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received TPTs during pregnancy at doses that did not cause overt maternal
toxicity. In a rat two-generation reproductive toxicity study, TBTCI at rela-
tively low doses affected male and female reproductive systems, including
decreased weights of the male reproductive organs, decreased counts of
spermatids and sperms, decrease in serum estradiol levels, delayed vaginal
opening, impaired estrous cyclicity, and increased female AGD. TBTCl and
DBTCI during early pregnancy caused implantation failure in rats. Implan-
tation failure due to TBTCl and DBTCI, at lower doses than TBTCI, may be
mediated via the suppression of uterine decidualization and correlated with
the reduction in serum progesterone levels. Administration of MBTCI during
early pregnancy did not cause pre- or postimplantation loss. Maternal expo-
sure during pregnancy to TBTs caused embryonic/fetal deaths, suppression
of fetal growth, and cleft palate at maternal toxic doses. Significant effects
on growth profiles and decreased liver weights were reported in offspring
of rats given TBTCl by gavage, even at 0.025 mg/kg from day 8 of pregnancy
until adulthood. Behavioral changes were also shown in postnatal offspring
of rats that received TBTs during pregnancy at doses that did not cause overt
maternal toxicity. Many reports demonstrated that DBT derivatives with
different anions, such as dichloride, diacetate, maleate, dilaurate, and oxide,
are teratogenic when administered during organogenesis in rats. Rat
embryos are the most susceptible to teratogenic effects of DBT on day 8 of
pregnancy after maternal exposure. The developmental toxicity studies on
butyltins suggest that the teratogenic effects of DBT are different from those
of TeBT, TBT, and MBT in its mode of action. DBTCI exerts dysmorphogenic
effects on postimplantation embryos in vitro. The phase specificity for the in
vivo teratogenic effects of DBTCl may be atiributable to a decline in the
susceptibility of embryos to the dysmorphogenesis of DBTCI with advancing
development. The findings of in vivo and in vitro studies suggest that DBT
itself is a causative agent in DBT teratogenesis. Because the teratogenicity of
DTB has been reported in a single species, studies in additional species
would be of great value in evaluating developmental toxicity of DBT. As for
miscellaneous organotin com..ounds, several reports on developmental tox-
icity are published, Prenatal and/or postnatal exposure to TMTCI or THTC1
caused behavioral changes in postnatal rat offspring. Behavioral changes in
postnatal pups of rats given organotin prenatally and/or postnatally may be
a sensitive parameter for reproductive and developmental toxicity. A mixture
of DOTTG and MOTTG is developmentally toxic and produces fetal malfor-
mations in mice. An increased number of cleft palates was reported in fetuses
of rats given DMTCI during organogenesis at severely maternal toxic dose.
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Abstract

Genotoxicity is one of the important endpoints for risk assessment of environmental chemicals. Many short-term assays to evaluate
genotoxicity have been developed and some of them are being used routiriely. Although these assays can generally be completed
within a short period, their throughput is not sufficient to assess the huge number of chemicals, which exist in our living environment
without information on their safety. We have evaluated three commercially available in silico systems, i.e.,, DEREK, MultiCASE,
and ADMEWorks, to assess chemical genotoxicity. We applied these systems to the 703 chemicals that had been evaluated by
the Salmonella/microsome assay from CGX database published by Kirkland et al. [1]. We also applied these systems to the 206
existing chemicals in Japan that were recently evaluated using the Salmonella/microsome assay under GLP compliance (ECJ
database). Sensitivity (the proportion of the positive in Salmonella/microsome assay correctly identified by the in silico system),
specificity (the proportion of the negative in Salmonella/microsome assay correctly identified) and concordance (the proportion
of correct identifications of the positive and the negative in Salmonella/microsome assay) were increased when we combined the
three in silico systems to make a final decision in mutagenicity, and accordingly we concluded that in silico evaluation could be
optimized by combining the evaluations from different systems, We also investigated whether there was any correlation between the
Salmonella/microsome assay result and the molecular weight of the chemicals: high molecular weight (>3000) chemicals tended to
give negative results. We propose a decision tree to assess cherical genotoxicity using a combination of the three in silico systems
after pre-selection according to their molecular weight.
© 2005 Elsevier B.V. All rights reserved,

