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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 routinely. 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 chemical genotoxu:xty using a combination of the three in silico systems
after pre-selection according to their molecular weight.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
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

* Corresponding author.

1383-5718/8 — see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j. mrgentox.2005.09.009

on data from in vitro and in vivo bioassays. Accord-
ing to the “Law Conceming the Evaluation of Chemical
Substances and Regulation of Their Manufacture, etc.”
[2], the Salmonella/microsome (Ames) assay, in vitro
chromosomal aberration assay (or alternatively mouse
lymphoma 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 10t 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 htip://www.lhasalimited.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 cells (MLA), and in vitro chro-
mosomal aberration assay or in vitro micronucleus assay
(CA/MN). We used 703 chemicals that had been assessed
in the Ames assay for evaluation of the three in sil-
ico systems, i.e., 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.
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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
hitp://wwwdb.mhlw.go.jp/ginc/html/db!.him]. 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. Insilico 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 medpe. 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 N
sensitivity:ﬁi x 100, specificity = x 100,
A+ NA—
Nayst + Na_s_

100,
N eval %

concordance =

applicability = Newt x 100

Nal]
where N4, is number of chemicals revealing positive in Ames
assay; Na_ is number of chemicals negative in Ames assay;
Naag+ is number of chemicals revealing positive by both Ames
assay and in silico evaluation; N,_g_ is number of chemicals
negative in both Ames assay and in silico evaluation; Ney, is
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Table 1
Performance of in silico systems
Ames resnlt + - Total Sensitivity Specificity Concordance Applicability
(%) (%) %) (%)
CGX database
DEREK + 288 64 352
- 69 267 336 81.8 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
ECIJ database
DEREK + 19 7 26
- 21 159 180 73.1 88.3 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 N, 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 of 206 ECJ chemicals, 26 were positive and 180
were negative. The outcomes of the in silico analyses are
summarized in Table 1. The pattern of performance was
very similar to that with the 703 chemicals in the CGX
database.

Fig. I 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

Total 194 chemicals

N
b=
<

[
o
<

Cumulative % of chemicals

0.6
1>QQ D@ D@ IP‘QQ /,‘3@ L@Q é\@ 15“QQ 19QQ & r&’@ S \9\

PN A )
Molecular weight

Fig. 1. Cumulative 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 systerns after combined
CGX database

A lsitico +or+++ -.Or--- Total Sensitivity (%) Specificity (%)  Concordance (%) Applicability (%)
mes
+ 319
- , : 291 87.8 85.6 86.7 86.8
Total 321 289 010
+ 167
- : o 130 99.4 97.7 98.7 42.2
Total 168 129 297
FCJ database
In silico - s s e " C o
Ames Total Sensitivity (%) Specificity (%) Concordance (%) Applicability (%)
+ 7 26
- 170 73.1 86.5 84.7 95.1
Total 196
+ 15
- 99 86.7 94.9 - 93.9 553
Total 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 94° [
MCase 48 93 90 91t
217 Non-drugs DEREK 86 S0 81 100" [10]
MCase 91 62 &3 100"
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 gb 31¢ 61 100¢ [4]
MCase (A2H) 13° 15° 72 97¢
Topcat (Ames Mut) 18" 15¢ 67 98¢
DEREK +MCase 6* 19¢ 75 974
DEREK +Mcase + TOPKAT 5b 9 86 46¢
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 6° 24 70 100¢ [4]
MCase (A2H) 7 12° 81 98¢
Topcat (Ames Mut) 250 19¢ 56 974
DEREK +MCase 2b 16° : 82 98¢
DEREK -+ Mcase + TOPKAT 7° 10° 83 43¢

@ Calculated by us
b 9, False negative.
¢ % False positive.
4 (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-
nitrosourea [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, e.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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Table 4

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 + o - - 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
Fosfomycin 23155-02-4 - + + + 1
Toremifene 89778-26-7 - + + + 1
Poly (2-hydroxypropy! methacrylate) 25703-79-1 - + + + 2
Carboxymethylnitrosourea 60391-92-6 - + + + 3
Methidathion 950-37-8 - + + + 3
1-Nitroso-3,5-dimethyl-4-benzoylpiperazine - + + + 3

& 1: Synder et al. [ } 1] (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 sumnmarized 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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[ Chemical to be analyzed

