and proteasomal

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/). .
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degradation via Keapl-Cullin 3 E3 interactions (4). However,
oxidative or electrophilic modification of Keapl triggers Nrf2
stabilization (5, 6). During oxidative conditions, Nrf2 translocates
into the nucleus and activates cytoprotective gene expression by
heterodimerizing with small Maf family members and binding to
antioxidant-responsive elements (ARE) or electrophile-responsive
element in regulatory regions of cytoprotective genes. i
Nrf2-mediated induction of cytoprotective enzymes plays an
important role in mitigating the adverse effects of mutagens and
oxidants. In Nrf2-deficient mice, which have attenuated basal and

-inducible expression of these enzymes (7): (2) DNA adduct

formation is accelerated after diesel exhaust exposure (8); (&)
hepatotoxicity is enhanced after acetaminophen administration (9);
and (c) benzo(a)pyrene (BaP)-induced DNA adduct and neoplasm
formation in forestomach is more prevalent than in wild-type mice
(10, 11). Taken together, Nrf2 attenuation or malfunction may be.an
important aspect of diseases caused by environmental mutagens or
oxidants, although the mechanism linking Nrf2 deficiency and
mutation frequency is not well understood.

Transgenic guanine phosphoribosyltransferase (gpt) delta mice -
are a model system for detecting in vivo mutations (12). In this
mouse system, the gpt gene is integrated into the genome as a
target gene for detecting mutations, and when the gpt gene is
rescued from genomic DNA to Escherichia coli, gpt mutants can be
randomly selected as rescued E. coli colonies that form on plates
containing 6-thioguanine (6-TG). To assess whether Nrf2 deficiency
increases the mutational risk following exposure to BaP, the cur-
rent study uses m:f?"/ “zgpt mice to analyze mutagenic activity
in vivo. Furthermore, alterations in the mutation spectrum between
nrf2*’~ and nrf2~'~ mice were assessed after exposure to BaP.-

Materials and Methods

Mice. C57BL/6] nrf2 knockout mice (7) and gpt delta mice (C57BL/6]
background; ref. 12) were as described previously, and gpt mice were
obtained from Japan SLC. Nrf2-deficient - mice (mj?‘/‘) were crossed
with gpt delta transgenic mice (nrf2*/*:gpt/gpt), and the resultant F1
mice (mﬂ" ~=gpt/0) were crossed again with Nrf2-deficient mice (nef27)
to produce nif2 knockout gpt mice that are homozygous (nrf27"7)
or heterozygous (nrf2*/) to the nrf2 knockout-allele (nrf2*/~ugpt and
nr_ﬂ_"::gpt, respectively). Genotyping for nrf2 was accomplished by PCR
amplification of genomic DNA isolated from tails. PCR primers were as
follows: 5-TGGACGGGACTATTGAAGGCTG-3' (sense for both genotype)
and 5-GCCGCCTTTTCAGTAGATGGAGG-3 (antisense for wild-type mice)
and 5-GCGGATTGACCGTAATGGGATAGG-3' (antisense for LacZ). The
presence of the gpt transgene was confirmed by PCR as previously
described (12). Nine male Nrf2-deficient gpt delta mice (nrf2~/~=gpt) and
nine male heterozygous nrf2 knockout gpt delta mice (nrf2*'"sgpt), both
7 to 9 weeks old, were obtained from this breeding scheme. Experiments
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were done according to protocols approved by the Institutional Animal
Care and Use Committee at National Institute for Environmental Studies.
Mouse treatment. BaP (Wako Pure Chemical) was dissolved
in tricaprylin [CH3(CH,)sCOOCH,],CHOCO(CH,)sCH; (Sigma-Aldrich).
Five nrf2*~:sgpt mice and four nrf2~/~:gpt mice were treated with 1 mg
BaP dissolved in 50 pL tricaprylin given in a single intratracheal instillation
under anesthesia with halothane for mutation analysis as previously
reported (13). Vehicle (50 pL tricaprylin) was given to five m_-f?'/_::gpt mice
and four nrf2~/~:gpt mice as BaP-untreated groups. For immunoblot
analysis, three ij‘/ “or ij" ~ mice were used for each group. Mice were
sacrificed 1 and 14 days after BaP administration under anesthesia with
ethyl ether for Western blotting and mutation analysis, respectively. Lungs
were removed, quickly frozen in liquid nitrogen, and stored at ~80°C until
the DNA was isolated.
£pt mutation assay. Genomic DNA was extracted from the lungs using
the RecoverEase DNA Isolation kit (Stratagene). Lambda EG10 phages were
recovered from the genomic DNA using Transpack Packaging Extract
(Stratagene). E coli (YG6020 expressing Cre recombinase) were infected
with the recovered phage harboring the gpt gene and the chloramphenicol
(Cm) acethyltransferase (cat) gene (a selection marker), and these genes
were rescued as a plasmid (14). The gp¢ mutants can be detected as colonies
" arising on plates containing Cm and 6-TG. The bacteria were then spread
onto M9 salts plates containing Cm and 6-TG, which were incubated for
72 h at 37°C for selection of the colonies harboring a plasmid carrying a
mutated gpt gene and cat gene. The 6-TG-resistant colonies were streaked
onto selection plates for confirmation of the resistant phenotype. The cells
were then cultured in Luria-Bertani broth containing 25 pg/mL of Cm at
37°C and collected by centrifugation. The bacterial pellets were stored at

—80°C until DNA sequencing analysis was done. Mutant frequencies for the

gpt gene were calculated by dividing the number of colonies growing on
(M9 + Cm + 6-TG) agar plates by the number of colonies growing on (M9 +
Cm) agar plates, which is the number of colonies harboring the plasmid. To
ensure ' determination of the mutant frequency, mutant colonies were
selected from over 300,000 colonies (15).