Keywords: In silico; (Quantitative) structure-activity relationship; (Q)SAR; Chemical genotoxicity; Decision tree

1. Introduction on data from in vitro and in vivo bioassays. Accord-

ing to the “Law Concerning the Evaluation of Chemical

It is said that more than 20,000 chemicals are in use
in Japan. Among them, only approximately 10% are
thought to have been assessed for human hazard based

* Comesponding author.
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Substances and Regulation of Their Manufacture, etc.”
[2], the Salmonella/microsome (Ames) assay, in vitro
chromosomal aberration assay (or alternatively mouse
Iymphoma TK assay), and 28-day repeat dose toxicity
test in rodents are obligatory to notify new chemicals for
production/import at a level of more than 101t per year.
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To screen the remaining 18,000 chemicals for human
hazard by application of this three-test battery is not
realistic from the time and economical point of view.
We need a much higher-throughput system to assess
these chemicals, at least for prioritization of those chem-
icals that should be submitted to biological testing. To
assess human hazard for regulatory purposes, in silico
systems are now beginning to be used [3]. Here, we
evaluated three commercially available in silico (quanti-
tative) structure-activity relationship ((Q)SAR) systems
and tried to construct a decision tree for prioritization
of which chemicals need in vitro and/or in vivo testing.
Also, within the drug discovery process, integrated com-
putational analysis has been proposed to be incorporated
as a toxicity prediction tool [4].

Kirkland et al. [1] published a database (CGX data-
base, see http://www.Ihasalimited.org/cgx) for nearly
1000 carcinogens and non-carcinogens with results
of representative in vitro genotoxicity assays, i.e.,
Salmonella/microsome assay (Ames), mouse lymphoma
TK assay using L5178Y celis (MLA), and in vitro chro-
mosomal aberration assay or in vitro micronucleus assay
(CA/MN). Weused 703 chemicals that had been assessed
in the Ames assay for evaluation of the three in sil-
ico systems, ie., DEREK, MultiCASE (MCase), and
ADMEWorks (AWorks). We also used a database (the
ECJ database) that we constructed from chemicals exist-
ing in Japan that had recently been assessed in the Ames
assay, in vitro chromosomal aberration assay, and 28 day
repeat dose rodent toxicity test and/or reproductive and
developmental toxicity test for their safety evaluation
under GLP compliance. The ECJ database consisted of
206 chemicals but only 26 chemicals were positive by the
Ames assay. Initially we evaluated both sensitivity and
specificity of these three systems using the ECJ database
of 206 chemicals [5].

We selected these three in silico systems because
of their different modes of analysis. DEREK is a rule-
based system [6], MCase [7] is a database/substructure
based system, and AWorks is a QSAR. We applied these
systems individually to assess gene-mutation induction
on the 703 and 206 chemical sets described above and
evaluated their sensitivity, specificity, concordance, and
applicability (how many chemicals could be assessed),
independently.

It is known that high molecular weight polymers tend
not to induce gene mutation and chromosomal aberra-
tions mainly because they cannot enter the target cells
to react with DNA, or other bio-molecules necessary for
genetic stability. We analyzed 194 Ames positive chem-
icals (confidential source) for the effect of molecular
weight,

2. Materials and methods
2.1. Data sources for chemicals assessed

Of about 1000 chemicals, 703 that had been assessed in
the Ames test were chosen from the CGX database published
by Kirkland et al, [1]. All chemical structures were re-drawn
using Chemdraw Ultra (Cambridge Soft Corporation, USA)
and converted to MOL files before application to each sys-
tem. We also used the database of 206 chemicals evaluated in
the MHLW project “Safety Examination of Existing Chem-
icals and Safety Programmes in Japan” (ECJ database). The
test summary for each of these chemicals can be seen at
http://wwwdb.mhlw.go.jp/gine/html/db1.htm]. In addition, we
collected 194 Ames positive chemicals from a confidential
source and investigated the relationship between gene muta-
tion induction and molecular weight, with identification of any
active side chain that might have contributed to the positive
result in the Ames assay.