~—___ No e e No

<MW 53,000 e \E\p(:?g/,”/\—-—
Yes

es
[ Positive ] [Negative}

2 or more
Negatives

Negative

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 — Newborn rat studies were conducted with oral administration of 1,3-dibromopropane
(DBP) and 1,1,2,2-tetrabromoethane (TBE) from postnatal Days 4 to 21 to allow comparison of NOAELs
and unequivocally toxic levels with those from 28-day young rat studies starting at 5-6 weeks of age. The
unequivocally toxic level was estimated by our specified criteria, requiring simuitaneous change of organ
weights, histopathology, some biochemical parameters and body weights, because in this study only
hypertrophy of hepatocytes was observed as a major histopathological change. DBP caused centrilobular
hypertrophy of hepatocytes with alteration in biochemical parameters, as well as lowering of body
weights, regardless of sex, in both newborn and young rats. NOAELSs and unequivocally toxic levels were
considered to be 50 and 150 mg/kg/day in newborn rats and 10 and 250 mg/kg/day in young rats, respec-
tively. In the newborn rat study of TBE, some hepatic effects observed at the top dose of 50 mg/kg were
not considered adverse because of the lack of histopathological changes. Significant lowering of body
weight was noted at 200 mg/kg in the dose-finding study but histopathological data were not available.
In the young rat study, there was no definite toxicity at 6 mg/kg and hypertrophic changes in liver and
thyroids without body weight change occurred at 200 mg/kg. There were no clear sex differences in both
the newborn and young rat studies. NOAELs were considered to be 50 and 6 mg/kg/day in newborn and
young rats, respectively, but unequivocally toxic levels for both rats could not be estimated. Abnormalities
of external and sexual development and reflex ontogeny in the newbom were not observed with either
chemical. Based on these results, it can be concluded that the target organ of DBP and TBE is the liver
in both newborn and young rats, and that while the doses at which toxic signs began to appear are higher
in newborn rats, those causing clear toxicity may be paradoxically lower in the newbom case.

KEY WORDS: Toxicity in newborn rats, 1,3-Dibromopropane, 1,1,2,2-Tetrabromoethane

INTRODUCTION

29

The newborn period is a time of biological
changes because birth creates a completely new situa-
tion for the offspring. For example, prior to birth,
maternal and fetal blood are in close equilibration, and
most xenobiotics that cross the placenta to the fetus

must shifi back to the mother again because the ability
of the fetus to dispose of them is extremely immature
(Scheuplein ef al., 2002). After elimination of com-
pounds across the placenta ceases at birth, metabolic
and excretory functions rapidly develop. In the liver,
parturition triggers the dramatic development of meta-
bolic enzymes (Alcorn and McNamara, 2002). In man,
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most enzymes have matured to adult activity levels by
the first year of life, but cytochrome P450-mediated
metabolism, glucuronidation, glutathione conjugation
and acetylation are generally deficient in the neonate.
Regarding renal clearance, although the adult function
is also approached by 1 year of age, the faster develop-
ment of filtering than absorptive or secretory functions
results in a glomerulotubular imbalance. The lack of a
balanced detoxication ability during the newborn
period would be expected to affect toxicity of chemi-
cals.

For the toxicity evaluation of various kinds of
chemicals, repeated dose and reproductive/develop-
mental toxicity studies have been generally conducted.
However, the effects of direct exposure to chemicals
during the newborn period have not been taken into
account. Furthermore, there were no sufficient data on
the differences between the newborn and young/adult
in the susceptibility to the toxicity of chemicals. There-
fore, for the purpose of understanding the sensitivity of
the newborn and utilizing it in the toxicity evaluation,
we conducted the repeated dose toxicity studies using
newborn rats, and analyzed the differences of the sen-
sitivity from that of young rats, which have been
recently used to evaluate the chemical toxicity in gen-
eral. These comparative studies were conducted as a
part of an existing chemical testing program of Japan.
As the candidate chemicals, phenolic and halogenated
compounds were selected among chemicals in this pro-
gram, considering the potential for endocrine disrupt-
ing action in the early development period. Because of
no standard experimental protocol, repeated dose tox-
icity studies in newborn rats were conducted with our
newly established protocol (Koizumi et al., 2001),
including a detailed examination of early development
and a complete toxicity analysis after a sufficient
recovery-maintenance period. The results were com-
pared with those of a 28-day repeated dose toxicity
study using young rats, which is generally conducted
as a screening test in existing chemical testing program
in Japan. For more precise comparison, in addition to
the no observed adverse effect levels (NOAELSs), we
estimated unequivocally toxic levels, defined as doses
inducing clear toxicity, including clinical toxic signs,
death or critical histopathological damage. In order to
estimate more appropriate NOAELSs and unequivocally
toxic levels than those depending on the dosages of
main studies, the results of dose-finding studies for
each case were incorporated. Earlier, we reported ana-
lytical results for five chemicals (4-nitrophenol, 2,4-
dinitrophenol, 3-aminophenol, 3-methylphenol, tetra-
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bromobisphenol A) (Koizumi ef al., 2001, 2002, 2003;
Fukuda et al., 2004). The susceptibility of newborn
rats to the toxicity of the first four was 2 to 4 times
higher than that of their young counterparts, although
these chemicals had no impact on development in the
newborn period and showed similar toxicity profiles in
both age groups (mainly effects on the central nervous
system). In the case of tetrabromobisphenol A, a spe-
cific rather than enhanced renal toxicity was observed
in newborn rats.