PCR and DNA sequencing analysis of 6-TG-resistant mutants, A 739-
bp DNA fragment containing the gpt gene was amplified by PCR using
primer 1 and primer 2, as described previously (13). The reaction mixture

*contained 5 pmol of each primer and 200 mmol/L of each deoxynucleotide
triphosphate. PCR amplification was carried out using Ex Taq DNA
polymerase (Takara Bio) and done with a Model PTC-100 Thermal Cycler
(M] Research). After the PCR products were purified, sequencing reactions
were done by using a DYEnamic ET Terminator kit (Amersham

Biosciences). The sequencing primers (primer A and primer C) were as
described previously (13). -

Immunoblot analysis of GSTs. Frozen lung was homogenized with 2 mL
of 50 mmol/L HEPES buffer {pH 7.5) containing 150 mmol/L NaCl, 1 mmol/L

- DTT, and 0.2 mmeol/L phenylmethylsulfonyl fluoride by glass-Teflon

homogenizer chilled with ice. The homogenates were subjected to two steps

- . of centrifugation at 4°C (15,000 X g for 15 min followed by 100,000 x g for

60 min) according to Chanas et al. (16). Resulting 100,000 X g supernatants
(cytosol fractions) were stored at —80°C until use. After the cytosol fractions
mixed with sample buffer containing 1% SDS were heated at 95°C, 9 ug
protein (for detecting GST A1/2) or 3 pg protein (for detecting GST A3 and
GST P1/2) from each sample was subjected to SDS-PAGE with 15%
polyacrylamide gel (17). Proteins separated on the gel were transferred to
Immobilon-P memibrane (Amersham Biosciences). GST Al/2, GST A3

-(18-20), and GST P1/2 were immunochemically detected using anti-mouse .

GST Al1/2 and A3 rabbit sera (kindly provided by Dr. ].D. Hayes, University
of Dundee, United Kingdom) and GST P1/2 rabbit serum (kindly provided by
Dr. 1. Hatayama, Aomori Prefecture Institute of Public Health and
Environment, Japan), respectively, and goat anti-rabbit IgG antibody labeled
with horseradish peroxidase (16). ECL-plus and Typhoon 9400 Biolmage
analyzer (Amersham Biosciences) were used to visualize bands.

Statistical analysis. All data are expressed as mean + SD. Statistical
significance of mutant frequency was evaluated 'using the Student's ¢ test.
P < 0.05 was considered statistically significant. Statistical comparisons of
mutational spectra were done using the Adams-Skopek test (21).

Results and Discussion

The frequency of spontaneous mutations in the lung, liver, and
testis was compared among gpt delta mice (nrf2*/*), heterozygous
mice (nrf2*/7), and homozygous mice (nrf277). In the lung and
liver, the mutation frequency was significantly elevated in mﬁ__/_
mice, compared with nrf2*/* mice (Fig. 14; Supplementary Table

- 81). The mutant frequency in the lung was approximately three

times higher in nrf2~/~ mice (1.40 + 028 X 10~°) than npf2*/~
and nrf2** mice (048 + 0.05 x 107° and 050 + 0.16 x 1075,
respectively), whereas the mutant frequency was significantly
higher in both nrf2~'~ and nrf2*/~ mice (124 + 013 x 10~° and
147 £ 015 X 107°, respectively) than nrf2*/* mice in liver (0. 72 £
0.24 x 107%). In contrast, no difference in mutation frequency was
observed in testis among the three genotypes (Fig. 14). Whereas
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Figure 1. The mutant frequency of 6-TG selection (A) in the tung, liver, and testis of gpt delta mice (nrf2***, yellow column, n = 3), and nri2*~

(light blue column,

n = 5) and nrf2~'~ (pink column n=4)g gt delta mice and (B) in the lungs of nrf2*~ (blue column, n = ) 5) and nrf2~/~ {red column, n = 4) gpt delta mice after

BaP treatment. Data of nrf2*'~ and nrt.

lungs in (A) are replicated as BaP-untreated nrf2*~ and nrf2-

~, respectively, in (B). Columns, mean; bars, SD.

