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Summary

‘Thiabendazole (I'BZ), a post-harvest fungicide commonly used on imported citrus fruits, exhibit-
ed photo-mutagenicity following UVA-irradiation (320-400 nm) in Trp’ reverse mutation assay
using Escherichia coli WP2uvrA/pKM101 strain. The photo-mutagenicity was not observed in the
presence of 59 mix, a rat liver homogenate microsorne fraction with co-factors for metabolic activa
tion. We found that NADH and NADPH used as co-factor in the 59 mix efficiently suppressed the
photo-mutagenicity of TBZ. This evidence strongly suggested that non-mutagenicity in the presence
of 59 mix was not due to the metabolic detoxification of TBZ or the scavenging of UVA-activated
TBZ by macromolecules in the 59 mix. Rather quenching effect of NADH and NADPH (Amax =338
nm) may be more responsible for suppression of UVA-activation of TBZ, because oxidized forms of
NAD" and NADP" did not show inhibitory effects. Mutagenicity of the UVA-rradiated photo-muta-
gens such as angelicin and chlorpromazine was also suppressed by the addition of NADH or
NADPH. Our present results suggest the possible underestimation in risk evaluation for photo-

mutagenic compeunds when they are assayed in the presence of $9 mix.
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Introduction

Benzimidazole fungicides such as thiabendazole (TBZ)
and benomyl are widely used because of their non-toxicity
to higher plants. TBZ is approved in Japan as a post-har-
vest fungicide for imported citrus fruits during transport
and storage. Although TBZ is reported to be cytotoxic to
the spindle apparatus and mitosis in mammalian cells
(Styles and Garner, 1974; Mudry de Pargament et al.,
1987; Parry and Sors, 1993), it is not mutagenic in bacteri-
al reverse mutation tests with or without metabolic activa-
tion (Cancer Assessment Document, EPA, 2000). We
recently reported that TBZ shows potent mutagenicity fol-
lowing UVA-irradiation (320—400 nm) for 10 min at 250
#W/cm?® and that Trp' reverse mutations in Escherichia
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coli WP2uyrA/pKM101 strain is more sensitive than His'
reverse mutations in Salmonella typhimurium strains
TA100 and TA98 (Watanabe-Akanuma et al., 2003). The
predominant mutations induced by UVA-activated TBZ
were G:C— AT transitions and A'T— T:A transversions.
Since pre-irradiated TBZ solution just before adding bacte-
rial cells did not show any mutagenicity, it seems likely
that the photo-mutagenic TBZ products are unstable
and/or rapidly react with other molecules before being
incorporated into the cells (Watanabe-Akanuma et al.,
2003). The photo-mutagenicity of TBZ in the E. cols strain
was also observed with a fluorescent lamp, probably due
to a low dose of UVA form the lamp (unpublished obser-
vation). For further investigation of the photo-mutagenic
activation of TBZ by UVA-rradiation, we have conducted
a screening assay to find effective inhibitors. As far as test-
ed, several scavengers for reactive oxygen species such as
ethanol, dimethyl sulfoxide, mannitol, histidine, ascorbic
acid, epigallocatechin did not show apparent inhibitory
effects (unpublished observation). On the other hand, the
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photo-mutagenic activation of TBZ was not observed in
the presence of exogenous metabolic activation system
(S9 mix) in our preliminary study. We, therefore, tested
the possible suppressing effect of macromolecules like
DNA, proteins, and enzymes as well as S9 fraction (rat
liver microsome fraction) in this study. We report here
that photo-mutagenicity of TBZ was completely abolished
by the addition of NADH and NADPH which were com-
monly used as co-factors to prepare the $9 mix, but not by
the S9 fraction or other co-factor components, suggesting
a mechanism other than metabolic detoxification of TBZ.

Materials and Methods

Bacterial strain, media, and chemicals

E. coli strain WP2uvrA/pKM101 (t7pE65, uvrAl55,
malB15, lo#-11, sulAT) was used for Trp" reverse muta-
tion assay. Bacteria were cultured in Oxoid nutrient broth
No. 2 at 37°C. Minimal glucose agar plates, and top agar
for the Trp’ reversion assay were described previously
(Watanabe-Akanuma et al., 2003). 59 mix consisted of
10% rat liver homogenate S9 fraction, 4 mM NADH, 4
mM NADPH, 5 mM glucose-6-phosphate (G-6-P), 33 mM
KCl, 8 mM MgCl,, 100 mM sodium phosphate buffer (pH
7.4), according to the Guideline for Screening Toxicity
Testing in Chemicals, Japan (1997).

Thiabendazole [TBZ, 2-(thiazol-4-yl)benzimidazole,
CAS ReQistry number 148-79-8, (chemical structure in Fig.
1)1, chlorpromazine hydrochloride [CAS No. 69-09-0,
(chemical structure in Fig. 3 right)], dimethyl sulfoxide
(DMSO0), L-cysteine, pyridoxal hydrochloride, bovine
serum albumin (BSA) and salmon sperm DNA were pur-
chased from Wako Pure Chemical Industries, Japan. 8-
NADH and $NADPH (reduced forms), g-NAD" and £
NADH' (oxidized forms), G-6-P, S9 fraction, and co-factors
mix solution were purchased from Oriental Yeast Co.,
Japan. Angelicin [CAS No. 523-50-2, (chemical structure in
Fig. 3 lef)], glutathione (reduced forms), and superoxide
dismutase (SOD) from bovine erythrocytes were pur-
chased from Sigma-Aldrich Co. MO, USA. Catalase from
beef liver was purchased from Roche Diagnostics Co., IN,
USA. UV absorption spectra from 280-400 nm of NADH,
NADPH, and TBZ were measured using a U-2000A spec-
trophotometer (Hitachi Ltd., Japan).

UVA-irradiation

A black-light fluorescent lamp (National Black Light
Blue, FL15B1-B, 15W, Matsushita Electric Industrial Co.,
Japan) that emitted wavelengths of 300—400 nm was used
as the UVA source. To filter out UVB wavelengths below
320 nm, which are weakly mutagenic to the tester strain, a
5-mm thick soft glass plate was used. UVA was irradiated
from a distance of 22 cm at 250 yW/cmz(UVX Radio-
meter, Model UVX-36, Ultra-Violet Products, Upland, CA,
USA) for 10 min on a 24-well multiplate with lid.

Mutagenicity assay

Bacteria were grown overnight in nutrient broth to a
density of 1-3%10° cells/mL. A 0.1 mL aliquot of over-
night culture was added to each well of a 24-well multi-
plate containing 0.5 mL of either S9 mix or 100 mM sodi-
um phosphate buffer (pH 7.4). TBZ solution (2.5-20 ul)
dissolved in DMSO at a concentration of 10 mg/mL was
added at doses of 25200 ug, and mixed well by pipetting.
There was no precipitation of TBZ. The mixture was irra-
diated by UVA for 10 min at room temperature. Photo-
mutagens, angelicin (Venturini et al., 1980; 1981) and
chlorpromazine (Ciulla et al., 1986; Oppenlidnder, 1988:
Gocke, 1996) dissolved in DMSO and sterile water respec-
tively, were also used. In other experiments, one of the
following compounds was added to the well containing
phosphate buffer, TBZ, and bacteria: 1-100 ug of DNA,
BSA, catalase, and SOD (10 pL of 0.1-10 mg/mL solu-
tions), 1-50 uL of S9 fraction, 0.1-3 umol NADH,
NADPH, NAD', and NADP'(10 uL of 10-300 umol/mL
solutions). After the mixtures were irradiated by UVA for
10 min, they were transferred to 2 mL of molten top agar
in a test tube kept at 46°C, and immediately poured onto a
minimal glucose agar plate. Plates were incubated for 2
days at 37°C and the number of Trp* revertant colonies
was counted. Experiments were conducted with duplicate
plates for each dose and triplicate plates for the control.
Data presented in the figures are the averages of duplicate
or triplicate plates.