In the present study, two halogenated alkanes,
1,3-dibromopropane (DBP) and 1,1,2,2-tetrabromoet-
hane (TBE), were chosen as the sixth and seventh
chemicals for comparative toxicity analysis, because
these two chemicals have similar properties such as
analogous chemical structures and hepatotoxicity after
hepatic metabolism, and the lower susceptibility of the
newborn to these chemicals was expected in prelimi-
nary analysis, contrary to all outcomes of previous
analyses. There has hitherto been no sufficient infor-
mation on toxicity of DBP, an intermediate in the pro-
duction of pharmaceutical agents (Chemical Products’
Handbook, 2004), except that the intraperitoneal low-
est lethal dose is 750 mg/kg in mice (Sax, 1979).
Applications of TBE are various as a fire retardant, in
oils and fats, in solvents, for ore dressing, and as a
reagent for microscopic examination and as a catalyst
(Chemical Products’ Handbook, 2004). Regarding its
toxicity, inhalation exposure to TBE for 180-184 days
(7 hr/day, 5 days/week) caused slight edema and con-
gestion in lungs and slight centrilobular fatty degener-
ation in the livers of mice, rats, guinea pigs and rabbits
at an average concentration of 4 ppm (Hollingsworth et
al., 1963). Gavage studies for 3 weeks using F344/N
male rats have been conducted on many halogenated
ethanes to examine renal toxicity, but all rats adminis-
tered TBE (214 mg/kg/day and more) died or were
killed on becoming moribund by dosing Day 11 (NTP,
1996). Cytoplasmic vacuolization of hepatocytes was
observed in these rats. We have conducted the newborn
rat studies on DBP and TBE and evaluated the results
in comparison with published findings in young rats
(MHLW, 20032, 2003b), in the same manner as for the
five chemicals already documented (Koizumi ef al.,
2001, 2002, 2003).

MATERIALS AND METHODS
Materials

1,3-Dibromopropane (DBP, CAS No. 109-64-8,
purity: 99.8%) and 1,1,2,2-tetrabromoethane (TBE,
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CAS No. 79-27-6, purity: 99.2%) were obtained from
TOSOH CORPORATION (Tokyo, Japan), and dis-
solved in corn oil and olive oil, respectively. Test solu-
tions were prepared at least once a week and kept cool
and in the dark until dosing. The stability was con-
firmed to be at least 7 days under these conditions. All
other reagents used in this study were specific purity
grade.

Animals

Sprague-Dawley SPF rats [Ctj:CD(SD)IGS]
were purchased from Charles River Japan Inc. (Kana-
gawa, Japan) and maintained in an environmentally
controlled room at 19-27°C with a relative humidity of
32-75%, a ventilation rate of more than 10 times per
hour, and a 12:12 hr light/dark cycle. For 18-day new-
born rat studies of DBP and TBE, 20 pregnant rats
(gestation Day 14) were purchased for each and
allowed to deliver spontaneously. All newborn were
separated from dams at postnatal Day 3 (the date of
birth was defined as postnatal Day 0), and those with
good health without external abnormality were pooled
according to sex. Groups of 12 males and 12 females
were selected and assigned to each of the 4 dose
groups, including the controls, by stratified random
sampling based on the body weight. Twelve foster
mothers were selected based on health and nursing
conditions, and suckled the 4 males and 4 females
assigned to each group up to weaning on postnatal Day
21 (termination of dosing). After weaning, the animals
of the recovery-maintenance group (see Study design)
were individually maintained for 9 weeks. In the 28-
day study of young rats, 4 week-old rats were obtained
and used at ages of 5-6 weeks after acclimation. All
animals were allowed free access to basal diet (CRF-1:
Oriental Yeast Co. Ltd., Tokyo, Japan, or LABO MR
Stock: Nihon Nosan Kogyo Inc., Yokohama, Japan)
and water (tap water or well water treated with sodium
hypochlorite).

Study design (Time schedule as reported previously
(Koizumi et al., 2001))
1. 18-Day repeated dose study in newborn rats

In a dose-finding study, DBP was administered
by gastric intubation to newborn rats (5/sex/dose) from
postnatal Days 4 to 21 and TBE from postnatal Days 4
to 20. The dosages were set at 0, 10, 30, 100 or 200 mg/
kg/day for DBP and at 0, 12, 50 or 200 mg/kg/day for
TBE, based on the results of young rat study, men-
tioned below. They were examined for general behav-
ior and body weights during the dosing period, and
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sacrificed at postnatal Day 21 or 22 for assessment of
hematology, blood biochemistry, macroscopic findings
and organ weights,