*, P < 0.05; **, P < 0.01, statistical significance among the groups was determined using the Student’s ¢ test.
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Flgure 2, Immunodetection of GSTs. Cytosol fractions were extracted from the
lungs of nrf2*'~ (+/) and nrf2~'~ (-/-) mice, separated on SDS/PAGE, and
electrophoretically blotted to Immobilon-P membrane. GST A1/2 and GST
P1/2 were detected Immunochemically using specific antibodles and ECL-plus
system. BaP, cytosol fractions extracted from BaP-treated mouse lungs;

Cont, cytosol fractions extracted from BaP-untreated mouse lungs.

the DNA repair system is quite efficient in the testis (22),
metabolically active tissues, such as the liver and lung, seem to
be unable to efficiently repair the DNA adducts produced by
reactive oxygen species and/or endogenous mutagens without the
presence of Nrf2. These results suggest that Nrf2 acts to suppress
spontaneous mutagenesis in the lung and liver.

We aimed to quantitatively determine how Nrf2 deficiency
affects mutagenicity in vivo in the lung using a single intratracheal

instillation of BaP as a model environmental mutagen/carcinogen -

(13). BaP in cigarette smoke or ambient air is readily oxidized to
reactive intermediates, such as BaP diol epoxide, by phase I
detoxifying enzymes (23), and these intermediates are subsequently
metabolized to hydrophilic conjugates by phase II detoxifying
enzymes that are under Nrf2 regulation. However, unconjugated
reactive intermediates, which often form, lead to DNA adduct
formation (24). DNA adducts cause mispairing of DNA bases and
induce gene mutations through the DNA replication process
(25, 26). This process has been confirmed by in vitro experiment
using BaP adduct-containing DNA as a template (27, 28). Indeed, a
single intratracheal instillation- of BaP into gpt delta mice resulted
in a statistically significant and dose-dependent increase in the
mutant frequency in the lungs of gpt delta mice, and the most
frequent mutation induced by BaP was G:C to T:A transversion
(13), which is characteristic of BaP mutagenesis (25, 26).

Therefore, nrf2~/~zgpt and nrf2*/~:gpt mice were given a
carcinogenic dose (1 mg; ref. 29) of BaP through trachea, which
resulted in a significant increase in the mutation frequency in lungs

.of both nrf2*/~ and nrf2~'~ mice. Importantly, BaP-treated nrf2~/~

mice had a 2-fold higher mutant frequency (2.93 + 0.56 % 1075)
than BaP-treated nrf2*’~ mice {147 * 031 x 107% Fig. 1B;
Supplementary Table S2). The increment of mutant frequency by .
BaP treatment was higher in nrf2~'~ mice than in mj?” ~ mice.
We thought that the expression level of Nrf2-regulated
cytoprotective enzymes may explain both the higher basal mutant
frequency in the Nrf2-deficient mouse and that following treatment
of Nrf2-deficient mouse with BaP. Because Chanas et al. have
shown that the class ™ GST isozymes are expressed at substantially
lower levels in the livers of Nrf2-deficient mice than in wild-type
mice (16). Because a thorough study of pulmonary GSTs in Nrf2-
deficient mice has not been described in the literature, we decided
to examine whether expression of GSTs was actually suppressed in
the lungs of BaP-treated and BaP-untreated nrf2~'~ mice by
immunoblotting. In this study, we have examined expression of
GST A1/2, GST A3, and GST P1/2, as these GSTs are known to be
under the regulation of the Nrf2-ARE system (7) and are essential
for the detoxification of BaP (30). Showing very good agreement
with the report by Chanas et al. (16), which analyzed the expression’
of these enzymes in the mouse livers, the expression level of GST
Al1/2 was suppressed in the lungs of nrf2”'" mice compared with
that in the nrf2*/~ mice (Fig. 2), and the level of GST A3 was also
low in Nrf2-deficient mice (data not shown). Under the exper-
imental condition, GST A1/2 level was not elevated substantially by
the BaP treatment in the lungs of mj2+’ ~ mice. Similarly, the
expression level of GST P1/2 was also suppressed in the lungs of
nrf2~'~ mice compared with that in the nrf2*'~ mice. GST P1/2
level was elevated by the BaP treatment in the lung of nrf2"'~ mice,
but there was no such difference in nrf2/~ mice. As the change in
this immunoblotting experiment was relatively small, we repeated
this experiment and found that the result was reproducible (data
not shown). These results thus suggest that Nrf2 keeps the
mutation frequency at low level in the lungs of mice by directing
the expression the GSTs. As the changes in this GST immunoblot-
ting experiments was relatively small, we speculate that lack of the
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Figure 3. Comparison of mutant
frequencies among the types of mutations
in BaP-treated and BaP-untreated

nrf2*'~ and nri2~'~ mice. Light blue
column, BaP-untreated nrf2*/~ mice;

pink column, BaP-untreated nrf2~'~ mice;
blue column, BaP-treated nrf2*/~ mice;
red column, BaP-treated nrf27'~ mice.
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Flgure 4. OQverall distribution of the mutation detected on the gpt gene in the lungs of BaP-treated nrfz"’ and nrf2~'~ mice and BaP-untreated nrf2*~ and

nrf2-'~ mice. The mutations are summarized in Supplementary Table $4. A, Mutations detected in nrf2*/~ (blue) and nrf2~"~ (pink) mice. The mutations detected in .
BaP-treated (below gpt sequence) and BaP-untreated mice (abova gpt sequence). The number of characters in parenthesis is the number of mutations in one mouse.
4, one base deletion; half-boxes, deleted nucleotides; V, a position of insertion. Green arrows, guanine nucleotides of BaP-induced mutation hotspots reported
previously (13); orange characters, mutation hotspots found in this study. B, close-up of hotspots of mutations.