Results

Suppressing effect of macromolecules such as proteins
and DNA in the irradiation mixture on photo-mutagenicity
of TBZ was first investigated. At a dose of 150 ug (0.75
pmol) TBZ, UVA-irradiation for 10 min caused about 7-
fold increase in the number of Trp® revertants of
WP2uvrA/pKM101 over the corresponding control plates,
while neither TBZ nor UVA alone was mutagenic (Table
1). Addition of sermon sperm DNA, BSA, reactive oxygen
eliminating enzymes (SOD and catalase) up to a dose of
100 ug did not cause any suppressing effects. On the
other hand, photo-mutagenicity of TBZ was largely
reduced in the presence of S9 mix, but not 59 fraction
alone (Table 1), suggesting either that the UVA-activated
TBZ easily reacted with compounds in the S9 mix before
entering the cells, or that the metabolites of TBZ were no
longer photo-mutagenic. Further investigations, however,
revealed that the photo-mutagenicity of TBZ was com-
pletely inhibited by the addition of 0.5 mL of co-factors
solution alone as shown in Fig. 1. The results implied that
the lack of photo-mutagenicity of TBZ in the presence of
S9 mix was not due to simple metabolic detoxification of
TBZ. Among the ingredients (G-6-P, NADH, NADPH,
KCl, and MgCl,) of co-factors, NADH and NADPH were
found to be responsible for the suppressing effects. As
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Table 1 Effect of macromolecules on the photo-mutagenicity of TBZ with UVA-irradiation

Compound TBZ UVA Trp'/plate Induced Relative
(Dose) (ug) (min) (mean) Trp'/plate  mutagenicity
(%)
— 0 0 102 — —
— 150 0 100 0 —
— 0 10 103 ) 1 —
(control) ' 150 10 684 582 100
DNA (0.1 mg) 150 10 694 592 101.7
BSA (0.1 mg) 150 10 685 583 100.2
Catalase (0.1 mg) 150 10 712 610 104.8
SOD (0.1 mg) 150 10 677 575 98.8
S9 (0.05 mL) 150 10 728 626 107.6
S9 mix (0.5 mL) 150 10 149 47 8.1
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Fig. 1 Effect of S9 mix and cofactors on photo-mutagenicity of TBZ.
UVA was irradiated for 10 min. O, control (buffer); [J, S9 frac-
tion (50 uL/well); @, S9 mix (0.5 mL/well); &, cofactors solu-

tion (0.5 mL/well)

Fig. 2 shows, equimolar NADH or NADPH suppressed
the photo-mutagenicity of TBZ at a dose of 0.75 umol, but
oxidized forms of NAD" or NADP* were not. At a dose of
3 umol NAD*(NADP", slight decrease in the number of
Trp' revertants induced by TBZ with UVA was observed.
Since the reducing agents such as cysteine and glu-
tathione did not inhibit the photo-mutagenicity of TBZ
(data not shown), it was considered that the reducing
potential of the compounds was not related to the inhibito-
ry effects. It is known that NADH and NADPH have an
absorption peak of 338 nm (£=6,200), while TBZ has a
peak of 302 nm (£=24,530). Around 320-330 nm, which is
considered to be the wavelength responsible for the UVA-
activation of TBZ, NADH and NADPH but not NAD' and
NADP* showed high absorbance (data not shown). Thus,
it is suggested that NADH and NADPH might be quench-
ing UVA irradiation, and suppressed photo-mutagenicity

of TBZ. The possibility that NADH and NADPH might
interfere with UVA absorption by TBZ might be support-
ed by an observation that an addition of pyridoxal
(Amax=318 nm, £=8,200) at 0.75-3 umol showed similar
inhibitory effect on photo-mutagenicity of TBZ, as did
NADH (data not shown).

We carried out further experiments with other photo-
mutagenic agents, angelicin (UV absorption peak around
300 nm) and chlorpromazine (UV absorption peak around
255 and 305 nm). As shown in Fig. 3, the photo-muta-
genicity of these compounds as well as TBZ was also sup-
pressed in the presence of 0.1-1.6 pumol NADH in a dose-
dependent manner. Similar inhibition of photo-mutagenic-
ity was observed by adding NADPH, but not by NAD" or
NADP*(data not shewn). Thus, the use of NADH and
NADPH as components of 59 mix is likely to inhibit UVA-
activated photo-genotoxicity. In standard in vitro genotoxi-
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Fig. 2 Inhibitory effect of NADH and NADPH on photo-mutagenicity
of TBZ. NAD' (&), NADP * (), NADH (&), or NADPH (L))
was added to the mixture of bacteria and TBZ (0.75 wpmol/
well) in 0.5 mL phosphate buffer and then the mixture was irra-
diated for 10 min. @, control without TBZ
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Fig. 3 Inhibition of photo-mutagenicity of TBZ, chlorpromazine, and
angelicin by NADH. UVA was irradiated for 10 min. O, TBZ
(100 pg/well); A, angelicin (1 pg/well); [, chlorpromazine

(10 ug/well); @, control

city tests, 0.5 mL of S9 mix is incorporated into the assay
system. This amount of S9 mix contains 2 umol each of
NADH and NADPH and that is enough for complete inhi-
bition of TBZ photo-mutagenicity. On the other hand, S9
mix supplemented with NAD" and NADP” instead of
NADH and NADPH was generally used in in vitro geno-
toxicity tests in USA (Ames et al.,, 1975; Maron and Ames,
1983). Therefore, we compared the effect of $9 mix con-
taining NAD" and NADP® with the effects of S9 mix con-
taining NADPH and NADH on photo-mutagenicity of

10

TBZ. UVA-induced photo-mutagenicity of TBZ was
observed in the presence of NAD*/NADP"based S9 mix,
but not in NADH/NADPH-based 59 mix (Fig. 4). The
slight decrease in photo-mutagenicity in the presence of
NAD*/NADP"-based 59 mix compared with the phos-
phate buffer control may have been caused in part by the
intracellular reduction of NAD*(NADP®) to NADH
(NADPH) during the irradiation of 10 min or by metaboli-
cally detoxification of TBZ.
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Figg, 4 Photo-mutagenicity of TBZ in the presence of S9 mix. UVA

was irradiated for 10 min. O, control (buffer);

