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Abstract The combined effects of various carcinogens

found in food products are a concern for human health.

In the present study, the effects of flumequine (FL) on the
in vivo mutagenicity of 2-amino-3,8-dimethylimidazo[4,5-
flquinoxaline (MelQx) in the liver were invéé’ti’gated.
Additionally, we attempted to clarify the underlying
mechanisms through comprehensive gene analysis using a
cDNA microarray. Male gpt delta mice were fed a diet of
0.03 % MelQx, 0.4 % FL, or 0.03 % MelQx + 0.4 % FL
for 13 weeks. The effects of cotreatment with phenobarbi-
tal (PB) were also examined. Treatment with MeIQx alone
increased gpt and Spi~ mutant frequencies, and cotreatment
with FL, but not with PB, further exacerbated these effects,
despite the lack of in vivo genotoxicity in mice treated with
FL alone. FL caused an increase in Cypla2 mRNA levels
and a decrease in Ugtlbl mRNA levels, suggesting that the
enhancing effects of FL. may be due in part to modification
of MelQx metabolism by FL. Moreover, FL induced an
increase in hepatocyte proliferation accompanied by hepa-
tocellular injury. Increases in the mRNA levels of genes
encoding cytokines derived from Kupffer cells, such as
Il1b and Tnf, and cell cycle-related genes, such as Ccndl
and Ccnel, suggested that FL treatment increases compen-
satory cell proliferation. Thus, the present study clearly

K. Kuroda and A. Kijima contributed equally to this work.

K. Kuroda - A. Kijima - Y. Ishii - S. Takasu - M. Jin -

K. Matsushita - T. Umemura (&)

Division of Pathology, National Institute of Health Sciences,
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan
e-mail: umemura@nihs.go.jp

Y. Kodama
Division of Toxicology, National Institute of Health Sciences,
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

demonstrated the combined effects of 2 different types of
carcinogens known as contaminants in foods.

Keywords MelQx - Flumequine - In vivo mutagenicity -
gpt delta mouse - Combined effects

Introduction

A variety of carcinogens are produced in foods or have
been found to accidentally contaminate foods. Many stud-
ies have reported the toxicities of individual carcinogens.
Although some carcinogens are known to cause either
synergistic or antagonistic effects (Takayama et al. 1989;
Hasegawa et al. 1991), the effects of many combinations
of carcinogens have not yet been ‘determined. 2-Amino-
3,8-dimethylimidazo{4,5-flquinoxaline (MelQx) is a het-
erocyclic amine produced in cooked meat and has been
shown to induce tumors in the liver, Zymbal glands, clito-
ral glands, and skin in rats and in the liver, lungs, hemat-
opoietic system, and colon in mice (Ohgaki et al. 1987;
Sugimura et al. 2004; Nishikawa et al. 2005). The in vitro
genotoxicity of MelQx has been demonstrated, and MelQx
has also been shown to exhibit in vivo mutagenicity in the
livers of transgenic mice (Itoh et al. 2000; Masumura et al.
2003). Recently, we reported that the in' vivo mutagenicity
of MelQx in the liver was enhanced by cotreatment with
carbon tetrachloride (CCl,) in gpt delta mice (Okamura
et al. 2010). These data suggested that the genotoxicity of
carcinogens could be enhanced by injury or inflammation
in the target organs.

Flumequine (FL) is a fluoroquinolone compound with
antimicrobial activity against gram-negative organisms
and has been used in the treatment of enteric infections in
domestic animals and livestock (Greenwood 1998); FL is
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thought to persist in food products made from such live-
stock (Choma et al. 1999). FL induces hepatotoxicity, char-
acterized by hepatocyte vacuolation and inflammatory cell
infiltration, in both rats and mice and induces liver tumors
in mice (JECFA 1998; Pronk 2004). Based on the negative
results of genotoxicity tests, JECFA concluded that FL is
a nongenotoxic hepatocarcinogen and that hepatocellular
necrosis-regeneration cycles caused by hepatotoxicity are
mechanistically relevant to its induction of liver tumors in
mice (JECFA 2004). FL and MelQx, both of which possi-
bly exist in foods, could be ingested by humans on a long-
term basis. Moreover, given that FL exhibits hepatotoxicity
similar to CCl,, FL indeed may exert additional effects on
the genotoxicity of MelQx.