2.2. In silico systems used and definition of positive and
negative responses :

We used DEREK (Lhasa Ltd., UK) version 8.0.1.When the
system gave an evaluation as “certain”, “probable” or “plausi-
ble” we considered this as “positive”, and when the system gave
“equivocal”, “doubted”, “improbable”, “impossible”, or “no
alert” we considered this as “negative”. We used MCase (Mul-
ticase Co. Ltd.) version mc4pc. When the system gave “active”
or “marginal” we considered this as “positive”, and when the
system gave “Inactive” we considered this as “negative”. In
the case of AWorks (Fujitsu Kitakyushu, Co. Ltd., version 2.0),
we considered as “positive” when system evaluation was “posi-
tive”, and considered as “negative” when the system evaluation
was “negative”, We excluded chemicals from further analysis
when DEREK or AWorks gave no answer, or the evaluation
was “inconclusive” by MCase.

2.3. Definition of sensitivity, specificity, concordance, and
applicability

We calculated sensitivity, specificity, concordance, and
applicability as follows:

N Np_s-
sensitivity:—Nﬁﬁt x 100, specificity = —A—/;—S-— x 100,
A+ A-

N, Np—g-
concordance = Natsy + Na-s- x 100,
Neval

applicability = New x 100

Na
where Ny, is number of chemicals revealing positive in Ames
assay; Na— is number of chemicals negative in Ames assay;
Np+s+ is number of chemicals revealing positive by both Ames
assay and in silico evalvation; Ny_gs_ is number of chemicals
negative in both Ames assay and in silico evaluation; Neyy is
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Table 1
Performance of in silico systems
Ames result + - Total - Sensitivity Specificity Concordance Applicability
(%) (%) (%) (o)
CGX database
DEREK + 288 64 352
- 69 267 336 R1.8 79.5 80.7 97.9
Total 357 331 688
MCase + 235 32 267
- 6 249 255 88.0 97.6 92.7 74.3
Total 241 281 522
AWorks + 267 89 356
- 149 187 336 75.0 55.7 65.6 98.4
Total 416 276 692
ECJ database
DEREK + 19 7 26
- 21 159 180 73.1 - 883 86.4 100.0
Total 40 166 206
MCase + 13 7 20
- 13 133 146 65.0 91.1 88.0 80.6
Total 26 140 166
AWorks + 19 7 26
- 54 124 178 73.1 69.7 70.1 99.0
Total 73 131 204

MCase: MultiCASE; AWorks: ADMEWorks.

number of chemicals evaluated; and Ny is total number of
chemicals subjected.

3. Results

Among the set of 703 CGX chemicals with published
Ames data, 358 were positive and 345 were negative.
The results of the in silico evaluation are summarized in
Table 1. The highest sensitivity, specificity, and concor-
dance with Ames assay results was provided by MCase,
then followed by DEREK. However, the systems that
showed the best applicability were AWorks and (almost
the same) DEREK, then followed by MCase. For the
database 0f 206 ECJ chemicals, 26 were positive and 180
were negative. The outcomes of the in silico analyses are
summarized in Table 1. The pattemn of performance was
very similar to that with the 703 chemicals in the CGX
database. '

Fig. 1 shows the cumulative percent of Ames positive
chemicals against molecular weight. It can be seen that
87.1% of those positive chemicals had molecular weights
less than 1000, and 96.4% had molecular weights less
than 3000; in other words, only 3.6% of the chemicals
with a molecular weight >3000 gave a positive response
inthe Ames assay. Seven of 194 Ames positive chemicals

had a molecular weight >3000 and four of these seven
polymers had epoxy groups.

When we combined the in silico systems, the
performance was different from that when assessed
individually (Table 2). If we considered the in silico
mutagenicity as positive (or negative) when two or more
systems gave positive (or negative) evaluations, 87.8