/NADP™-based S9 mix, &, NADH/NADPH-based $9 mix

Discussion

Several biological systems for detecting photo-muta-
genic compounds have been described {Gocke et al.,
2000; Marrot et al., 2001). Averbeck et al.(1993) reported
that 1,6-dioxapyrene was strongly photo-mutagenic to S.
typhimurium TA100 in the absence of S9 mix but less so
in its presence. They assumed that 1,6-dioxapyrene was
metabolically deactivated by S9 mix. It has been reported
that all of the photo-mutagenic compounds were detected
in the absence of 89 mix and their mutagenicity was gen-
erally disappeared or decreased in its presence (De Flora
et al., 1989; Gocke et al., 2000), probably due to metabolic
detoxification or, in another case, scavenging reactive oxy-
gen radicals generated by UVAdrradiation by proteins in
the S9 mix. Since no compounds that show clear photo-
genotoxic activity only when irradiated in the presence of
S9 mix have been reported, the effects of $9 mix on photo-
mutagens have not been fully examined. Under these cir-
cumstances, the Scientific Committee for Cosmetology
(88C) guideline on photo-genotoxicity testing in vitro has
not included the use of an exogenous metabolic activation
system (S9 mix), because there was no appropriate posi-
tive control compound (Loprieno, 1991).

TBZ also showed photo-mutagenicity following UVA-
irradiation in the absence of S9 mix but not in the pres-
ence of S9 mix. In our present study, NADH and NADPH
were shown to inhibit photo-mutagenicity of angelicin and
chlorpromazine as well as TBZ. On the other hand, oxi-
dized forms of NAD" and NADP" did not irhibit photo-
mutagenicity. Neither catalase nor SOD, reactive oxygen
eliminating enzymes, suppressed the photo-mutagenicity
of TBZ. We, therefore, suppose that NADH and NADPH

interfere with UVA absorption by TBZ and suppress
photo-mutagenicity. For the interpretation of decreased
photo-mutagenicity in the presence of S9 mix, we should
consider the third possibility of quenching effects by
NADH (NADPH) in addition to the metabolic detoxifica-
tion of photo-mutagens and scavenging of oxygen radi-
cals. In genotoxicity assays in vitro, either NADH/
NADPH-based S9 mix or NAD"/NADP-based S9 mix are
commonly used. When photo-mutagens are being investi-
gated in the presence of an exogenous metabolic activa-
tion system, the effect of UVA-absorbing compounds such
as NADH and NADPH must be considered, and it seems
that the use of NAD"/NADP"-based S9 mix would be bet-
ter for photo-mutagenicity assays.
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Abstract

Thiabendazole (TBZ) is a post-harvest fungicide commonly used on imported citrus fruits. We recently found that TBZ showed
photomutagenicity with UVA-irradiation in the Ames test using plate incorporation method. In the present study, potential of
DNA-damaging activity, mutagenicity, and clastogenicity were investigated by short pulse treatment for 10min with TBZ
(50400 pg/ml) and UVA-irradiation (320-400nm, 250 pW/cm?) in bacterial and human cells. UVA-irradiated TBZ caused
DNA damage in Escherichia coli and human lymphoblastoid WTK1 cells assayed, respectively, by the umu-test and the single
cell gel elecirophoresis (comet) assay. In a modified Ames test using Salmonella typhimurium and E. coli, strong induction
of —1 frameshift mutations as well as base-substitution mutations were detected. TBZ at 50--100 wg/mi with UVA-irradiation
significantly induced micronuclei in WTKI1 cells in the in vitro cytochalasin-B micronucleus assay. Pulse treatment for 10 min
with TBZ alone did not show any genotoxicity. Although TBZ is a spindle poison that induces aneuploidy, we hypothesize that
the photogenotoxicity of TBZ in the present study was produced by a different mechanism, probably by DNA adduct formation.
We concluded that UVA-activated TBZ is genotoxic in bacterial and human cells in vitro.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Photogenotoxicity; Thiabendazole; UVA; DNA damage; Micronucleus; Gene mutation

1. Introduection are widely used in agriculture. TBZ is also used
as a post-harvest fungicide for imported citrus fruits

Benzimidazole derivative ﬁmgicides such as thi- duj:ing transpgﬁ; and Storageu The compoundg in-
abendazole (TBZ), benomyl, and carbendazim (MBC) hibit fungal microtubular function and thereby cause

non-disjunction of chromosomes at cell division.
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in mouse bone marrow cells, probably through an
aneugenic mechanism (Barale et al, 1993; Sarrif
et al., 1994; Marrazzini et al., 1994). Regarding the
in vitro cytochalasin-B micronucleus/kinetochore as-
say on TBZ, contradictory results were reported,
negative in human lymphocytes (Van Hummelen et
al., 1995) and positive in Chinese hamster Luc2
cells (Lynch and Parry, 1993). Since aneugens af-
fect DNA indirectly, negative results for TBZ in
the Salmonella reverse mutation test (Moriya et
al.,, 1983; Georgieva et al, 1990) seem consis-
tent.

We recently reporied that TBZ shows potent mu-
tagenicity following UVA irradiation (320400 nm)
for 10min at 250 wW/cm? in Escherichia coli strains
and Salmonella typhimurium strains in the standard
plate incorporation assay (Watanabe-Akanuma et al.,
2003). Unlike the ancugenic effects, the photomu-
tagenic effects were not general for the benzimida-
zole derivative fungicides (no photomutagenicity was
detected with benomyl, MBC, benzimidazole, thia-
zole, and phenylbenzimidazole; unpublished obser-
vation). Therefore, a different mechanism, perhaps
direct interaction with DNA, must be involved in
the photomutagenicity of UVA-irradiated TBZ. In
the present study, we used short pulse treatments
with TBZ and UVA to investigate the photogenotoxic
properties of TBZ in bacteria and cultured human
cells.

2. Materials and methods
2.1. Chemicals, media, and cells

Thiabendazole  (2-(4-thiazolyl)-1H-benzimidaz-
ole), dimethyl sulfoxide (DMSO), cytochalasin-B,
streptomycin, and ampicillin were purchased from
Wako Pure Chemical Industries Ltd. (Tokyo, Japan).
TBZ was dissolved in DMSO at a concentration of
10mg/ml or 20mg/ml just before the experiments.
The final concentration of DMSO in cell suspension
during UVA irradiation was 4.5% or less for bacterial
cells and 2% or less for WTK cells. TBZ and DMSO
were removed immediately after UVA-irradiation by
centrifugation of cells.

E. coli strain ZA201/pSK1002 [trpE, uvrA, Alac)
(Kato etal., 1994) was obtained from Dr. K. Matsumoto

(Institute of Environmental Toxicology, Japan) and
used for the umu-test in which expression of the DNA-
damage inducible gene (umuC) was monitored by a
umuC—lacZ fusion gene on the plasmid pSK 1002 (Oda
etal., 1985). Cells were grown in nutrient medium (Ox-
oid, No. 2) supplemented with 25 pg/ml of ampicillin
at 37 °C with shaking. S. typhimurium strains TA100
[hisG46, uvrB, rfa/pKM101], TAS8 [hisD3052, uvrB,
rfalpKM101], TA97 [hisD6610, uvrB, rfa/pKM101],
and TA104 [hisG428, uvrB, rfalpKM101] (Maron
and Ames, 1983; Levin et al., 1984) and E. coli
strain WP2s/pKM101 [irpE6S, uvrd] (Kato et al.,
1994) were used for the reverse mutation assays.
These strains were obtained from Dr. T. Matsushima
(Japan Bioassay Research Center). Bacteria were
cultured in Oxoid nuirient medium at 37°C with
shaking, Minimal glucose agar plate consisted of
Vogel-Bonner E medium supplemented with 2% glu-
cose and 1.5% agar (Maron and Ames, 1983). Top
agar (0.6% agar and 0.5%) contained 0.05mM b-
biotin and 0.05 mM L-histidine for the S. typhimurium
strains or 0.05mM L-tryptophan for the E. coli
strain.