Therefore, in the present study, we investigated the
effects of FL on the in vivo mutagenicity of MelQx in
the mouse liver. gpt delta mice were given MelQx and
FL for 13 weeks. To clarify the relationship between
changes in reporter gene mutations and molecular mech-
anisms, mouse livers were used for histopathological
examination, bromodeoxyuridine (BrdU) immunostain-
ing, and analysis of reporter gene mutations (gpt and
Spi~ assays) as well as comprehensive gene expression
analysis by ¢cDNA microarray. In addition, cotreatment
with phenobarbital (PB), a nonhepatotoxic tumor pro-
moter for hepatocarcinogenesis, was examined as a com-
parative control.

Materials and methods
Chemicals

FL, a white crystallized powder (purity: 99.3 %), was
kindly provided by Kyowa Hakko Kogyo Co., Ltd. (Tokyo,

Fig. 1 Body weight and food (g)

consumption for B6C3F, gpt 40 Body weight
delta mice treated with MelQx, —0~— Control

FL, PB, MelQx + FL, or —@— MelQx

MelQX + PB for 13 weeks. :;::‘:’};

* **Sjonificantly different from Isro_, MelOx 4 L

control group at p < 0.05 and B MeIQx + PB

0.01, respectively

30 F

25

Japan). MelQx and PB were purchased from Toronto
Research Chemicals (North York, Canada) and Wako Pure
Chemical Industries, Ltd. (Osaka, Japan), respectively.
BrdU was obtained from Sigma Chemical Co. (St. Louis,
MO, USA).

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 B6C3F, gpt delta mice carry-
ing 80 tandem copies of the transgene lambda EG10 in a
haploid genome were raised by mating C57BL/6 gpt delta
and nontransgenic C3H/He mice (Japan SLC, Inc., Shi-
zuoka, Japan). Thirty male B6C3F; gpt delta mice were
randomized by weight into 6 groups. Animals were housed
in a room with a barrier system and maintained under the
following constant conditions: temperature of 24 + 1 °C,
relative humidity of 55 &+ 5 %, ventilation frequency of
18 times/h, and a 12-h light/dark cycle. The animals were
housed in plastic cages (5 mice/cage) on soft chips (Sankyo
Labo-Service, Tokyo, Japan). Throughout the experimen-
tal period, chips were renewed every 3 or 4 days, and mice
were provided tap water ad libitum.

Starting at 6 weeks of age, gpt delta transgenic mice
were fed a diet containing 0.03 % MelQx, 0.4 % FL,
0.05 % PB, 0.03 % MelQx and 0.4 % FL, or 0.03 %
MelQx and 0.05 % PB for 13 weeks. Animals in the con-
trol group received the basal diet only. General signs were
observed daily, and body weight and food consumption
per cage were measured once a week. After 13 weeks, all

mice were killed, and a part of the left lateral lobe of the

liver was stored at —80 °C for in vivo mutation assays and
cDNA microarray analysis. At autopsy, the body and liver
weights were measured.

3 Food consumption

20 o

Weeks
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Table 1 Final body and liver weights in B6C3F,; gpt delta mice
treated with MelQx, FL, PB, MelQx + FL, or MelQx + PB for
13 weeks

Group Final body Liver weight
weight () .
Absolute (g) Relative

‘ (g/100 g BW)
Control 3274+39° . 140+£015 42934023
MelQx 354+44 1.63 £0.21 4.63 £ 0.40
FL 31.1£17 1.60 £ 0.15 5.13 £ 0.23%*
PB 324+£29 1.57 £0.07 4.88 +0.30
MelQx + FL 26.4 £2.1* 133 £0.10 5.02 £ 0.15*
MelQx + PB 31.7+£22 1.64 £0.16 5.20 4 0.47**