%
100.0

80.0

Totat 194 chemicals

& & S d S S & & &
S50 S L L\Qﬂ@lﬂép@@@p@?}\

Cumulative % of chemicals

0.0

Molecular weight

Fig. 1. Cumnlative percentage of chemicals based on their molecular
weight. 194 Ames positive chemicals were analyzed. 7/194 chemicals
were more than 3000 molecular weight and Ames positive and 4/7
contained epoxy groups.
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Table 2
Performance of in silico systems after combined
CGX database
A {y silico ++or+++ --0r--- Total Sensitivity (%) Specificity (%)  Concordance (%)  Applicability {%)
$He s
+ : 279 : 40 319
- . 42 249 9] 87.8 85.6 86.7 86.8
Total 321 269 610 )
+ + + .-
+ 166 | : 167
- ‘ 3 1270 130 99.4 97.7 98.7 42.2
Total 168 129 297
FCJ database
Am an silico + e+ or+ o+ + LR Total Sensitivity (%) Speeiticity (%)  Concordance (%) Applicability (%)
8
3 19 7 i 26
- [ k] 147 170 73.1 86.5 84.7 95,1
Totul ) 42 154 196
Attt e
+ : 13 20 15
- i 3 L 94 : 99 86.7 94,9 93.9 55,3
Total 18 96 114
Table 3
Performances of DEREK and MCase in several published papers.
Target compounds In silico system Sensitivity Specificity Concordance  Applicability Reference
(%) (%) (%) (%)
394 Drugs DEREK 52 75 74 ) 94t 111
MCase 48 93 90 91
217 Non-drugs DEREK - 86 50 81 100° [10]
MCase 91 62 83 100°
520 Drug candidates DEREK 28 80 72 100 [13]
MCase 50 86 81 41
DEREK + MCase 29 95 88 29
DEREK + Mcase + TOPKAT 75 96 95 15
123 Drug candidates DEREK 8® 31¢ 61 1004 4]
MCase (A2H) 13b 15¢ 72 979
Tapcat (Ames Mut} 18" 15¢ 67 98¢
DEREK +MCase 6" 19¢ 75 974
DEREK + Mcase + TOPKAT b 9¢ 86 469
94 Non-drugs DEREK 63 81 76 100 [13]
MCase 40 90 76 75
DEREK +MCase 47 100 85 56
DEREK + Mcase + TOPKAT 55 100 86 37
516 Non-drugs DEREK &b 24¢ 70 100 [4]
MCase (A2H) 7° 12¢ . 81 ogd
Topcat (Ames Mut) 250 19¢ 56 97¢
DEREK +MCase 2° 16 82 9gd
DEREK +Mcase + TOPKAT 7° 10¢ 83 434

2 Calculated by us
b o4 False negative.
¢ 9% False positive.
¢ (1-Indeterminate).
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and 73.1% sensitivity, 85.6 and 86.5% specificity, 86.7
and 84.7% concordance, and 86.8 and 95.1% applica-
bility were obtained for the CGX and ECJ databases,
respectively. If we considered the in silico mutagenicity
as positive (or negative) only when all three systems
gave positive (or negative) evaluations, all performance
measures (sensitivity, specificity, etc.) increased up to
98.7 and 93.9%. However, applicability decreased to
42.2 and 55.3%, which meant only about half of the
chemicals in the CGX and ECJ databases could be
evaluated. One chemical, o-phenylphenol [90-43-7],
was positive in the Ames test but negative by all three
in silico systems and three chemicals, carboxymethyl-
nitrosourca [60391-92-6], methidathion [950-37-8},
1-nitroso-3,5-dimethyl-4-benzoylpiperazine  [61034-
40-0], were negative in the Ames test although all
three in silico system gave positive evaluation for
mutagenicity in the CGX database. When we used
the ECJ database, 2-amino-1-naphthalenesulfonic acid
[81-16-3] and 2-vinylpyridine [100-69-6] were positive
in the Ames test but negative by all three in silico
systems and there was no chemical that was negative
in the Ames assay and all positive in in silico system.
These exceptional chemicals are listed in Table 3
together with such chemicals taken from literatures.

4. Discussion

It is important to construct a strategy for efficient
evaluation of the toxicity of a large number of existing
chemicals. Even so-called short-term assays, €.g., Ames
assay and in vitro chromosomal aberration assay, can
practically assess only 100 chemicals per year according
to our experiences in Japan. In this case, it will take 180
years to assess the outstanding 18,000 existing chemicals
for genotoxicity, and it will take even longer when repeat
dose toxicity tests are also performed, as these are not
short-term assays. We therefore need higher-throughput
systems to assess chemical safety, or at least to set prior-
ities for those chemicals that should be tested in in vitro
and/or in vivo tests. In silico systems have the capability
for high throughput but have not yet been well validated
for assessment of human hazard, although some regula-
tory bodies have started to use these methods.