Human lymphoblasioid cell line WTK1 (Levy et
al., 1968; Xia et al., 1995) was used for assessiment of
DNA damage and micronucleus formation. Cells were
provided by Dr. Honma (National Institute of Health
Science, Japan) and maintained in logarithmic growth
in RPMI-1640 medium (Nissui Pharmaceuticals Inc.,
Tokyo, Japan) supplemented with 10% fetal bovine
serum (HyClone Laboratories Inc., Utah, USA),
300 pg/ml L-glutamine, 200 pg/ml sodium pyruvate,
and 200 p.g/ml streptomycin at 37 °C under a 5% CO,
atmosphere. The doubling time was approximately
15h.

2.2. UVA-irradiation

A black-light lamp (FL15BL-B, 15 W, National,
Japan) that emitted wavelengths of 300-400 nm was
used as the light source. To filter out wavelengths be-
low 320nm (UVB), we inserted a S-mm thick soft
glass plate between the culwre dishes and the lamp.
UVA irradiation was delivered at 250 pW/cm? (UVX
Radiometer, Model UVX-36, Ultra-Violet Products,
Upland, CA, USA). Immediately after irradiation, the
cells were centrifuged and resuspended in fresh culture
medium.
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2.3. E. coli umu-test

We used three different treatment protocols. For the
standard irradiation protocol, 0.45 ml bacterial suspen-
sion in phosphate buffer (1-2) x 10 cells/ml) was dis-
pensed into 24-well muliiplates. TBZ solution (50 pl)
was added to a final concentration of 100—900 pg/ml
and then the cells were irradiated with UVA for
515 min at room temperature. The cells were then col-
lected by centrifugation and resuspended in 2.5 ml nu-
trient broth. For the post-irradiation protocol, 0.45 ml
bacterial suspension was mixed with TBZ solution
(50 ul) and incubated for 15 min at 37 °C. The cells
were centrifuged, resuspended in 0.5ml phosphate
buffer, irradiated with UVA for 10 min, and suspended
in 2.5 m! of nutrient broth. For the pre-irradiation pro-
tocol, 50 w1 TBZ solution was added o 4.5 ml phos-
phate buffer and irradiated with UVA for 10 min. The
bacterial suspension (0.5 ml) was added and incubated
for 15 min at 37 °C. Cells were centrifuged and resus-
pended in 2.5 mi nutrient broth. Duplicate cultures were
used for each dose point.

TBZ-ireated cells were cultured for 60 min at 37 °C
with shaking. B-Galactosidase activities were assayed
with ONPG as a substrate by the method described pre-
viously (Ohta et al., 1984). Enzyme activity (units) was
calculated by the formula of Miller (1992). More than
a doubling of enzyme units was judged as a positive
response (Oda et al., 1985), indicating induction of the
DNA-damage inducible gene umuC.

2.4. Reverse mutation iest

A 0.5-ml aliquot of overnight culture ((1-2) x
10° cells/ml) was dispensed to each well of a 24-well
multiplate. TBZ was added at 50400 p.g/ml and the
mixture was UVA irradiated for 10min. Cells were
collected by centrifugation and suspended in 0.5 ml
100 mM sodium phosphate buffer (pH 7.4). A 0.15-
ml aliquot of the irradiated cells was transferred to
2ml of molten top agar in a test tube kept at 46 °C
and immediaiely poured onto a minimal glucose agar
plate. Plates were incubated for 2 days at 37 °C and
the number of His* or Trp* revertant colonies was
counted. Experiments were conducted in triplicate
plates. The Dunnett’s test was used to compare the
counts of each dose with the control (Gatehouse et al.,
1994).

2.5. Alkaline comet assay

For TBZ and UVA treatment, WTK1 cells were
cenirifuged and suspended in saline (approximately
1 x 107 cells/ml). TBZ was added to 2ml aliquot of
the cell suspension and layered in 5cm dishes. The
cells were irradiated with UVA for 10 min at room tem-
perature. The cells were then washed and culiured in
fresh medium. The cells were harvested 1 h, 2h, or4 h
after the irradiation, embedded in 1% GP42 agarose
(Nakalai Tesque, Kyoto, Japan) dissolved in saline, and
layered on a glass slide as described previously (Sasaki
et al., 1997). Slides were placed in a chilled lysing
solution (2.5M NaCl, 100mM NayEDTA, 10mM
Tris—HC], 1% sarkosyl, 10% DMSQO, and 1% Triton
X-100, pH 10) and kept for more than 60 min in the
dark at 0 °C, then in chilled alkaline solution (300 mM
NaOH and 1 mM Nap;EDTA, pH 13) for 20 min in the
dark at 0 °C. Electrophoresis was conducted at 0 °C in
the dark for 20 min at 25 V (0.96 V/cm) and approxi-
mately 250 mA. The slides were then neutralized and
stained with ethidium bromide. The length of the whole
comet was measured for 50 nuclei for each dose with
the aid of a fluorescence microscope (200 x magnifica-
tion) with a green filter. We routinely use “tail length”
to measure DNA damages (Sasaki et al., 1997, 2000;
Tice et al., 2000), because it is a simple and reliable
parameter that can be measured without an image an-
alyzer. The difference beiween the mean of the treated
and control plates was evaluated with the Dunnett’s test
after one-way ANOVA. A p-value less than 0.05 was
considered statistically significant.

2.6. Invitro micronucleus assay

The micronucleus test was performed as described
elsewhere (Fenech and Morley, 1985; Kersten et al.,
2002; Stopper and Lutz, 2002). WTK1 cells were ir-
radiated with UVA for 10 min in the presence or ab-
sence of TBZ as was done in the comet assay. The
cells were then washed to remove TBZ and cultured
in fresh medium containing cytochalasin-B (3 pg/ml)
for 20h. At the end of incubation period, cells were
fixed with ice-cold methanol/acetic acid (1:1) and their
nuclei and micronuclei were stained with acridine or-
ange (Hayashi et al., 1990). Duplicate slides were
viewed with the aid of a microscope and the number of
binucleated cells with micronuclei was counted in 1000
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binucleated cells. The criteria for scoring micronuclei
were those of Fenech (2000). The assay was repeated
once and Kastenbaum and Bowman (1970) tables were
used for statistical evaluation.