# #* Sionificantly different from control group at p < 0.05, 0.01,
respectively

? Mean + SD

Quantification of hepatocyte proliferation

In order to examine the proliferative activity of hepato-
cytes, all animals were given BrdU (100 mg/kg) by intra-
peritoneal (i.p.) injection once a day for the final 2 days
before killing and once on the day of killing at 2 h before
being euthanatized at autopsy. For immunohistochemical
staining of BrdU, after activation of the antigen by auto-
claving, tissue sections were treated with rat anti-BrdU
(AbD Serotec Inc., NC, USA) diluted by Dako Antibody
Diluent (Dako, Glostrup, Denmark), followed by incuba-
tion with a high polymer stain (HISTOFINE Simple Stain,
NICHIREI, Japan). At least 2,000 hepatocytes in each liver

6+
ok,

BrdU-LIs (%)
w

Control MelQx PB MelQx+FL MelIQx +PB

Fig. 3 BrdU-LIs for hepatocytes from B6C3F, gptdelta mice treated
with MelQx, FL, PB, MelQx + FL, or MelQx + PB for 13 weeks.
Values are the mean = SD of data for 5 mice. ** ™ Significantly dif-
ferent from control and MelQx groups, respectively, at p < 0.01

were counted, and labeling indices (LIs) were calculated as
the percentage of cells positive for BrdU incorporation.

In vivo mutation assays

The 6-TG and Spi~ (insensitive P2 interference) selec-
tions were carried out as previously described (Nohmi et al.
1996, 2000). Briefly, genomic DNA was extracted from
the liver tissue, and lambda EG10 DNA (48 kb) was res-
cued as the lambda phage through in vitro packaging. For
6-TG selection, the packaged phage was incubated with
Escheichia coli YG6020, expressing Cre recombinase, and
converted to a plasmid carrying gpt and chloramphenicol

Fig. 2 Histopathological features in the livers of B6C3F, gpt delta
mice treated with MelQx, FL, PB, MelQx + FL, or MelQx + PB
for 13 weeks. Note that no obvious alterations (MelQx group),

centrilobular hypertrophy of hepatocytes with vacuolation (FL and
MelIQx + FL groups), or centrilobular hypertrophy of hepatocytes
(PB and MelQx + PB groups) are evident. Bar represents 200 pm
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Table 2 gpt mutant frequencies Grou ; R ; R R '
- . p Animal  Cm® colonies 6-TG" and Cm’ Mutant frequenc Mean £ SD
(MFs) in the livers of B6C3F, no. (x10%) colonies (x1075) aueney
gpt delta mice treated with
MelQx, FL, PB, MelQx + FL, Control 1 267 4 0.15 0.20 +0.12
or MelQx + PB for 13 weeks » 125 3 0.24
3 26.7 2 0.07
4 1.7 0 0.00°
3 262 9 0.34
MelQx? 6 0.7 3 433 547 +2.03
7 32 18 5.56
8 35 10 2.85
9 2.3 19 8.18
10 3.1 20 6.44
FL 11 25.6 7 027 029 £0.15
12 20.2 8 0.40
13 20.4 10 0.49
14 224 4 0.18
15 79 1 0.13
** Significantly different from  pp 16 26.6 4 0.15 024 +0.12
control group at p < 0.01 - ) ’ '
£ i . 17 172 7 0.41
Significantly different from
the MeIQx group at p < 0.05 18 239 7 0.29
# For mice treated with MelQx 19? 18.5 2 0.11
alone and for cotreatment 20~ 224 5 0.22
groups, gpt mutants were MelQx + FL? 21 3.0 21 7.11 11.92 £ 6.26%+#
analyzed only on one selected : 20 34 37 10.93
plate whose colony numbers ) :
were closest to the average 23 5.1 28 5.51
number of 5 plates, and MFs 24 1.9 29 15.06
were calculated using the 25 1.0 20 20.96
packaging efficiency values
(Cuo® colonies) divided by 5 MelQx + PB* 26 57 5 0.88 2.57 £2.60
® Data of animal No. 4 were 27 3.2 7 217
excluded for the calculation 28 53 7 1.32
of the MF because of the poor 29 23 3 1.33
packaging efficiency of the 30 13 9 714
transgene : :