other Nrf2 target genes may also contribute to the mutant spontaneous mutations were G:C to T:A transversion (26%, 15 of
frequency in Nrf2-deficient mice. 58), G:C to A:T transition (24%, 14 of 58), and base deletions (19%,

To further characterize the mutational profile in the lungs of 11 of 58; Supplementary Table $3). A previous report of gpt delta
nrf2~'":gpt and nrf2*/ ~zgpt mice after BaP exposure, we did DNA - mice (mmh/oggl:gpt) suggested that accumulation of 8-hydrox-
sequence analysis of 178 gpt mutant lung samples (Fig. 3; yguanine in cells was the primary cause of increase in G:C to T:A
Supplementary Table S3). In m_ﬂ_/ ~ mice, the predominant transversion ‘(31). 8-Hydroxyguanine may also play a role in the
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induction of G:C to T:A transversion in the lungs of nrf2~/~ mice
because the level of antioxidant enzymes were suppressed in
nrf2~'~ mice, and subsequently, generation of reactive oxygen
spices was probably accelerated. ]

The BaP treatment increased base substitutions at G:C pairs
and one base deletion both in nrf2*/~ and nrf2~/~ mice (Fig. 3).
Among the G:C substitutions, G:C to T:A and G:C to CG
transversions were markedly elevated in mﬂ_’ ~ mice after BaP
treatment. Consistent with our previous studies with gpt delta
mice (13), the predominant mutation provoked by BaP treatment
was a G:C to T:A transversion (a major base substitute induced by
the BaP-DNA adduct formation) in both npf2*/~ (32%, 14 of 44)
and nrf27/" (34%, 21 of 62) mice (Supplementary Table 52), and
the mutant frequency of this transversion was higher in BaP-
treated nrf2~/~ mice than BaP-treated nrf2*~ mice (Fig. 3). In
the lungs of nrj?'/ ~ mice, DNA adducts are probably accumu-
lated in the higher level than those in nrf2*’~ mice because the
expression levels of phase II enzymes that detoxify BaP by
forming conjugates (32) and antioxidant enzymes are low in
nrf2~/~ mice comparing to nrf2*/~ mice. We surmise that this
increase of DNA adduct formation might elevate the mutant
frequency of G:C to T:A transversion in the Nrf2-deficient
condition. Additionally, generation of oxidative DNA adduct due
to BaP-derived quinines (33) may be accelerated in nrf2~/~ mice
and play a role, albeit partly, in elevating the mutant frequency in
nrj2'/ ~ mice. Indeed, BaP adduct formation was accelerated ~2-
fold in Nrf2-deficient mouse forestomach compared with wild-
type mice (11), supporting our contention that the increase in the
amount of DNA adduct enhanced the frequency of these
transversions at G:C pairs.

To delineate the mode of mutation in Nrf2-deficient mice, the
mutation positions in the gpt gene of BaP-treated and BaP-
untreated mice were determined (Fig. 44; Supplementary Table $4).
Of the mutations found in BaP-treated mice (shown in lower side of
the gpt sequence; Fig, 44), G:C to T:A transversions at nucleotides
140, 143, and 189 were observed in three or more mice, including
both nﬁ*/ ~ and nrf2”’" mice. Thus, these nucleotides are the
hotspots of BaP-induced mutation. These nucleotides coincide
with those previously reported (i.e,, nucleotides 115, 140, 143, 189,
and 413; ref. 13), which are shown with green arrows in Fig. 44. The
frequency of mutation at these hotspots was rather low in BaP-
untreated mice (shown in upper side of the gpt sequence; Fig. 44).

Because mutations were accumulated at relatively high level in
the gpt gene of n}jZ'/ ~ mice even without BaP treatment, we
assumed that we could assess hotspots of spontaneous mutation in
these mice. Indeed, G:C to A:T transition at nucleotides 64 was
observed in three BaP-untreated mice and one BaP-treated mouse.
This mutation is exclusive in nrf2~/~ mice. Thus, nucleotide 64 is
the spontaneous mutation hotspot in Nrf2-deficient condition. In
contrast, nucleotides 110 and 115 are common hotspots in BaP-
treated and BaP-untreated mice; G:C to A:T transition at position
110 was observed in three BaP-untreated and three BaP-treated
mice, and G:C to T:A transversion was also induced in three BaP-
untreated mice.

Figure 4B shows mutation hotspots in the gpt gene. We found
that one of the major trinucleotide sequences with BaP-induced

guanine nucleotide mutation in this gene was CGT (nucleotides

110, 143, and 189). This is in good agreement with the previous
observation that the instillation of BaP into the lung of gpt delta
mice induced mutations frequently in CGT trinucleotide of the
gene (13). CGG (nucleotides 64, 115, and 413) was another

frequently found trinucleotide with guanine nucleotide mutations,
but no link was found between this mutation and BaP treatment. It
should be noted that guanine centered in CGC at position 140 was
a frequent target of BaP-induced mutation in Nrf2-deficient
condition, whereas previous experiments showed mutations were
little in CGC of wild-type mice (13). .