3. Resulis and discussion

Table 1 shows the results of the umu-test with E.
coli ZA201/pSK1002. Neither TBZ alone nor UVA
pre-irradiated TBZ induced DNA damage. DNA dam-
age was induced when the cells were irradiated with
UVA in the presence of TBZ. The results of exper-
iments conducted with the post-irradiation protocol
suggest that the amouni of TBZ incorporated into
the cells during a 15-min incubation were not suffi-
cient for subsequent UVA-iiradiation to induce DNA
damage. Negative resulis in the pre-irradiation pro-
tocols -suggest - that photo-aciivated . TBZ - was -con-
siderably unstable, or photo-activated TBZ was not
able to penetrate cells. Induction of reverse muta-
tions by pulse treatment with TBZ and UVA-irradiation
was clearly observed in strains TA104, TA97, and

Table 1
Photogenotoxicity of TBZ in the E. coli umu-test
TBZ UVA Cell growth  $3-Galaciosidase activity
i .
(wg/mi) — (min) 5o OD420  Units
0 0 0.323 6.183 60
(] 10 0.344 0.193 63
300 0 0.497 0.147 55
300 5 0.563 0.551 276"
300 10 0.524 0.947 5512
360 15 0.532 0.787 4478
160 10 0.298 0.442 2852
200 10 0.290 0.546 370°
360 10 0.322 0.697 4342
600 106 0.306 0.687 4512
200 10 0.265 0.573 4252
Post-irradiation of TBZ-treated cells
0 10 0.341 0.191 65
200 10 0.313 0.184 81
360 10 0319 0.185 79
600 10 0.301 0.205 98
900 10 0.318 0.207 86
Cells treated with pre-irradiated TBZ
300 10 0.393 0.143 64
600 10 0.379 0.151 68

Values were the average of duplicate culture.
2 More than 2-fold increase.
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Fig. 1. Induction of reverse mutations in . coli and S. typhimurius
by TBZ with UVA-irradiation. Cells were treated with TBZ +UVA
for 10 min and washed before plating. [, TA100; A, TA98; 4, TA97,
O, TA104; @, WP2s/pKM101 (*p<0.05).

WP2s/pKM101, while a weak response was observed
in TA100 and TA98 (Fig. 1). Both strains TA104
and WP2s/pKM101, whose mutational targets for
base-substitution are the TAA ochre codon (Levin
et al., 1984; Ohta et al., 2002), were more sensitive
than TA100, whose target for base-substitution is the
hisG46 missense mutation (CCC) (Levin and Ames,
1986), suggesting that UVA-irradiated TBZ caused
DNA damage at A:T base pairs as well as G:C base
pairs. In addition to the base-substitution mutations,
—1 frameshift mutations (TA97) were more efficiently
induced than —2 or +1 frameshift mutations (TA98).
Although the photomutagenic mechanism has not been
clarified, we suspect that the production of radicals
followed by DNA bulky adduct formation may be in-
volved. Another mechanism is the possible formation
of DNA-DNA and/or DNA-protein cross-linking by
UVA-irradiated TBZ.

We further investigated the photogenotoxicity of
TBZ using human lymphoblastoid cell line WTK 1. The
single cell gel electrophoresis assay (comet assay) is a
sensitive and rapid method for detecting DNA damage
such as single-stranded DNA breaks and alkali-labile
sites such as apurinic and apyrimidinic (AP) sites in
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Fig. 2. Induction of DNA damage in WTK1 cells by pulse treatment
with TBZ + UVA for 10 min in the comet assay. Assay was conducted
1 h (open bar), 2h (dotted bar), and 4 h (closed bar) after the irra-
diation. (Upper) un-irradiated control cells, (Jower) UVA-irradiated
cells (*p<0.05).

DNA (Singh et al., 1988). In the comet assay, cells
were pulse treated with TBZ (50 jug/mi, 100 pg/mi,
200 pg/ml, or 400 pg/ml) and UVA irradiation for
10 min, and sampled for preparation 1, 2, and 4h af-
ter irradiation. Without UVA-irradiation, TBZ did not
cause DNA damage at any dose or any sampling time.
A significant increase in the mean tail length was ob-
served when cells were irradiated in the presence of
TBZ as shown in Fig. 2. DNA damage induced by
50400 pug/ml TBZ was almost the maximum levels
1h after the irradiation and apparent decrease was ob-
served at 4 h. At the lowest dose of 50 pg/ml TBZ, the
mean tail length at 4 h was control level, suggesting that
the DNA damage provoked by TBZ + UVA treatinent
and detected by the comet method was efficiently re-
paired. Since the type of DNA damage detected in the

comet assay is subject to DNA repair and therefore does
not necessarily result in fixed genetic alterations such
as mutations and chromosome aberrations, we also
measured micronucleus formation as the end-point of
structural chromosome aberrations. In the in vitro mi-
cronucleus assay, the same treatment condition as em-
ployed in the comet assay was used. Since the doubling
time of WTK 1 cells in our experiment was about 151,
cells were sampled for preparation after 20 h incubation
in the presence of cytochalasin-B. As shown in Fig. 3,
the % BNC was slightly decreased at a 200 pg/ml TBZ
without UVA, while that was markedly decreased at
doses of 50 p.g/ml or more with UVA irradiation. Since
only 3.0-3.2% BNC was observed at a 200 p.g/ml TBZ
with UVA irradiation, micronuclei induction was only
evaluated at lower doses of 50 and 100 pg/ml TBZ.
A weak but significant increase in the frequency of
binucleated cells with micronuclei (MNBNC) was ob-
served at 50 and 100 pg/mi. The result suggests that
in human cells, 50 and 100 p.g/ml TBZ + UVA induced
both significant DNA damage (Fig. 2) and micronu-
cleus formation (Fig. 3).

Micronucleus induction by TBZ itself in mouse
bone marrow cells is associated with its aneugenic
properties (Marrazzini et al., 1994). In the in vitro
tests to detect aneuploidy induction, cells were usu-
ally treated for more than one cell cycle. On the other
hand, the micronucleus induction demonstrated in our
present study occurred in cells treated with TBZ and
UVA for 10min. Together with the fact that UVA-
irradiated TBZ caused DNA damage in bacterial and
human cells and mutations in bacteria, we hypothesize
that direct interaction with DNA, such as adduct for-
mation is involved in the photogenotoxicity of TBZ
like other photomutagens, angelicin (Venturini et al.,
1981) and chlorpromazine (Gocke, 1996), that have
known to form DNA adduct. In a previous study with £.
coli strains WP3101-WP3106 and their corresponding
pKM101-carriying strains WP3101P-WP3106P (Ohta
et al.,, 1999), we reported that G:C—T:A transver-
sions induced by TBZ with UVA irradiation was very
weak compared with the other predominant A:T—T:A
transversions and A:T—G:C transitions (Watanabe-
Akanuma et al., 2003). Since induction of G:C—T:A
transversions, which are typical of mutations caused by
oxidative DNA damage (Cheng et al., 1992), was low,
8-hydroxyguanine would not have been the responsible
mechanism.
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Fig. 3. Induction of micronuclei in WTK1 cells by pulse treatment with TBZ +UVA for 10 min in the cytochalasin-B/micronucleus test. Cell
preparations were made 20 h after irradiation and micronuclei were counted in populations of 2000 binucleate cells. Open bar shows control
cells without UVA-irradiation and shaded bar shows UVA-ireated cells in both of the figures for % BNC (binuclear cells) and % MNBNC

(micronucleated binuclear cells; “p<0.05, “p<0.01).