Correlation between the Ames assay result and
molecular weight could be explained by the lack of
membrane permeability of high molecular weight chem-
icals, making it more difficult for them to reach target
molecules such as DNA and proteins that contribute
to the fidelity of cell division. Therefore, only a few
chemicals with molecular weight >3000 gave positive
responses in the Ames assay. This phenomenon is also

true for induction of chromosomal aberrations in vitro
(data not shown). The other important issue is the
contribution of epoxy group in the polymer. Although
of molecular weight >3000, some polymers with an
epoxy group gave positive results in both the Ames
and chromosomal aberration assays. Epoxy embedding
reagents employed in electron microscopy (e.g., epon
and araldite) have been reported as mutagenic in the
Ames assay {8]. According to these findings, we should
include a step to evaluate molecular weight and existence
of any epoxy groups in the molecule.

In the present study, we used the CGX database
recently published by Kirkland et al. [1] for micro-
bial mutagenicity data on 358 carcinogens and 345
non-carcinogens for validation of three commercially
available in silico (Q)SAR systems. When applied indi-
vidually, MCase gave high sensitivity, specificity, and
concordance compared to other two systems. One of the
reasons may be because the CGX database contained
many results from the U.S. National Toxicology Pro-
gram (NTP), and the learning dataset of MCase would
have used many of the same results. Therefore, some
of them were evaluated by direct matching. Moreover,
the applicability of MCase was relatively low compared
with the other systems in this study (Table 1). MCase
judged 119 chemicals as inconclusive and one chemical
as marginal, and could not evaluate 67 chemicals. Such
selectivity in MCase may contribute to the high concor-
dance. On the other hand, the other systems were not
influenced directly by the NTP data. We applied the in
silico systems to another dataset, the ECJ database, that
does not contain the NTP data and we obtained similar
patterns of sensitivity, specificity, etc.

Each in silico system showed different outcomes on
some chemicals complimentary by some extent. These
different evaluation patterns were mainly due to the
different evaluation rules. The DEREK is a rule-based
system, AWorks is a discriminant-based system mainly
depending on physicochemical descriptors, and MCase
is a hybrid system based on a database. Therefore, we
concluded that in silico evaluation could be optimized
by combining the evaluations from the three systems.
Sensitivity, specificity and concordance were increased
when we combined the three in silico systems to make a
final conclusion of mutagenicity (Table 1). Concordance
was much higher after combining but the applicability
became poor (42.2%). When two of the in silico systems
gave the same evaluations, the applicability (86.8%) was
good but the concordance was lower (86.7%) than when
all three were combined (98.7).

Recently, several in silico studies for prediction of
mutagenicity have been conducted on drugs or non-
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Exceptional chemicals that showed Ames test gave positive but all three in silico systems (DEREK, MCase, TOPKAT/AWorks) gave negative and

Ames test gave negative but all three systems gave positive

Compound CAS Ames test DEREK MCase TOPKAT/Aworks Source?
Bupropion 34911-55-2 + - - - 1
Citalopram 59729-33-8 + —_ - - 1
Naloxone 465-65-6 + - - - 1
Oxcarbazepime 28721-07-5 + — - — 1
Quetiapine 111976-69-7 + - - - 1
Rabeprazole 117976-89-3 + - - - 1
Zolmitriptan 139264-17-8 + - - — 1
2-(2-Methylpropyl) thiazole 18640-74-9 + - - - 2
2-Chloropyridine 109-09-1 + - — - 2
Pyrogallol 87-66-1 + - - - 2
o-Phenylphenol 90-43-7 + - - - 3
2-Amino-1-naphthalenesulfonic acid 81-16-3 + - - - 3
2-Vinylpyridine 100-69-6 + - - - 3
Fosfomyocin 23155-02-4 - + + + 1
Toremifene 89778-26-7 - + + + 1
Poly (2-hydroxypropyl methacrylate) 25703-79-1 - + + + 2
Carboxymethylnitrosourea 60391-92-6 - + + + 3
Methidathion ‘ 950-37-8 - + + + 3
1-Nitroso-3,5-dimethyl-4-benzoylpiperazine - + + + 3