‘Whereas there was no significant difference. in the mutatio
frequency, the position of the mutation was significantly different
between BaP-untreated nrf2~'~ mice and BaP-treated nrf2*'~ mice
(Fig. 44; P < 0.05, Adams-Skopek test). This result suggests that
chemical mutagenesis and spontaneous mutation in the nr2=!"
mice arise through different mechanisms. Thus, the Nrf2 deficiency
had a marked affect on the mutational profile that arose either
spontaneously or by BaP induction. However, further studies are
required to clarify how Nrf2 deficiency alters the mutation profile,
and whether nucleotides surrounding the guanine nucleotide are
important for the mutation frequency in BaP-treated mice and in
BaP-untreated nrf2~/~ mice.

Several lines of recent evidence have pointed towards a role for
Nrf2 in prevention of carcinogenesis. One of the salient examples
is that Nrf2 could prevent the formation of DNA adduct and
gastric tumors from occurring after BaP administration (10, 11).
Furthermore, Nrf2-deficient mice are sensitive to the alkylating
agent [N-nitrosobutyl(4-hydrixybutyl)amine] and rapidly form
bladder tumors after administration (34). This study shows that
Nrf2 can prevent increase in the number of spontaneous and
inducible mutations that occur in the gpt gene in mouse lung and
liver and can prevent the induction of mutations at the hotspots,
such as nucleotides' 64 and 140 in the lung. We surmise that
through induction of phase I and antioxidant enzyme activities
as well as cross-talk with phase I detoxifying system (35), Nrf2
can mitigate the effects of mutagens, such as BaP, on adduct

formation, leading to protection from neoplasm and- tumor e
" formation and ultimately aiding in prevention of pulmonary

diseases that arise, such as lung cancer from tobacco smoke (36),
or from hyperoxic injury (37).

The results presented in this study suggest that Nrf2 deficiency is
a possible risk factor for development of lung cancer or other lung

" diseases caused by mutagens or oxidants in.ambient air. Whereas

molecular mechanisms by which Nrf2 deficiency changes the
mutation profile still require clarification, one plausible explana-
tion is that Nrf2 deficiency may allow accumulation of specific
reactive oxygen intermediates or electrophiles. We are now
examining how exaggerated mutagenesis in the Nrf2-deficient
condition quantitatively contributes to the enhanced carcinoge-
nicity. We believe that the Nrf2-deficient gpt delta mice will provide
useful information for revealing the relationship between in vivo
mutagenesis and carcinogenicity.
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Mutations in the Lungs of gpt delta Transgenic Mice
Following Inhalation of Diesel Exhaust
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Diesel exhaust [DE} is a major airborne pollutant
of urban areas. It contains various polycyclic aro-
matic hydrocarbons {PAH) and nitrated PAHs. In
this study, gpt delta mice were treated with inhala-
tion of 1 or 3 mg m~3 DE, or a single intratra-
cheal instillation of diesel exhaust particles (DEP)
or DEP extract. In the lungs of mice treated with in-
halation of 3 mg m~2 DE for 12 weeks, the mutant
frequency (MF) was 3.24old higher than that of the
control group {1.90 x 107 and 0.59 x 1075,

respectively). An instillation of DEP and DEP exiract

resulted in a significant dose-dependent linear
increase in MF. In mice treated with 0.5 mg DEP
ond 0.2 mg DEP extract, the MFs .were 3.0- and
2.74old higher than that of the control group,
respectively. The mutagenic potency (MF mg~") of

Key words: diesel

DEP extract {5.6 X 1073) was double that of DEP
(2.7 x 1077), suggesting that the mutagenicity of
the latter is derived primarily from compounds in
the extract, which itself is responsible for ca. 50%
of the weight of DEP. G:C—A:T transitions were
the predominant gpt mutation induced by all three
treatments and G:C—T:A transversions were
induced by DEP and DEP extract. Guanine bases
centered in nucleotide sequences such as GGA,
TGA, CGG, and CGT were the major mutation tar-
gets of all three treatments. Thus, our results suggest
that the mutagens contained in DEP such as PAH
and nitrated PAHs induce mutations and may be
responsible for carcinogenesis caused by inhalo-
tion of DE. Environ. Maol. Mutagen. 48:682-693,
2007. © 2007 Wileydiss, Inc.

ion; diesel exhaust particles; 6-thioguanine selection

INTRODUCTION

Diesel exhaust (DE) is generated by the combustion of
light oil and is implicated as a causative agent of lung
cancer and allergic respiratory disease, including bron-
chial asthma [Muranaka et al., 1986]. Diesel exhaust par-
ticles (DEP) contain various potent carcinogens and muta-
gens such as polycyclic aromatic hydrocarbons [PAHSs;
e.g. benzol[alpyrene (B[a]P)] and nitrated PAHs (nitro-
PAHs), e.g. 1,6-dinitropyrene (1,6-DNP) [Harris, 1983].
Although some of the compounds in DE have been identi-
fied as pulmonary carcinogens in animals [Brightwell
et al., 1986], the predominant mutagens remain to be
determined.