On the other hand, TBZ photomutagenicity in E.
coli was observed following fluorescent illumination
(15 W, 1860 Ix, 10 min), probably due to small amounts
of UVA and UVB emitied from the lamp (anpublished
observation). UVA is the predominant source of radiant
energy in sunlight. On the other hand, residue values of
TBZ in citrus fruits were recommended not to exceed
10ppm (FAO/WHO, 1973). We report here the induc-
tion of DNA damage and micronuclei by TBZ with
UVA-irradiation in a human cell line. The photogeno-
toxic property of TBZ may be an important factor to
consider when evaluating the risk to workers who spray
TBZ on growing plants and on comported citrus fruits
rather than residual intake from foods.
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The rodent micronucleus test

—The basic research and application to regulatory use—

Makoto Hayashi
Division of Genetics and Mutagenesis, NIHS, 1-18-1, Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

Summary

_Genotoxicity is an important consideration in the safety evaluation of chemicals. It is well known that
there are in vitro and in vivo assay systems with different endpoints for evaluating chemical genotoxicity.
Bacterial gene mutation test and chromosomal aberrations test using mammalian cultured cells are repre-
sentative examples. It is apparent that there are limitations of in vitro assay systems for chemical safety eval-
uation and risk assessment for human health, and in vivo assay systems are becoming more important from
the viewpoint of weight of evidence. There are several in vivo assay systems that have been developed and
which are based on various endpoints. Among these, the rodent micronucleus test using hematopoietic cells
has been most widely and frequently used to detect induction of chromosomal aberration. It is evident that
there are chemicals that gave a positive result in the in vitro chromosome aberration test but were negative
in the rodent micronucleus test. In such case, as a rule, the in vivo negativity is considered dominant to the
in vitro positivity.

It is important and necessary to reduce use of test animals without any loss of evaluation accuracy. In the
micronucleus test, development of the method using peripheral blood instead of bone marrow cells succeed-
ed in reducing the total number of animals required for chromosomal aberration evaluation in vivo.
Sampling of very small amounts of blood can be done without killing animals, which is one of the most
important advantages of the method,; it also permits combining with other assays for different endpoints that
require different optimal sampling times. Based on this development, in vivo multiple endpoint assay sys-
tems will be realized and will lead to further reduction of animal use for the evaluation of chemical genotoxi-
city. In"this manuscript, I describe the history of development and applications of the peripheral blood
micronucleus assay.

" Keywords: genotoxicity assay, rodent micronucleus assay, peripheral blood, acridine orange supravital
staining
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Table 1 Representative genotoxicity assays

Gene mutation

Chromosomal aberration

In vitro Ames assay
MILA

In vivo

Metaphase analysis using cultured cells
MILA

Transgenic animal model Bone marrow metaphase analysis
Erythrocyte micronucleus assay

MLA: mouse lymphoma assay using L5178Y cells
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THEORE % 5 (Hayashi et al., 1983), 4Tl
OECDEDH A FI4 o inTw5s (OECD,
1997). F7/-, BEKRRGEL PMMERBICER L, EHE
T, W74 = VADFEFEOHELICIHY L2
(Hayashi et al., 1990) .

ZOM, BARBEREYS, HICMMSHIES (5
B2 TEL ORAMEZ TV, RBRERCEETLE
A (M=, RE, 5K #5EERS)ICOVWTHED
BT — g 2 HFUCE TRE L T &7 (CSGMT, 1986;

il
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1988; 1990; 1995a; Hayashi et al,, 1989). *7/-, IHL W F
EONR)F—va Y CETLIHEAMEORREL &0
(CSGMT, 1992; Morita et al., 1997; Wakata et al., 1998;
Hamada et al., 2001), ICH®® QOECD O H £ F5 4 V%
WCREGFEBLEMERLLCEL, BAER, SBindg
PATORBHKEEFEEFM (Ohyama et al., 2002;
Nishikawa et al., 2001; 2002; Suzuki et al., 2004), #E»
B 81t (Asano et al,, 1998; Dertinger et al., 2005) &2 7: H
VRIS TS E L HIZ, HEOFM (Hauschke et al,
1997; Adler et al.,, 1998; Hayashi et al., 1985; 1989; 1994),
B (Kirkland et al., 2000; 2003; Miiller et al., 2003) =D
WTHELOERP L INTWE, 22 TR % B
WAMEHE T RO, ZOBRBLIGE, TERADORM
ZoWwTFT L5,

1. JvizelER

{LFME DBIEEL LMY 2 RBRE IR OEE L
AV BEREBAEMICEDE, Table 10X ) IZHHTES,
ERANDOE L ORBET A K54 0TIk, MEz2HVsE
RERERRE, IAFEEMRE RV I REARER
BREZE T2 07 4 —<TKREBRMLA), BLUW
> B % BV B /MERRER (LT /S RER) 2 HE i 9 70 SR ER
Ny F)—=bEZLNTWE, MR REERETES
HEUEZEELL, BWEKZEVSIn vivoREBRE L
THERLNAEINTVLREN LR TH % (Hayashi et
al., 1994; 2000; Heddle et al.,, 1991). LB S TWwWA N
ELTIE, REFREFRELRET S in vivo RER
ELTIRBENSEL, N7+—3 v 2A0GVWREBRTH
HIll, BETFERER%2invivo THRIET AT < h
TRBRVHL IR TV ARWERE L bN D,

T oD BRI B B/AMEE KRB T Fig. 1ITR
T RIMIROERBRIZBNT, BEOMILSZRC Y
BREENFEIND &, FO—IPNMEERKL, B
BOBRETHRENICIDES K, RREZORMIERS
WAMER BB T 5. MR, RaEREOR
WKEWREZY, BRI TIRENS DR 90%05/N
TS 505, RBHOREIZZOHI5%REE L /b
BERL%E\vd Db dH 5 (Hayashi et al,, 1984). Bt
HE D 2V SRR E BEMET ICBEL, Mt A
TANERMIROBBIRE LS, RRMIRS RSB
LYRBAREFRULEET S, ChETid, BT
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Fig. 1 Micronucleus formation in erythrocyte

WERMIRTH 25 S RMERMIMEBSRGRE LT& .
IEREBRERICHE L TR E (b, 1991) 2R3 h/:
v,

2. FRHME RS ViR

Fig. LIZAR L7 X 918, HELFMIRGE SIS LIE
LLEEERLLEDIT, MERGWICMIICHTHL, K
I % Al v % /MERERICBI L Tid, MacGregor 5 (1980)
Wdotiifrsh, 20BIBFELOTINV-TICLoTH
L O|EVRIN TS, LiL, KMEZHEVSS
EIZL B DFEBHFMS N -EICE, HIFHERL
LholzldThHb., KEMEHLMERBIE, #ER
WExBHERSES L, Rl RnsR%EHE L by
HoOBHMTZELZFML LI LT5b0E, KHmFD
HERMRZBHEL, BT OSLEMRMERE HV 55
BRBREFAFOERZBLIOIETHLDIKATE S,

—ROEREGRBRE, FURBRELDFEIND LY
W, ACEWEORUMRETFMT 50D FETHS.
L#L,tbﬁ%ﬁﬁm%@éhéodﬁ%ﬁ@ﬁ%%

W% L, BIETFORRERLRBHRREOTRIC
owf% LB DB 12 % @%%MTééﬁﬁ
Brhd, FRPONELFROREFBENRET HHE
@¢&ﬁ%ﬁ,w#%gmﬁﬁ@%%%miééwv&
LD L, KEOBRBRMIREBET 5 e, B84
W BETMTEX2RABRRB L LTHFTE 5.

v by MCIE, FEMIEIC Mg & o Rk
BRERMIRE LCBBCHERCEISATLE YD,
FWHEI LTI ATIEZOBEITNEETH LD
IERETHRORDPENSL Z &L, EERRMBK
LRBOFEGHI0B)2EITH. #oT, Sl k
bRMEROF GO/ MELF T 5Bk EHET 5
ZENTE, BBWEORMBEKRS DX B TE 5.