2 1: Synder et al. [11] (with TOPKAT), 2: White et al. [13] (with TOPKAT), 3: this study (with AWorks).

drug chemicals with commercially available programs,
e.g., DEREK, MCase or TOPKAT, or newly developed
computational approaches [4,9-12]. The performances
of DEREK and MCase in several of these studies are
summarized in Table 4. Generally, similar performance
in sensitivity, specificity, concordance, and applicabil-
ity were shown between DEREK and MCase but with
some exceptions, e.g., sensitivity in 520 drug candi-
dates [13], specificity in 516 non-drugs [4], and appli-
cability in 520 pharmaceutical drug candidates and 94
non-drugs {13]. These differences might be due to the
chemical class of target compounds in each database.
However, there was no remarkable difference in perfor-
mance whether the chemical was intended for use as
a pharmaceutical, agricultural, or industrial agent. Our
results on performance of in silico systems showed sim-
ilarity with the published analyses. With respect to the
combination of in silico prediction systems, White et
al. [13] reported that combination improved the over-
all accuracy and specificity, but sensitivity was barely
above the 50% level (Table 4). On the other hand, their
analysis showed quite low applicability in the combina-
tion of three prediction systems, DEREK, MCase and
TOPKAT. Our analysis of the combination of DEREK,
MCase and AWorks showed good improvements in
sensitivity, specificity and concordance, but applica-
bility was low, especially in the 3-system combina-
tion.

Exceptional chemicals that gave positive Ames
results but were negative in all three in silico systems
(DEREK, MCase, TOPKAT/AWorks), and those that
were negative in the Ames test but gave positive evalua-
tions in all three systems, are summarized in Table 4. This
table, which includes data from Synder et al. [11] and
White et al. [13] shows there are 19 exceptional chemi-
cals from both drug and non-drug families. Although it
would be unrealistic to expect zero exceptions using this
approach, further improvement of the prediction systems
is needed. We do not have good reasons to explain the
discordance, therefore we will verify the results from
both sides, i.e., in silico system and Ames test.

Considering these outcomes, we propose a decision
tree (Fig. 2), in order to evaluate chemical induction of
gene mutation. We may use the decision tree to priori-
tize chemicals to be assayed by in vitro and/or in vivo
tests, A final goal being that eventually, chemical muta-
genicity will be evaluated by in silico systems alone for
regulatory use. The decision tree consists of three steps;
namely to assess the molecular weight, the existence of
epoxy groups, and the in silico evaluation for genotox-
icity. Based on the purpose of the in silico evaluation,
the tree might be altered by the different final call of the
in silico evaluation, i.e., regarding as positive (negative)
all three systems show positive (negative). The choice
of definition for final call applying to the decision tree
should be based on the balance between accuracy of eval-
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| Chemlcal to be analyzed |

<TRWs 3,00/0\/\&—»2;@@ Mo

[ Positive ] [Negative}

2 or more
Negatives

2 or more Positives

Positive

further testing

Fig. 2. Decision tree. In in silico evaluation, when two or more give
positive then the final call is “positive” and two or more negative then
call “negative”.

uation and applicability, which are especially important
for regulatory purpose. The decision should be made on
a case-by-case basis depending upon the purpose of the
decisions to be made.
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Abstract

We conducted simultaneous liver and peripheral blood micronucleus assays in young rats with seven rodent
hepatocarcinogens—4,4’-methylenedianiline (MDA), quinoline, o-toluidine, 4-chloro-o-phenylenediamine (CPDA), dimethyl-
nitrosamine (DMN), p-dimethylaminoazobenzene (DAB), and di(2-ethylhexyl)phthalate {(DEHP)—and two mutagenic
chemicals—Kkojic acid and methylmethanesulfonate (MMS).

* Corresponding author. Tel.: +81 265 73 8611; fax: +81 265 73 8612.
E-mail address: h-suzuki@jina-research.co.jp (H. Suzuki).
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Quinoline, DMN, and DAB were positive in the liver assay, while o-toluidine, kojic acid, DAB, and MMS were positive in the
peripheral blood assay. o-Toluidine, kojic acid, and DAB are reportedly negative in mouse bone marrow micronucleus assays,
indicating a species difference. .