In the main study, newborn rats (12/sex/dose)
were administered test substances by gastric intubation
from postnatal Days 4 to 21. Based on results of the
dose-finding study, the dosage was set at 10, 50 or 150
mg/kg/day for DBP and 3, 12 or 50 mg/kg/day for
TBE. On postnatal Day 22, 6 males and 6 females in
each treated group were sacrificed (the scheduled-sac-
rifice group) and the rest of animals in all groups (6/
sex/dose) were maintained for 9 weeks without chemi-
cal treatment and then sacrificed at 12 weeks of age
(the recovery-maintenance group). During the study,
general behavior, body weight and food consumption
(only the recovery-maintenance period) were exam-
ined at least once a day. In addition, some developmen-
tal parameters were assessed, such as surface righting
and visual placing reflex for reflex ontogeny, fur
appearance, incisor eruption and eye opening for exter-
nal development, and preputial separation, vaginal
opening and estrous cycle for sexual development, Uri-
nalysis (color, pH, occult blood, protein, glucose,
ketone bodies, bilirubin, urobilinogen, sediment, vol-
ume of the urine, osmotic pressure) was conducted in
the late recovery-maintenance period.

At weaning age of postnatal Day 22 after the last
treatment, blood was collected under anesthesia from
the abdomen of all animals in the scheduled-sacrifice
group. In the recovery-maintenance group, it was con-
ducted at 85 days of age after overnight starvation. One
portion of the blood was treated with EDTA-2K and
examined for hematological parameters such as the red
blood cell count (RBC), hemoglobin (Hb), hematocrit
(Ht), mean corpuscular volume, mean corpuscular
hemoglobin, mean corpuscular hemoglobin concentra-
tion, white blood cell count, platelet count, reticulocyte
count and differential leukocyte count. In the recovery-
maintenance group, blood was also treated with 3.8%
sodium citrate and blood clotting parameters such as
prothrombin time and activated thromboplastin time
were examined. Serum or plasma from the remaining
portions of blood were analyzed for blood biochemis-
try (total protein, albumin, albumin-globulin (A/G)
ratio, glucose, total cholesterol, triglycerides, phospho-
lipid, total bilirubin, urea nitrogen, creatinine,
glutamate oxaloacetate transaminase (GOT),
glutamate pyruvate transaminase (GPT), alkaline
phosphatase, y-glutamyl transpeptidase (y-GTP), cal-
cium, inorganic phosphorus, sodium, potassium, chlo-
rine). Following collection of blood, all animals were
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sacrificed by exsanguination, and organs and tissues of
the entire body were macroscopically observed. The
brain, pituitary gland, thymus, thyroids, heart, lungs,
liver, spleen, kidneys, adrenals, testes, epididymides,
ovaries and uterus were weighed, and fixed in 10%
buffered formalin-phosphate (following Bouin’s fixa-
tion for testes and epididymides). Paraffin sections
were routinely prepared and stained with hematoxylin-
eosin for microscopic examination. All studies were
conducted in compliance with the Good Laboratory
Practice Act of the Japanese Government.

. 2. 28-Day repeated dose study in young rats

In a dose-finding study, DBP and TBE were
administered by gastric intubation to five-week old rats
(5 or 4/sex/dose) for 14 days. The dosages were deter-
mined at 0, 20, 60, 200 or 600 mg/kg/day for DBP, and
at 0, 10, 20, 50, 100 or 200 mg/kg/day for TBE, based
on the results of the preliminary single-dose study. The
general behavior, body weight and food consumption
were examined, and the animals were sacrificed the
day after the last treatment for assessment of hematol-
ogy, blood biochemistry, macroscopic findings and
organ weighis.

Referring to the results of the dose-finding study,
doses in a main study were set at 10, 50 and 250 mg/
kg/day for DBP and at 6, 20, 60 and 200 mg/kg/day for
TBP. In the main study, 5-6 week old rats were given
the test substances by gastric intubation daily for 28
days and sacrificed afier overnight starvation following
the last treatment (scheduled-sacrifice group). Recov-
ery groups (0, 50, 250 mg/kg/day for DBP and 0, 200
mg/kg/day for TBE) were maintained for 2 weeks
without chemical treatment and sacrificed at 11 or 12
weeks of age. The number of animals for each sex/dose
for both scheduled-sacrifice and recovery cases was 6
for DBP and 5 for TBE. Rats were examined for gen-
eral behavior, body weight, food consumption, urinal-
ysis, hematology and blood biochemistry, necropsy
findings, organ weights and histopathological findings
in compliance with the Test Guideline in the Japanese
Chemical Control Act (Official Name: Law Concern-
ing the Examination and Regulation of Manufacture,
etc. of Chemical Substances) under Good Laboratory
Practice conditions,

Statistical analysis

Parametric data such as body weights, food con-
sumption, urinalysis findings (except for the results of
qualitative analysis), hematological and blood bio-
chemical findings, and organ weights were analyzed
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by Bartlett’s test (Bartlett, 1937) for homogeneity of
distribution. When homogeneity was recognized,
Dunnett’s test (Dunnett, 1964) was conducted for com-
parison between control and individual treatment
groups (p < 0.01 or 0.05). If not homogenous, the data
were analyzed using Steel’s multiple comparison test
(Steel, 1959) or the mean rank test of the Dunnett type
(Hollander and Wolfe, 1973) (p < 0.01 or 0.05). If the
number of groups was two, parametric data were ana-
lyzed by the F test (Snedecor and Cochran, 1967).