%mm:#% IHELHBRERTHY, BED
ﬁﬁﬂh%%ﬁbtﬁﬂf%é.X%m%mwé¢ﬁﬁ
B, BEOBBAITEUODWTIONFTORE
& B Z LR & LB (Hayashi et al,, 1992a; 1992b:
Asano et al., 1998; Dertinger et al., 2005).

KT OGERMERTH LR F2BELT, &
HPONERMREBETIOLASOBREBELI L
BTENE, BWEZOMERS 2 L OBERHICER
BB AZ LWL %2 D, BAREHRED D OF4H
BRDLERL LS. PRikdbwrRAC20TE, —
BOBEESHEBEOBY L YRNTAZ &L D, £
B ERETLIZLLTARTH S,

1) BAVERE

ToUTY e F LY YA0)IFRRBEEDOHMEICHEY
AEIn, BBRLESLTHER2RTABETH L. 2K
SO DNAIIXIEENICA D AA, 530nmicE—27 %
FOEKREBOHEEREL, HYEORNAL IS L, 590
il E— 7 R ORBOENLETET S, COUHHEEH
HL, —EEDAOZHODPLHDATAL FIF I AIICHA
LTHE, 2 WMEORMEMLE DY, IN-FF AT
BoL, AODMERICEITHL, Zha#ifadiciy
AFh, BEWICHEGRASESh S (BEARE). F
BOFEIC OV TIE S0k (Hayashi et al., 1990; #&, 1991;
CSGMT, 1995b) & HH S iz,

2) B

BAERZ Y CICHEOEIRMERIC X D BB TH S
B, MROBIHBSE L0 M- THET 5.
BB IR 490 nm B0, BER 74 vy &L
TH515-530 nm L EDBERON 2 EBT 2D OE A
HEHAMSBETIT ). DT O&EM iy BRIF2BISEMT
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EET 5.
(1) BRFOEBEFREOEEEZREL VLI
(2) MARMBROEREEPFRBOELERL TS
&

(3) RMIOER Y DSV &

(4) MRROBIBIR W &, THbD.

FRIMER OB E h OFRBENEE FE L T 5 IREED
KEVIEGELRDDEEZDLIENTEL, MMEEH
+ A #ARIMER (MNRET) O N E L, P OME
o0& Rt ER (MNPCE) & FA%, 4% < &% 200018
OMHFIMEE BE L TRD 5.

3) EEARIMO BN

T, RMMERCAINERBEET) S LICLD, F
B WA INT TIITbN T AR L )k & i
LT, ENLBWEREBYOBIREIZ D250l nT
FZTHhL, 1HSEOBWE B, Bk, B
CIRBRTRBETY LT A, BERSOHEIE, 2
HOEAEEALEE ENTEY, BMERAVLEHET
1k, FOWEDME RRILSELLERHHDT, B
SRBEIZIEOEREREEZ CHLAFTLHEOEHY
VRBE L, 2L, BHEOKRSOHEIZIE, 1H
DERVERTRVWE SN TVWLDT, TOHEIE25L
LA, —H, EMM/NMEARTIE 2 BOBERERELIT
AELTH, A—0BWEHVAII LN TELDT, &
SEEBUCh DD ST 2L TRBIEERET S, Lid,
et RIS EM O RO 7 — & CTRETHZ &
e DT, BB BEZ EICR T 5 LES 225,
WoT20lEDBW TRV EIZRD. o, R/
RERC BT ABUNENEEFORMERITILEE RV E
DHEHVEBRMIZZEINTEBY, ICHDOAYTFF Y AD
HELEZILNTWS, bLEDIH LI EPBREDLN
B%b, 15RO TRBRNERKTIILERY, F
BEDASIC & i3 5 & 1/3 DB CRERA IR Y,
KEGEEROBRIC RS,

3. NUs5—=aw

B 2 e OFMICE LW RBRFEL V556
121E, ZORBEOEBREICET 5 T4 RERESLET
b, FHIMERO L/ MGABREICELTS, RetsF
lo—FEL LTHWSICE, F0nEr +oBET 5
DENHY, L OMBERBREITILICES. HEAR
EERBEFAMMSHIRETIDOHEDNNY F—a v
EFEHESLEIN, EShiz. 48EI2ML
(Table 2), FERIX L T1o0{b3YE % 2 BB CHLBHR
U7z $7, BHEICHVBEFNALEWEE, MO
FRVHONTEY, POFOERABEIRL2SbO%
BN 7= (Table 3). ZEBROLFEHIFEEIMED DA,
WREDLDOEBEZREL, RABRFEOERET-
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Table 2 Participants in collaborative study

Biological Research Center for the Protection of Environment
Biomedical Laboratories, Inc.
Biosafety Research Center, Foods, Drugs and Pesticides
Central Institute for Experimental Animals
Chemicals Inspection & Testing Institute
Daicel Chemical Industries
Daiichi Pharmaceutical Co., Ltd.
Food and Drug Safety Center
Fuji Photo Film Co., Ltd.

. Fujisawa Pharmaceutical Co., Lid.

. Green Cross Co., Ltd.

. Health Sciences Research Institute

. Institute of Environmental Toxicology

. Itoham Central Research Institute

. Japan Tobacco, Inc.

. Kaken Pharmaceutical Co., Ltd.

. Kanagawa Prefectural Public Health Laboratories

. Kissei Pharmaceutical Co., Ltd.

. Kumiai Chemical Industry Co., Ltd.

. National Institute of Hygienic Sciences

. Nihon Bioresearch Center, Inc.

. Nihon Noyaku Co., Ltd.

. Nippon Glaxo, Ltd.

. Nippon Shinyaku Co., Ltd.

. Nitto Denko Corporation

. Ono Pharmaceutical Co., Ltd.

. Otsuka Pharmaceutical Factory, Inc.

. Pfizer Pharmaceutical, Inc.

. Sandoz Pharma, Lid.

. Sankyo Co., Ltd.

. Shionogi & Co., Lid

. Shiseido Toxicological Analytical Research Center

. Sumitomo Chemical Co., Ltd.

. Suatory Co., Ltd.

. Taiho Pharmaceutical Co., Ltd.

. Taisho Pharmaceutical Co., Ltd.

. Takeda Chemical Industries, Ltd.