Our results revealed a correlation between micronucleus induction in hepatocytes and hepatocarcinogenicity. This technique can
be useful for the detection of micronucleus-inducing chemicals that require metabolic activation, and it enables simultaneous

comparison of the micronucleus-inducing potential of chemicals in the liver and peripheral blood in the same individual.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Young rat;, Liver micronucleus; Peripheral bloed micronucleus; Hepatocarcinogen

1. Introduction

In vivo rodent bone marrow (BM) micronucleus
assay results correlate highly with carcinogenicity in
many organs, but the test is rather insensitive to indirect
and liver carcinogens [1). The micronucleus-inducing
potential of such chemicals can be detected in in vivo
liver micronucleus assays [2-4], which can be con-
ducted by the partial hepatectomy (PH) method [2,5,6],
co-treatment with mitogens [7,8] or an in vivo/in vitro
assay system [9]. These all have serious disadvantages.
In the PH method, P-450, styrenemonooxygenase,
epoxide hydrolase, and glutathione-S-epoxide trans-
ferase activity is decreased [10], and the method is
time-consuming because it involves surgery. In the
co-treatment method with mitogens, the mitogens can
interact with the test chemicals [11]. The in vivo/in
vitro assay system requires much effort, time, and
expense.

Searching for better approach, we evaluated liver
micronucleus assay that uses 4-week-old rats [11].
We evaluated the assay using the hepatocarcinogen
diethylitrosamine (DEN) [12]. In 4-week-old rats,
not only liver growth but also P450 activity are at their
maximum and glucuronic acid, sulfate, glutathione,
and glycine conjugation levels are the same as in
mature animals [13], as are the levels of hexobarbital
hydroxylation, N-demethylation of ethylmorphine,
O-demethylation of p-nitroanisole and hydroxylation
of aniline [ 14]. Since the usefulness of this method has
not been clearly demonstrated, we organized a collab-
orative study to evaluate it with nine model chemicals.
‘We conducted the peripheral blood micronucleus assay
[15,16] simultaneously to evaluate another organ in the
same animal. Our results demonstrated the relationship
in young rats between the hepatocarcinogenicity and
hepatocyte micronucleus-inducing potential of the test
chemicals.

2. Materials and methods
2.1. Collaboration

Eleven research laboratories collaborated in this
study (Table 1).

2.2. Animals

Male Fischer F344 or SD rats, 3 weeks of age, were
purchased from Charles River Japan Inc., and used at
4 weeks of age. The animals were housed under a 12-h
light-dark cycle and allowed free access to commercial
pellets and tap water.

2.3. Chemicals

4,4'-Methylenedianiline (MDA, CAS No. 101-77-
9), kojic acid (CAS No. 501-30-4), quinoline (CAS No.
91-22-5), o-toluidine (CAS No. 95-53-4), 4-chloro-
o-phenylenediamine (CPDA, CAS No. 95-83-0),
and dimethylnitrosamine (DMN, CAS No. 62-75-9)
were purchased from Wako Pure Chemical Industries
Ltd.; p-dimethylaminoazobenzene (DAB, CAS No.
60-11-7), di(2-ethylhexyl)phthalate (DEHP, CAS No.
117-81-7), and methylmethanesulfonate (MMS, CAS
No. 66-27-3) from Aldrich. Diethylnitrosamine (DEN,
CAS No. 55-18-5) was purchased from Wako Pure
Chemical Industries Ltd. or Tokyo Kasei Co. Ltd.,
and cyclophosphamide (CP, CAS No. 50-18-0) was
purchased from ICN Biochemicals or Aldrich.

MDA, o-toluidine, CPDA, and DAB were sus-
pended in olive oil, quinoline and DEHP in cormn oil. Ko-
jic acid was suspended in 1% sodium carboxymethyl-
cellulose. DMN was dissolved in distilled water, MMS
in physiological saline. DEN and CP, the positive con-
trol substances, were dissolved in distilled water, and
the same lot chemical was used in all laboratories.