When homogeneity was recognized, the Student’s #-
test (Steel and Torrie, 1980) was conducted and if not,
the Aspinn-Welch’s ¢ test (Snedecor and Cochran,
1967) (p < 0.01 or 0.05). For histopathological find-
ings, the Mann-Whitney’s U test (Mann and Whitney,

1947) or the Fisher’s exact test (Fisher, 1973) were per-

formed (p < 0.01 or 0.05). In the newborn study, the chi

square test (Fisher, 1922) was conducted for physical
and sexual development and reflex ontogeny (p < 0.01

or 0.05).

Judgment criteria for NOAEL and the unequivo-
cally toxic level

NOAEL is the greatest dose at which no adverse
effects are observed. In the case of hepatotoxicity,
increased liver weights or changes in biochemical
parameters alone are not considered to be adverse
effects. The unequivocally toxic level has been used
only for our comparative toxicity analysis as a clear
toxic dose. However, it is generally not readily defin-
able because it depends on the type of toxicity. In this
study, centrilobular hypertrophy of hepatocytes was
observed as a major histopathological change with
both chemicals. Appearance of hypertrophic hepato-
cytes may not be considered to be a sign of clear toxic-
ity because it is not usually accompanied by increase in
GOT and GPT, typically found with hepatotoxic
agents. Therefore, for the special purposes of this
study, the unequivocally toxic level was estimated on
the basis of concomitant changes in organ weights, his-
topathology, biochemical parameters and body
weights.

RESULTS

1,3-Dibromopropane (DBP)
1. 18-Day study in newborn rats (including the dose-
finding study)
In the dose-finding study at doses of 10, 30, 100
and 200 mg/kg, 2 of 5 males and 2 of 5 females of the
highest group died on dosing Days 2 to 3, but no
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change in general behavior was observed in the others.
In the 200 mg/kg group, body weights were also lower
by 15-25% than the control values from dosing Day 4
in males and from dosing Day 8 in females. Blood bio-
chemical examination showed a slight increase in total
cholesterol in females given 200 mg/kg. For organ
weight, increases in relative liver weights were demon-
strated in both sexes at 100 mg/kg and more with abso-
lute liver weights in males at 100 mg/kg. Decrease in
absolute and relative testis weights were also observed
in males of 200 mg/kg group. At autopsy, there were
no gross abnormalities except hepatomegaly in all ani-
mals, including the dead rats at 200 mg/kg. Based on
these results, 10, 50 and 150 mg/kg were selected as
the doses for the main study in newborn rats.

In the main study, no change in general behavior
was noted during the dosing period in any dose group.
Body weights of both sexes given 150 mg/kg were low-
ered during the dosing period (Fig.1) and gain was also
decreased by approx. 10%. No definitive changes in
parameters for external and sexual development and
reflex ontogeny were detected in any dose group. At
the scheduled sacrifice, blood biochemical examina-
tion of the 150 mg/kg group showed increases in -
GTP in males and total bilirubin in females. There
were no dose-related changes in hematological param-
eters. Significant increase of absolute and relative liver
weights was noted in males given 50 mg/kg and in both
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sexes given 150 mg/kg, The relative liver weights were
also increased in females at 10 and 50 mg/kg. Absolute
brain weights were lower in both sexes given 150 mg/
kg, this being considered due to the lowered body
weights. On histopathological examination, hypertro-
phy of centrilobular hepatocytes was noted in all ani-
mals given 150 mg/kg, being mild in 3/6 males and 4/6
females (Table 1). In four of each sex, the endoplasmic
reticulum in hypertrophic hepatocytes showed a
ground glass appearance. In addition, single cell necro-
sis was also noted in 3/6 males and 1/6 females at 150
mg/kg. During and at the end of the recovery-mainte-
nance period, the changes observed in scheduled sacri-
ficed group had disappeared.