acetyltransferase. Infected cells were mixed with molten
soft agar and poured onto agar plates containing chloram-
phenicol and 6-TG. In order to determine the total num-
ber of rescued plasmids, infected cells were also poured
on plates containing chloramphenicol without 6-TG. The
plates were incubated at 37 °C for the selection of 6-TG-
resistant colonies, and the gpt mutant frequency (MF) was
calculated by dividing the number of gpt mutants after
clonal correction by the number of rescued phages. To char-
acterize gpt mutations, a 739-bp DNA fragment containing
the 456-bp coding region of the gpr gene was amplified by
PCR as previously described, and the PCR products were
analyzed with an Applied Biosystems 3,730 x 1 DNA Ana-
Iyzer (Applied Biosystems Japan Ltd.). For the group of
mice treated with MeIQx alone and for cotreatment groups,
gpt mutants were analyzed only on one selected plate based
on the assumption that the colony number on the selected
plate was closest to the average number of 5 plates, and

@ Springer

MFs were calculated by the packaging efficiency value
(Cm® colonies) divided by 5.

For 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. The
next day, plaques (Spi~ candidates) were punched out with
sterilized glass pipettes, and the resulting agar plugs were
suspended in SM buffer. In order to confirm the Spi™ phe-
notype of candidates, the suspensions were spotted on 3
types of plates containing XI.-1 Blue MRA, XI.-1 Blue
MRA P2, or WL95 P2 strains and were spread with soft
agar. The numbers of mutants that made clear plaques on
each plate were counted as confirmed Spi~ mutants. The
Spi~ MF was calculated by dividing the number of Spi™
mutants by the number of rescued phages. For the group
of mice treated with MelQx alone and for the cotreat-
ment groups, confirmation of Spi~ phenotype candidates
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Table 3 Mutation spectra of gpt mutant colonies in the livers of B6C3F; gpt delta mice treated with MelQx, FL, PB, MelQx + FL, or MelQx + PB for 13 weeks

Mutation Control MelQx FL PB MelQx + FL MelQx + PB
Number Specific Number Specific Number  Specific Number  Specific Number  Specific Number Specific
(%) mutation (%) mutation (%) mutation (%) mutation (%) mutation (%) mutation
frequency frequency frequency frequency frequency frequency
(x107%) (x107%) (x107%) (x107%) (x107%) (x107%)
Transversions
GC-TA 42(222)  003+£0.05" 36(51.4) 2854077 6(200) 005+£005 6240 0.05+0.06 74 (54.8) 690 £436%*F  16(51.6) 121+1.15
GC-CG 0 0 2(2.9) 0.15+£0.21 1(3.3) 0.01£0.02 1(4.0) 0.01£0.02 215 0.14 +0.23 13.2) 0.04 £ 0.08
AT-TA 1(5.6) 0.01 £0.02 3 (4.3) 0.19 £0.28 0 0 0 0 537 0.48 £ 0.34* 0 0
AT-CG 0 0 1(1.4) 0.06 +0.14 2(6.7) 002+£003 0 0 0 0 0 0
Transisions
GC-AT 9 (50.0) 0.08 +0.05 229) 0.35 £ 0.63 9(30.0) 0.10+£0.06 13(52.0) 0.13+£0.11 11(8.1) 0.77+0.83 7 (22.6) 0.67 £0.98
AT-GC 0 0 0 0 3(10.0) 0.03£0.03 3(12.0) 0.03+0.03 4] 0 0 0
Deletion
Single bp 3 (16.7) 0.04 £0.07 22(314) 155+£1.24 6(200) 0064006 2@R.0) 0.02 +0.03 37(274) 314136  5(16.1) 0.50 4 0.63
Over 2 bp 0 0 1(1.4) 0.09 £ 0.19 2(6.7) 002+£003 0 0 1(0.7) 0.21 £0.47 0 0
Insertion 0 0 229 0.15+0.21 1(3.3) 001£002 0 0 2(1.5) 0.12 £0.26 1(3.2) 0.06 +0.14
Complex 1(5.6) 0.01 £0.02 1(1.4) 0.09+0.19 0 0 0 0 3(2.2) 0.16 +£0.26 1(3.2) 0.09 £ 0.20