In rat and mouse lungs, exposure to DEP through inha-
lation or intratracheal instillation causes oxidative DNA

© 2007 Wiley-Liss, Inc.

damage [Nagashima et al., 1995; Iwai et al., 2000] and
DNA adduct formation [Gallagher et al., 1994; Sato
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et al., 2003]. Prolonged inhalation exposure results in re-
spiratory tract tumors in ‘rats [Mauderly et al., 1987;
Nikula et al.,, 1995; Iwai et al.,, 1997; Valberg et al.,
1999]. In rat lung adenomas and adenocarcinomas
induced by intratracheal instillation of DEP, point muta-
tions in Codons 12 and 13 of the K-ras oncogene have
previously been identified [Iwai et al.,” 1997]. Ichinose

et al. [1997] demonstrated the induction of lung tumors in -

ICR mice treated with 0.05 and 0.1 mg DEP once a week
for 10 weeks via intratracheal instillation (30-31%). How-
ever, whether or not DE inhalation induces lung tumors
in mice remains a matter of debate [Mauderly et al,
1996].

The mutagenicity of DEP extracts has been evaluated

in vitro using Salmonella typhimurium TA98 assay without’

an exogenous metabolic activation system (S9 mixture), in
which frameshift mutations were found to predominate
[Salmeen et al., 1984; @stby et al.,, 1997; Rivedal et al,,
2003]. Although we demonstrated the mutagenicity of DE
in vivo using Big Blue® rats [Sato et al., 2000], further
studies on its pulmonary effects are required for an assess-
ment of the health risks of air pollution, The present study
was undertaken to ascertain the mutant frequency (MF)
and spectrum of the mutations induced by inhalation of DE
or intratracheal instillation of .DEP or DEP extract. To
evaluate mutagenicity in vivo, we used gpt delta transgenic
mice carrying the lambda phage EG10 as a transgene
[Nohmi et al., 2000; Thybaud et al., 2003]. When rescued
phages are used to infect E. coli expressing Cre recombi-
nase, they are converted into plasmids harboring the chlor-
amphenicol (Cm) resistance and guanine phosphoribosyl-
transferase (gpf) genes. gpt mutants are selected using
plates containing Cm and 6-thioguanine (6-TG).

In this study, inhalation of 3 mg m™> DE (as suspended
particulate matter [SPM]) significantly increased MF in a
duration-dependent manner. Instillation of DEP (0, 0.125,
0.25, and 0.5 mg) or DEP extract (0, 0.05, 0.1, and 0.2
mg) increased MF in a linear and dose-dependent manner.
The mutagenic potency (MF mg~') of DEP (2.7 X 107%)
was half of that induced by DEP extract (5.6 X 1075).
This suggests that the mutagenicity of DEP is derived
mainly from compounds in the extract, since ca. 50% of
the weight of DEP is provided by the extract. These
data suggest that components in the DEP extract were the
primary cause of DE-induced mutagenesis in the lungs of
mice.

MATERIALS AND METHODS

Treatment of Mice

~ gpt delta mice carry ca. 80 copies of lambda EG10 DNA on each

Chromosome 17 in a CS7BL/6J background [Nohmi’ et al., 1996]. Ex-
posure to DE (12 hr day™', 7 day week™') was performed in a cham-
ber provided by the National Institute for Environmental Studies
[Takano et al., 1998]. A diagram of the chamber can be found in Sagai
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et al. [1993]. In brief, DE was generated by a computer-controlled
light duty (3059 cc) four-cylinder diesel engine (4JG2-type, lsuzu
Automobile Company, Tokyo, Japan) run at 1,500 rpm under a load of
10 torques (kg m™"), using standard diesel fuel. The DE generated by
this system was injected into a stainless steel dilution tunnel (300 mm
diameter X 8,400 mm length), then introduced into the 2.3 m? cham-
ber. The residence time of DE in the dilution tunnel was 8.48 sec, and
the flow rate in the inhalation zone of the chamber was 0.81 m sec™'.
Mice in the control group were maintained in a chamber supplied with
filtered clean air. DEP concentration in the chamber was monitored
using an Anderson Air Sampler (Shibata Science Technology, Tokyo, -
Japan); CO concentration was monitored with a CGT-10-3-A portable
gas monitor (Shimadzu, Kyoto, Japan). NO and NO, concentrations
were measured using an NO-NO,-NO, analyzer model 43 (Thermo
Environmental Instruments, MA). SO, concentration was determined
by a fluorescent SO, analyzer model 8850 (Monitor Labs, CO). The
concentrations of DEP (mg m~3), CO (ppm), NO (ppm), NO, (ppm),
and SO, (ppm) were as follows: in the chamber of filtered air, 0.01 =
0.00 (mean %= SD), 0, 0, 0.15 * 0.03, and 0.020 * 0.002, respec-
tively; in 1 mg m™3 DE, 0.97 = 0.16, 10.1 = 1.5, 11.8 + 1.5, 445 *
0.64, and 0.204 * 0.032, respectively; and in 3 mg m™? DE, 2.84 *
0.47,25.1 = 2.0,26.2 *+ 24,9.18 * 1.83, and 0.320 * 0.037, respec-
tively. Over 99% (in mass) of DEP was in the 10-470 nm diameter
range, and the mass peak was measured at 110 nm diameter using a
scanning mobility particle size analyzer (Model 3034, TSI, Tokyo, Ja-
pan). The number of DEP particles was estimated as 1.0 X 10% cm™>
in 1 mg m~2 DE. Three to five, 7-week-old mice were exposed to 1 or
3 mg m~? DE (as SPM) for 4, 12, or 24 weeks. Eleven mice (control
group) were maintained in a chamber of filtered clean air. The animals
were sacrificed 3 days following the last exposure and their lungs
were removed, frozen in liquid nitrogen, and stored at -80°C.