The results of the dose-finding study and main
study of DBP in newborn rats are summarized in Table
2. The NOAEL was concluded to be 50 mg/kg/day
because increase in liver weight without biochemical
and histopathological changes in this dose of the main
study was not considered as an adverse effect. The
unequivocally toxic level was concluded to be 150 mg/
kg/day, based on increase of liver weight, mild centri-
lobular hypertrophy of hepatocytes, increase of y-GTP
and total bilirubin, and lowering of body weights at this
dose in the main study, taking additional account of the
40% mortality rate at 200 mg/kg in the dose-finding
study.
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Fig. 1. Body weight curves for the 18-day study of 1,3-dibromopropane in newborn rats.
*: Significantly different from the controls (p < 0.05), **: Significantly different fiom the controls (p < 0.01).
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2. 28-Day study in young rats (including the dose-
finding study)

In the 14-day dose-finding study at doses of 20,
60, 200 and 600 mg/kg, all animals died within 6 days
after the first treatment in the highest group. They
showed various toxic signs such as decrease in sponta-
neous movement, oligopnea and adoption of a prone/
lateral position. Blood biochemical examination
showed increase in total protein in males and in total
cholesterol in females at 200 mg/kg. Increase in abso-
lute and relative liver weights was observed in both
sexes of the 60 and 200 mg/kg groups and relative liver
weights in males of 10 mg/kg. In addition, increase

was found in relative kidney weights in males and in
absolute and relative kidney and heart weights in
females at 200 mg/kg. There were no other dose-
related changes evident. Based on the results, 250 mg/
kg, at which it was predicted that clear toxic signs
would appear, was selected as the top dose for the main
study, and by one-fifth division 50 and 10 mg/kg were
derived.

In the main study, salivation was observed from
dosing Day 12 in 5 to 10 of each sex given 250 mg/kg.
In males at this dose, body weights were significantly
lowered by approx. 10% from dosing Day 18, in spite
of no dose-related change in food consumption. On

Table 1. Histological findings for the liver after 18-day repeat dosing of 1,3-dibromopropane in newborn rats (main

study).
Dose (mg/kg)
Grade 0 10 50 150
Males
No. of animals examined 6 6 6 6
Liver
— Single cell necrosis + 0 0 0 3
— Centrilobular hypertrophy of hepatocytes * 0 0 0 3
+ 0 0 0 3
i |
Females *
No. of animals examined 6 6 6 6
Liver
— Single cell necrosis + 0 0 0 1
~ Centrilobular hypertrophy of hepatocytes + 0 0 0 2
+ 0 0 0 4
| ]

*: Slight, +: Mild, *: Significantly different from the control group (p<0.01).

Table 2. Summary of the results of the repeated dose studies of 1,3-dibromopropane in newborn rats.

Dose-finding Study (5 rats/sex/dose)

Main Study (6 rats/sex/dose)

Dose (mg/kg/day) 10 30 100 200 10 50 150
Toxic Effects

— Death (No. of dead animals) 0 0 0 2M, 2F 0 0 0

— Body weight - - - 15-25%4 - - 10%4
— Blood biochemical parameters - - - F: Cho (D) - - N}IT S;ll;ﬁ,:r
— Relative liver weight - - T T ) T T

— Histopathological changes * nd. nd. nd. nd. 0 0 M, 2F
(No of animals with the findings*) + n.d. n.d. nd. n.d. 0 0 3M, 4F

#: Slight change, +: Mild change, M: Males, F: Females, T: Increase, 4: Decrease, (1): Slight increase, —: No change,
Cho: Total cholesterol, GTP: y-GTP, TP: Total protein, n.d.: No available data, *Centrilobular hypertrophy of hepatocytes.
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hematological examination at the scheduled sacrifice,
slight anemic changes with decrease in Hb and Ht, and
an increased reticulocyte ratio were observed in
females receiving 250 mg/kg. At 250 mg/kg, many
blood biochemical parameters, including total protein,
albumin, total cholesterol, triglycerides, phospholipids
and total bilirubin, were also increased with an upward
trend of GOT and GPT. With 50 mg/kg, slight increase
in total protein was only observed in males, Significant
increases were found in absolute and relative liver
weights of both sexes at 250 mg/kg and in relative liver

weights of females at 50 mg/kg. There was also
increase in relative heart weights and relative kidney
weights in both sexes of the 250 mg/kg group. On his-
topathological examination, slight to mild centrilobu-
lar hypertrophy of hepatocytes was observed at 50 mg/
kg and more (Table 3). Perilobular vacuolation of
hepatocytes tended to decrease with the dose. Most of
the above changes became less prevalent or disap-
peared during the recovery period. However, body
weights remain lower throughout this period in males
and the relative liver and heart weights continued to be

Table 3. Histological findings in the repeated dose study of 1,3-dibromopropane in young rats (main study).