* % Sionificantly different from control group at p < 0.05 and 0.01, respectively

# Significantly different from the MeIQx group at p < 0.05

® Number of colonies with independent mutations

b Mean =+ SD

6191-6091:L8 (E10T) 109IX0L, YOIy

€191
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Table 4 Spi™ mutant G Animal Pl Lo
_ frequencies (MFs) in the livers roup no ma Xzflf ;’;ﬁvelthm VP‘,];E?:S If\r/lutant Mean £ SD
of B6C3F, gpt delta mice : MEA (x109) WLOS (P2 e?g?‘s‘cy
treated with MeIQx, FL, PB, (P2 (x107)
Melgx + iL or MelQx + PB Control 1 34.6 8 023 0.15 % 0.07
for 13 weeks 2 149 1 0.07
3 494 8 0.16
4 6.0 2 0.33
5 21.1 3 0.14
MelIQx*? 6 32 4 1.27 3.53 £1.97*
7 5.7 12 2.12
8 73 24 3.28
9 9.6 58 6.07
10 12.0 59 491
FL 11 39.8 6 0.15 0.17 £ 0.03
12 25.6 5 0.20
13 313 5 0.16
14 414 6 0.14
15 202 4 0.20
PB 16 46.6 7 0.15 0.20 £+ 0.09
17 45.7 8 0.17
18 304 4 0.13
19 17.3 6 0.35
* ** Sjgnificantly different 20 32.9 7 021
from the control group at a ot
1 < 0.05 and 0.01, respectively MelQx + FL 21 49 27 548 7.66 % 3.02
* Significantly different from 22 35 30 549
the MeIQx group at p < 0.05 23 8.0 43 5.40
* For mice treated with MeIQx 24 6.5 70 10.80
alone and for cotreatment 25 4.0 44 11.11
groups, confirmation of Spi~ MelQx + PB? 26 72 3 0.42 1.72 4+ 1.74
phenotype candidates was 27 57 4 0
performed only on the first of 2 : 1
plates, and MFs were calculated 28 8.3 7 0.84
using the packaging efficiency 29 6.0 12 1.99
values (plaques within XI.-1 30 3.0 14 4.64

was performed only on the first of 2 plates, and MFs were
calculated using the packaging efficiency value (plaques
within XT.-1 Blue MRA) divided by 2.

RNA isolation

The livers from all animals were soaked overnight in
RNAlater-ICE (Applied Biosystems/Ambion, Austin, TX)
at —20 °C, and total RNA was then isolated using RNe-
asy Mini Kits (Qiagen GmbH, Hilden, Germany). The con-
centration and quality of total RNA were analyzed using
a UV-VIS spectrophotometer (Nanodrop ND-1000, Nan-
oDrop Technologies, Wilmington, DE, USA) and an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA).