DEP were collected as described previously [Sagai et al., 1993] and
the DEP extract was prepared by Dr. Hayakawa [Hayakawa et al.,
1997]. In brief, DEP was dispersed in benzene-ethanol (3:1, v/v) and
the mixture sonicated. The precipitate was removed by filtration and
the supernatant concentrated using a rotary evaporator. The dried con-
centrate was used as the DEP extract. DEP (0.125, 0.25, or 0.5 mg) or
DEP extract (0.05, 0.1, or 0.2 mg) was suspended in 50 pL PBS at pH
7.4 (Gibco BRL, Life Technology, Grand Island, NY) containing
0.05% Tween 80 (Nacalai Tesque, Kyoto, Japan) and 1% DMSO.
Each dose was administered to three mice (9-week-old) using a single
intratracheal instillation. Each animal was anesthetized with 4% halo-
thane (Hoechst Japan, Tokyo, Japan) until unresponsive to a tactile
stimulus. The animal was placed on a restraining board with linen
threads to hold the mouth open, and the DEP or DEP extract was
instilled into the trachea via a polyethylene tube [Takano et al., 2002;
Hashimoto et al., 2005]. As controls, three mice were treated with
50 pL PBS containing 0.05% Tween 80 and 1% DMSO. Mice were
sacrificed 14 days after DEP or DEP extract treatment [Suzuki et al.,
1999] and their lungs were removed, frozen in liquid nitrogen, and
stored at ~80°C.

gpt Mutation Assay

The gpt assay was performed as described previously [Nohmi et al.,

. 2000]. Genomic DNA was extracted from lung tissue using the Recover-

Ease DNA Isolation Kit (Stratagene, La Jolla, CA) and Lambda EG10
phages were rescued using Transpack® Packaging Extract (Stratagene).
E. coli YG6020 was infected with the phage and spread on M9 salt
plates containing Cm and 6-TG [Nohmi et a], 2000], then incubated for
72 hr at 37°C. This enabled selection of colonies harboring a plasmid
carrying the gene for chloramphenicol acetyltransferase (CAT), as well
as a mutated gpt. Isolates exhibiting the 6-TG-resistant phenotype were
cultured overnight at 37°C in LB broth containing 25 pg mL~" Cm, then
harvested by centrifugation (7,000 rpm, 10 min), and stored at —80°C.
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PCR and DNA Sequencing of the 6TG-Mutants

A 739 bp DNA fragment containing gpt was amplified by PCR and
sequenced as described previously [Nohmi et al., 2000; Hashimoto et al.,
2005]. Sequencing was performed using the Big Dye Terminator v 3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) on an
Applied Biosystems model 3730x! DNA analyzer.

Mutant Frequency

gpt MFs were calculated by dividing the number of colonies growing
on (Cm + 6-TG) agar plates by the number growing on Cm agar plates.

MFs for each type of mutation in Figure 1 were calculated by dividing
the total number of each type of mutant in each group by the total num-
ber of colonies growing on Cm agar plates in each group.

Statistical Analyses

All data are expressed as mean * SD. The statistical significance of
DE treatment was analyzed using the Students’ t-test; that of the DEP
and DEP extract treatments were analyzed using ANOVA with a post-
hoc Tukey test. To evaluate the linearity of MF relative to dosage, a
simple linear regression was performed. P <0.05 was considered to be
statistically significant. Mutational spectra were compared using the
Adams—Skopek test [Adams et al., 1987; Caricllo et al., 1994].