Scheduled-sacrifice group (mg/kg) Recovery group (mg/kg)
Grade 0 10 50 250 0 50 250
Males ’
No. of animals examined 6 6 6 6 6 6 6
Liver
~ Centrilobular hypertrophy of hepatocytes =+ 0 0 4 2 0 - 0
+ 0 0 0 4 0 - 0
[ J
B *
[T
~ Perilobular vacuolation of hepatocytes + 0 1 2 5 - 6
+ 6 5 4 1 - 0
L o
K
Spleen
— Extramedullary hematopoiesis + 5 - - 5 6 3 0
+ 0 - - 1 0 3 6
++ 1 - - 0 0 0 0
[ — |
— Deposits of brown pigment + 6 - - 6 6 6 1
+ 0 - - 0 0 0 5
L !
K
Females
No. of animals examined 6 6 6 6 6 6 6
Liver
— Centrilobular hypertrophy of hepatocytes  + 0 0 3 2 0 - 0
+ 0 0 0 4 0 - 0
| —
o
~ Perilobular vacuolation of hepatocytes + 1 1 4 5 4 - 5
+ 5 5 2 1 2 - 1
l 1
#
Spleen
— Extrameduilary hematopoiesis + 6 - - 5 6 6 4
+ 0 - - 1 0 0 2
— Deposits of brown pigment * 6 - - 5 4 5 1
+ 0 - — 1 2 1 5
+: Slight, +: Mild, ++: Moderate, *: Significantly different from the control group (p<0.05),
**: Significantly different from the control group (p<0.01).
Vol. 30 No. 1
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high in females at 250 mg/kg. At the same time,
decreases in RBC, Hb, Ht and increase in the reticulo-
cyte ratio appeared in males given 250 mg/kg with an
increased incidence of extramedullary hematopoiesis
and deposits of brown pigment in the spleen (Table 3).

Summary of the results of the dose-finding and
main study of DBP in young rats are shown in Table 4.
The NOAEL was concluded to be 10 mg/kg/day from
the main study, as the 20 mg/kg in dose-finding study
was not appropriate because of the lack of histopatho-
logical examination. The unequivocally toxic level was
concluded to be 250 mg/kg/day, at which increase of
liver weight, mild centrilobular hypertrophy of hepato-
cytes, increase of many biochemical parameters with
an upward trend of GOT and GPT, slight anemic
effects and lowering body weight were observed in the
main study.

1,1,2,2-Tetrabromoethane (TBE)
1. 18-Day study in newborn rats (including the dose-
finding study)

In the dose-finding study, when newborn rats
were given TBE at 12, 50 and 200 mg/kg, hypoactivity
and bradypnea were observed during the dosing period
in all animals of the high dose group, the body weights
being lowered by 10-20% in both sexes at dosing Days
8 to 17. On blood biochemical examination for this
group, slight increase in total bilirubin was found in
both sexes. In addition, absolute and relative liver
weights were increased in females receiving the 50 mg/
kg and both sexes of the 200 mg/kg group, and relative
liver weights in females of the 12 mg/kg and males of
the 50 mg/kg groups. There were also increases in rel-
ative kidney weights of females and decreases in abso-

lute spleen weights of both sexes and relative spleen
weights of females at 200 mg/kg. No significant
changes were observed on hematological and gross
examination. Based on these results, it was predicted
that some hepatotoxicity would be observed at 50 mg/
kg, which was selected as the top dose in the main
study, and 3 and 12 mg/kg were derived by approx.
one-fourth divisions.

In the main study, no significant changes were
noted in general behavior and body weight (Fig.2).
There were also no definitive changes in the parame-
ters for external and sexual development and reflex
ontogeny at any dose. At scheduled sacrifice, blood
biochemical examination in the 50 mg/kg group
showed only a slight increase in total protein in males.
There were also increases in absolute and relative liver
weights in both sexes, relative kidney weights in males
and relative heart weights in females of the 50 mg/kg
group. After the recovery-maintenance period, no sig-
nificant changes were observed in blood biochemical
findings and in kidney and heart weights, but the rela-
tive liver weights still remained high in males at 50 mg/
kg. There were no dose-related changes in food con-
sumption, urinalysis, hematology and histopathology
throughout the study, including the recovery-mainte-
nance period.

As shown in summary of the results in Table 5, in
the 50 mg/kg group, relative liver weights were
increased in both dose-finding and main studies, and
total protein was slightly increased only in males of the
main study. These changes without histopathological
alteration were not considered adverse effects. There-
fore, the NOAEL was concluded to be 50 mg/kg/day.
Unfortunately, no histopathological changes in the

Table 4. Summary of the results of the repeated dose studies of 1,3-dibromopropane in young rats.