@ Springer

cDNA microarray

In 3 mice from the control, MelQx, and MeIQx + FL
groups, purified total RNA was labeled with cyanine-3
dye using a Quick Amp Labeling Kit (Agilent Technolo-
gies). RNA concentration, dye incorporation, and quality
were analyzed using a UV-VIS spectrophotometer and
an Agilent 2100 Bioanalyzer. Fluorescently labeled cRNA
was hybridized to Agilent 4 x 44 K whole mouse genome
microarray gene expression chips following the manufac-
turer’s protocol (Agilent Technologies). Hybridized micro-
array chips were then scanned using an Agilent Microarray
Scanner (Model G2565BA, Agilent Technologies). Feature
Extraction software (Agilent Technologies) was employed
for imaging analysis and data extraction processes. Using
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331;;:5@ ?:;‘ﬁ:;‘:;ﬁ;;f&z‘t - Genesymbol  Gene name Fold change GO categarize
were up- or downregulated by Ccna2 Cyclin A2 3.7 Cell cycle
gzg;;zl;?;g; t;h;i?rs of Cenbl Cyclin Bl 12.7 Cell cycle
Ccnb2 Cyclin B2 4.0 Cell cycle
Cendl Cyclin D1 3.1 Cell cycle
Cdkl Cyclin-dependent kinase 1 8.6 Cell cycle
Chekl Checkpoint kinase 1 homolog 32 Cell cycle, DNA damage
(S. pombe)
Fos FBJ osteosarcoma oncogene 8.0 Cell proliferation
Jun Jun oncogene 4.1 Cell proliferation, Apoptosis
Tnf Tumor necrosis factor 4.4 Cell proliferation, Apopto-
sis, Immune system
Exol Exonuclease 1 6.7 DNA repair
Rad18 RAD18 homolog (S. cerevisiae) 2.4 DNA repair
Rad51 RADS51 homolog (S. cerevisiae) 54 DNA repair
Cyplal Cytochrome P450, family 1, subfamily 235 Drug metabolism
a, polypeptide 1
Cyp2b10 Cytochrome P450, family 2, subfamily 6.2 Drug metabolism
b, polypeptide 10
Ccl2 Chemokine (C-C motif) ligand 2 19.6 Immune system
Ccl3 Chemokine (C-C motif) ligand 3 9.3 Immune system
Ccl4 Chemokine (C—C motif) ligand 4 7.6 Immune system
Ccl7 Chemokine (C-C motif) ligand 7 10.2 Immune system
Cer2 Chemokine (C-C motif) receptor 2 3.7 Immune system
Cer7 Chemokine (C—C motif) receptor 7 3.7 Immune system
Ii1b Interleukin 1 beta 2.8 Immune system
11118 Interleukin 1 family, member 8 -3.7 Immune system
Nfkb2 Nuclear factor of kappa light polypep- 1.8 Immune system
Listed genes were extracted tide gene enhancer in B-cells 2, p49/
under the cutoff condition of p100
p <0.05 and exhibiting at least Ugt2bl UDP glucuronosyliransferase 2 family, — —2.5 Drug metabolism
1.5-fold change in expression polypeptide B1
when comparing the MeIQx : : _ ;
gggg with the MelOx -+ FL Cyp7bl Cyb’f(;:gry;nelg t;465?, family 7, subfamily 3.1 Drug metabolism
(=3

the analysis software GeneSpring (Agilent Technologies),
normalization of gene expression data and filtering probe
sets by expression levels, flags, and errors were performed.
Differences in gene expression between the MelQx group
and the MelQx + FL group were analyzed by analysis
of variance (¢ test; cutoff value: p < 0.05; multiple test-
ing corrections: Benjamini-Hochburg false discovery rate
[FDRY]). Extracted genes were analyzed by a gene ontology
approach using GeneSpring software.

Quantitative real-time PCR for mRNA expression

In all animals, cDNA copies of total RNA were obtained
using a High Capacity cDNA Reverse Transcription kit
(Applied Biosystems Japan Ltd.). PCR was performed on
an Applied Biosystems 7900HT FAST Real-Time PCR

System (Applied Biosystems) with TagMan Gene Expres-
sion Assays (Applied Biosystems) and TagMan Rodent
GAPDH control reagents (Applied Biosystems). The
primers for assayed genes in TagMan Gene Expression
Assays (Applied Biosystems) were used. Expression lev-
els of target genes were calculated by the relative standard
curve method. GAPDH levels were used as an endogenous
control, and data were presented as fold-change values of
treated samples relative to controls.

Statistical analysis
The significance of differences for body and liver weights,
in vivo mutation assays, and real-time PCR analyses were

evaluated using Turkey’s multicomparison test. A p value
of less than 0.05 was considered significant.
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