. Tanabe Seiyaku Co., Ltd.

. Teijin, Ltd.

. Toyama Institute of Health

. Toyobo Co., Ltd.

. University of Shizuoka

. Yamanouchi Pharmaceutical Co., Lid.

44. Yoshitomi Pharmaceutical Industries, Ltd.

© NSO WD

w0 Lo O DD DY DY DD DY DD B DY DD DY kb ket b p pd b2 b b s el 1O
AR RLUYLELTRERLBZEITCTREIINSowuo ot s @N O

*Qrganizer

To. BRI, BLALOBMEILL s THDTOFET
22 hh 6T, X050 hwTF—¥2ELN
7o, ALEWEOBRSEMCHRL LR F—s0F Lo
#Fig. 212 T. A ADNEBROBEBETHY
SLENS T E & EREICE DS 2HAA LT E N
7EERLTCWS, 20X ICENE L HBRES—BL
TWwWaZ i, BROEZSOEUNITF—7DENE D
oS ERYW oI 2 ERT S, Thbb, &
DHEVHDOYPERBREERLTD, THHEOWIHER
FEALILDPURTHLILEZRLTWS., EFNMLE
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Table 3 List of chemicals tested
Chemical tested

Alkylating agents
Cyclophosphamide monohydrate
Dimethylnitrosamine
Ethyl methanesulfonate
N-Ethyl-N-nitrosourea
Methy! methanesulfonate
N-Methyl-N"nitro-N-nitrosoguanidine
Triethylenemelamine

Base analogues and related chemical
1-B-D-arabinofuranosylcytosine
5-Fluorouracil
6-Mercaptopurine
Methotrexate

Aromatic amines
2-Acetylaminofluorene
Phenacetin

Polycyclic aromatic hydrocarbons
Benzo{a]pyrene
7,12-Dimethylbenz[a]anthracene

Crosslinking agent
Mitomycin C

Inorganic chemicals
Potassium bromate
Potassium chromate (V1)

Spindle poisons
Colchicine
Vincristine sulfate

Miscellaneous chemicals
Benzene
Procarbazine hydrochloride
Urethane

WECELTE, BEALDLDOFBHEREZRL, &
bz, HEDOEEANRS 48 KEH %I MNRET H RS E
BERICEAZEER L. BHMREACTNMIOR
BEBETHL &I, {LEPHIC X > TRRHREL
RERBLIENHONT VDA, RYMOEEIZI1E48
BEHICBETNZIEEALO(LEWE DO RERRETS
BHERHTEIENTEETH S EAEL /2.

4. FHHERE

A% V3 MERBROBBITWANWAEI LGNS
», EBRBWERTIE L HMEORMICL ) alkE
HHERUELTIMTELIEIRIEELEATHHEEL
5, Zhid, BMEECBAIrLLT CRABMTHS
A, U R ED B OB R ELE R—8h 5
LBRTENHREELD, A XAOEMICHKRELE
BRE RO,

REOEMZ X ORT—HIL LT, v ADERMT,
HA/MEMBHE NI > TELT 2 0B » 2 EH

[ —fEEs S8R L CFFli§ 5 0F7E 2 MMSHfZE& & L

TiT- 72 (Sato et al., 1995) HERERT. ZHICL %4

500

400 N Observed

O Theoretical
(binomial dist.)

300

200

Number of mice

100

O
0 1 2 3 4 5 6 7

Fig. 2 Number of MNRETs/1000 RETs

ZEHAEPIFEU LTI A LTI L8
HEA L7z (Fig. 3). 2T, REBOMBE LTI L EIH
MOBEH LTIZONR N THY, ZOMOERFIZL
DHEEGEZELEI LR TH S,

FHERBRERIZFNZFNCRE R ER RN H Y,
E—EEroZHEOF—F 2L 22 LICERND -2
25, MEOBRMOATHIIETLEERMIOFEIIKRE
LB EBEZLI L RVWOT, MOBREEHAEDYE
BIENMEIC o7, BBEN I VAV 22y /< TA
THWAin vivo TOREFRARER T KRBT 5575,
BEWFMMCAVONDL LI koTwE., ZORERE
MIL%E w2/ ERBRE EASbE b L, BRERL Y
BAREEZFFEICin vivo CRINA Z EHNTE, TO50
BFICKELRBERE2L67 2 LR T & 5 (Hayashi et
al.,, 1994; Kohara et al., 2002a; 2002b; Suzuki et al., 1993;
1994; 1995) .

HEARMER % v 5 H L, R C/MER I ER A IE &
NEVREZEZTITAZNRET S I EICHBEIRR
V. L L, MEREBROBREREWICIHET 5121,
—BRBUEOTF— I REVHREN T - I NEETDH
D, SNEOF—=7ET7y bz HWELODOFPEREL
WKEW., 22T, 7y PEHWA/NERBPEE LR E
BRLTIECRDN, Tv b TIRBRET/MERMBRZ
BESNACTLEY, REMPTEHEEIRETHL L &
nTwa., L L, MNRETASFRMIMFICH THh o a8
ENAETRIKYELGRRMEREBETHILITE
D, MEPBETE S Z LAMMSHIFES TOABBL
NYF—=2a YHIERICE VRS, 5y < T RH
BRI E LCTHWAZ EHFTRETHL Z L
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Fig. 3 Aging effect on the spontaneous frequencies of MNRET in CD-1 mice

72 (Wakata et al,, 1998). & 512, MW HL/ME B % — %
OBERBRIHEARLZ L PTEIPENERRLL-DOD
HFEF e & MMS B384 C1T » 7z (Hamada et al., 2001).
ZORER, FHRAETERLER T o RISV TR o7
B, FOMDOETFVLEWE T/ IMMEOFRHE IR S
h, SBROBEVHFCELIHERE o7

oD RBEORBORESR LR L. HABEE
ERFEZEXMMSHIRX O EIHN 2 XRTIEO KR
ZFEZ6N, ZLOFLWIEIHBELE Fhoof
B3 0®HmIzE L b, Mutation Research,
Mutagenesis, Environmental and Molecular Mutagenesis,
MMS Communications FDMEEEZ B U TIH LD
RESN BIEOFT A P54 VT, MEABIZRMY
MERAVWLILIEDTBY, THEANOFEH A BT
FROELY L Lz, [EEMOBEEEHRBRICET
BHANIA4 Y BEEE B CREaFRBEEZRET
HREEE LTI, BFTomEOEHMRE A5kt
FRERERAB L EMRMEEZ BV 5 /MMEBEBRPHW L
b, REERETEHETLIARTIE, KA BREAOE
LRI TES, $/, REAREICER L CERTS
MG B E IR E R VORI T 2 /MERB I,
REAREFRYELRBTAHELRBREL LT, B
BEFMBIRITANRLLNS, SO /MERBCITRES
TFHRWELRIBTELTREES DS (BEHE £1604 5
FREILEILRLIR). ]
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CNETIRIBRTERLELHIZ, TR RED
MAEIHAREEZRFEFZAEMMSHREAOERAMFEL L
TiIbN7bDTHY, SEOZTEFHMBATIEEL,
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BRI, INEFTITER, THHWRPwlgiice
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