RESULTS
gpt Mutations in the Lungs of DE-Inhaled gpt delta Mice

To estimate the mutagenicity of DE, gpt delta mice were
exposed to DE (1 or 3 mg m~3 as SPM) via inhalation and
mutations in the lung were analyzed (Table I). In the lungs
of control mice, the background MFs for the 4-, 12-, and
24-week treatment groups were 0.61 = 0.06 X 1075, 0.59
+ 0.14 X 1075, and 0.82 = 0.07 X 1075, respectively. In
the lungs of the control group, the MF at 24 weeks was a
little higher than that at 4 weeks with statistical signifi-
cance (P = 0.004). Although an age-dependent increase in
spontaneous MF has been found in the liver, spleen, and
adipose tissues of Big Blue® mouse [Hill et al., 2005],
MutaMouse [Ono et al., 2004], and gpt delta mouse [Masu-
mura et al., 2003], this is the first report of an apparent
age-dependent increase in spontaneous MF in the lung. In-
halation of 3 mg m~2 DE for 4, 12, and 24 weeks resulted
in 1.7-, 3.2-, and 2.6-fold increases in MF (1.06 * 0.46 X
1075, 1.90 * 0.88 X 1075, and 2.11 * 0.08 X 1077,
respectively) compared with the control mice during the
same time period (Table I). Thus, the MF reached a pla-
teau after 12 weeks of DE inhalation. Significant increases
in MF were observed between groups treated with 3 mg
m~> DE via inhalation for 12 or 24 weeks, compared with
the 4-week group (Table I). A 3.1-fold (1.84 = 0.82 X
107° vs. 059 = 0.14 X 107°) increase in MF was
observed between mice treated for 12 weeks with 1 mg
m~> DE. via inhalation and control mice; however, there
did not appear to be a significant difference between the
MF at 1 mg m™> as compared to 3 mg m™ DE.

Mutations Caused by Instillation of DEP and DEP Extract

Mice were treated with a single intratracheal instillation
of DEP or DEP extract. Instillation of 0.125, 0.25, and 0.5
mg DEP increased the MF by 1.8-, 2.1-, and 3.0-fold
(116 = 0.01 x 107>, 140 = 0.05 X 107> and 1.97 *
0.18 X 1075, respectively), compared with control mice
(0.66 +.0.08 X 1073) (Table II). Instillation of 0.05, 0.1,
and 0.2 mg DEP extract increased the MF by 1.5-, 1.9-, and
27-fold (097 * 0.10 % 1075, 1.28 = 0.11 X 107% and
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TABLE . Summai‘y of Mutant Frequency in the Lungs of gpt delta Mice ‘After Inhalation of DE

Number of colonies

DE concentration Exposure Mutant Average mutant
(mg m™%) time (weeks) ID of animals Mutant Total frequency (107%) frequency * SD (107%)
Control ] 4 1 4 763,100 0.52 0.61 + 0.06
) 2 6 964,500 0.62
3 . 5 758,300 0.66
4 6 920,400 0.65
Total 21 3,406,300
3 4 1 17 1,735,400 0.98 1.06 = 0.46°*
2 16 1,002,200 1.60
3 15 1,019,500 1.47
4 9 1,405,000 0.64
5 9 1,449,000 0.62
Total 66 6,611,100
Control 12 1 3 377,600 0.79 0.59 £ 0.14
’ 2 2 360,500 0.55
3 4 852,000 0.47
4 2 360,000 0.56
' Total 11 1,950,100
1 12 1 9 309,600 291 1.84 * 0.82%*
2 .9 448,000 2.01
3 9 859,200 1.05
4 4 289,600 - 1.38
Total 31 1,906,400
3 12 1 15 537,600 279 1.90 + (.88%*c*
2 10 438,400 2.28
3 8 932,000 0.86
4 7 654,400 1.07
5 12 476,800 2.52
Total 52 3,039,200
Control 24 1 13 1,551,000 0.84 0.82 % 0.07%
’ 2 8 1,074,000 0.74
3 8 903,000 0.89
Total 29 3,528,000
3 24 1 10 462,500 2.16 2.11 + 0.08%+++Cxs
2 11 546,000 2,01
3 16 745,600 2.15
Total - 37 1,754,100

Statistical significance was determined using a Students’ t-test.
“Significant differences between the control and DE-treated groups.
bSignificant difference to the control group at 4 weeks.

“Significant differences compared with exposure to 3 mg m™ DE via inhalation for 4 weeks.

*P < 0.05; **P < 0.01; **P < 0.001.

1.78 + 0.19 X 107>, respectively), compared with control
mice. The MF increased linearly for' 0-0.5 mg DEP * =
0.95; P < 0.001 [Table II]) and 0-0.2 mg DEP extract (/*
= 0.94; P < 0.001), suggesting that DEP extract as well as
DEP has a potential to induce mutations in the lung.

Mutation Spectrum Induced by DE Inhalation

To determine the mutation spectrum induced by DE in-
halation, we sequenced 126 and 55 gpt mutants from the
lungs of treated and control mice, respectively. The types
of mutation were analyzed and the mutations in treated
and control mice are presented in Table III. In groups that

inhaled DE, 55% (69/126 mutants) of the mutations were

G:C — A:T transitions and 17% (21/126) were G:C —
T:A transversions, whereas in control mice, 40% (22/55
mutants) of mutations were G:C — A:T transitions and
31% (17/55) were G:C — T:A transversions. In the DE-
treated mice, the percentage of G:C — A:T. transitions
was increased and the percentage of G:C — T:A transver-
sions was decreased by prolonged inhalation of DE for 24
weeks, whereas in the control mice the mutation types
remained constant. At 24 weeks, the Adams—Skopek test
showed a significant difference (P = 0.04) in mutation
spectrum between the control and DE inhalation group;
G:C — AT transitions were elevated from 44 to 77%
and G:C — T:A transversions were reduced from 28 to
8% by DE inhalation. The frequency of spontaneous
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