H. Suzuli et al. / Mutation Research 583 (2005) 133-145 135

Table 1
Study participants
Laboratory Investigators
1 Biosafety Research Jin Tanaka
Center, Foods, Drugs and
Pesticides
2 Hokko Chemical Industry Yasushi Shimada
Co. Ltd.
3 Ina Research Inc. Hiroshi Suzuki®, Kana
Komatsu
Akiko Koeda, Tadashi
Imamura
4 Kaken Pharmaceutical _ Junichi Yoshida
Co. Ltd.
5 Kao Corporation Nachiro Ikeda
6 Kissei Pharmaceutical Kazuo Kobayashi, Yukari
Co. Ltd. Terashima, Kaori Yasue
7 Mitsubishi Chemical Yukiko Saito
Safety Institute Ltd.
8 National Institute of Takayoshi Suzuki,
Health Sciences Makoto Hayashi
9 Nisshin Kyorin Shigeki Hatakeyama
Pharmaceutical Co. Ltd.
10 Sankyo Co. Lid. Toshiyuki Hagiwara,
Ayumi Okazaki
11 Toa Eiyo Ltd. Koko Nagaoka

3 Chief study organizer.

2.4. Doses

We used 1/2 and 1/4 of the LDsp value of each
chemical as the high and low dose. When the LDsg
values were unclear, we estimated them by small-scale
experiments according to the method of Lorke [17].
Negative control animals received the respective vehi-
cle. Positive control animals received DEN at 40 mg/kg
(liver micronucleus assay) or CP at 10 mg/kg (periph-
eral blood micronucleus assay). Each group consisted
of four or five animals. Dosing was conducted once in-
traperitoneally or orally. With the exception of MMS,
each chemical was evaluated by two laboratories.

2.5. Liver micronucleus assay

Rats were anesthetized with ethylether 3, 4 or 5
days after a single administration of test chemical or
5 days after administration of the negative or positive
control chemicals. Hepatocytes were isolated by the
collagenase perfusion method, rinsed with 10% neu-
tral formalin two or three times, centrifuged at 50 x g
for 1min, suspended in 10% neutral formalin, and
stored under refrigeration. For staining, 10-20 pL of

the suspension was mixed with an equal volume of acri-
dine orange (AO)-4'6-diamidino-2-phenylindole dihy-
drochloride (DAPY) [ 12]. Approximately 10-20 pL of
stained suspension was dropped onto a clean glass slide
and covered with a cover slip (24 mm x 40 mm).

Microscopic preparations were evaluated with the
aid of a fluorescence microscope (x 400 or greater) with
UV excitation. The number of micronucleated hepato-
cytes (MNHEPs) among 2000 hepatocytes (two fields)
was recorded for each animal. MNHEPs were defined
as hepatocytes with round or distinct micronuclei that
stained like the nucleus, with the <1/4 diameter of the
nucleus [7,18). The number of mitotic cells per 2000
hepatocytes was determined.

2.0. Peripheral blood micronucleus assay

A small amount of blood was collected from a
tail vessel on Day 2 after treatment, at which time
most chemicals induce the maximum response [19].
It was stained by either of the following methods: (1)
5—10 p.L was dropped on to AO-coated slides, covered
with cover glasses, and stored in a deep freezer un-
til analysis [15], or (2) 10 nL suspension was mixed
with about 30 pL of 10% neutral formalin and stored
at room temperature, the samples were mixed with an
equal volume of AO solution (500 pwg/mL) in the ratio
of 1:1 and smeared on a glass slide immediately before
analysis. Specimens were evaluated with the aid of a
fluorescent microscope (x 600 or greater) with B ex-
citation. The number of micronucleated reticulocytes
(MNRETSs) among 2000 reticulocytes (RETs) and the
number RETs among 1000 erythrocytes were recorded
for each animal.

2.7. Statistical analysis

We determined the statistical significance of the in-
cidence of micronucleated hepatocytes or reticulocytes
using Kastenbaum and Bowman’s method ] 20] and that
of reticulocytes with the Student /-test.

3. Results

3.1. Liver micronucleus assay

Table 2 shows the results of the liver micronucleus
assay. Quinoline, DMN, and DAB were positive in both