Dose-finding Study (5 rats/sex/dose)

Main Study(6 rats/sex/dose)

Dose (mg/kg/day) 20 60 200 600 10 50 250
Toxic Effects
—Death (No. of dead animals) 0 0 0 5M, 5F 0 0 0
~Body weight - - - nd. - - M: 10%4
—Blood biochemical parameters - 11:1 :CTI;TI: nd. - M: TP (D) ManyT
~Relative liver weight M: T T nd. - ET T
—Histopathological changes * nd. nd. nd. n.d. 0 4M, 3F 2M, 2F
(No of animals with the findings*) + nd. n.d. n.d. ~ nd. 0 0 4M, 4F

+: Slight change, +: Mild change, M: Males, F: Females, T: Increase, {: Decrease, (M): Slight increase, ~: No change,
Cho: Total cholesterol, TP: Total protein, Many; Many parameters including Cho, TP, albumin, triglycerides, phospholipids and
total bilirubin, n.d.: No available data, * Centrilobular hypertrophy of hepatocytes.

Vol. 30 No. 1

-270-



37

Susceptibility of newborn rats to 1,3-dibromopropane and 1,1,2,2-tetrabromoethane.

liver were observed at the highest dose of 50 mg/kg in
the main study, meaning that the dose setting was not
appropriate. Therefore, an unequivocally toxic level
could not be estimated. The dose of 200 mg/kg in the
dose-finding study was clearly toxic because of effects
on the central nervous system (hypoactivity and
bradypnea) and lowering of body weight (10-20%
reduction), although no histopathological examination
was conducted.

2. 28-Day study in young rats (including the dose-
finding study)

In the dose-finding study with 14-day exposure at
0, 10, 20, 50, 100 or 200 mg/kg, there were no signifi-
cant changes in body weight, food consumption and
urinalysis at any dose. Hematological examination
showed increase in reticulocytes of both sexes at 200
mg/kg, and decrease in Hb in both sexes at 200 mg/kg
and in males at 100 mg/kg, as well as Ht in males at
100 and 200 mg/kg and RBC in females at 200 mg/kg.
On blood biochemical examination, increases in total

80 " 80 (
0 70 - ‘
MALES EEMALES
60 - 60
—&— 0 me/ke -0 me/k
—O—~3mg/kg
—a—12 ma/ke —O— 3 ma/kg
I 50 r
__ G0 —8— 50 ma/k — —4— 12 mg/kg
=2 € i’n —&— 50 mg/ke
5 5
'g 40 'g 40
) g
=3 =3
a o
30 | 30
20 20 r
10 10
U 1 1 1 1 i 1 L 1 - 1 1 i 1 ) 1 | 1 1 ] | S ' 0 1 1 1 L ] L L 1 1 1 1 1 1 1 1 1 i) 1 ] L 1 )
4 7 {1 4 i8 21 4 7 I 14 18 21
Postnatal day Postnatal day
Fig.2. Body weight curves in the 18-day study of 1,1,2,2-tetrabromoethane in newborn rats.
Not significantly different from the controls.
Table 5. Summary of the results of the repeated dose studies of 1,1,2,2-tetrabromoethane in newborn rats.
Dose-finding Study (4 rats/sex/dose) Main Study (6 rats/sex/dose)
Dose (mg/kg/day) 12 50 200 3 12 50
Toxic Effects ‘
—Death (No. of dead animals) 0 0 o* 0 0 0
~Body weight - - 10-20% - - -
—Blood biochemical parameters - - B (T) - - M: TP (T)
—Relative liver weight F: T 1 ) - - T
—Histopathological changes n.d. n.d. nd. 0 0 0

(No of animals with the findings)

M: Males, F: Females, T: Increase, |: Decrease, (T): Slight increase, —: No change, TB: Total bilirubin, TP: Total protein,
n.d.: No available data, *Although there were ne deaths in this group, hypoactivity and bradypnea were observed in all animals.
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cholesterol in both sexes, and total protein and triglyc-
erides in females were noted at 200 mg/kg. In addition,
increase in total cholesterol was found in females given
100 mg/kg. There were also increases in absolute liver
weight in males at 100 and 200 mg/kg and in females
at 200 mg/kg, relative liver weight in both sexes at 50
mg/kg and more, and kidney weights in females at 100
mg/kg and in both sexes at the highest dose. Because of
the clear toxic effects, 200 mg/kg was selected as the
top dose for the main study, and 60, 20 and 6 mg/kg
were derived by one third division.

In the main study, there were no significant
changes in body weight and food consumption. At
scheduled sacrifice, hematological examination
showed decrease in platelet counts in females of 200
mg/kg group. On blood biochemical examination,
changes suggestive of effects on the liver, including
increase in total protein, albumin, A/G, total choles-
terol, were found in both sexes at the highest dose.
There were also increases in total protein and albumin
in females of the 20 and 60 mg/kg groups and increases
in A/G in females of the 60 mg/kg groups. For organ

weights, there were increases in absolute and relative
liver weights of both sexes given 60 and 200 mg/kg and
slight increase in relative liver weights in males given
20 mg/kg. In addition, relative kidney weights were
higher in both sexes and absolute kidney weights in
females of the 200 mg/kg group. On histopathological
examination (Table 6), slight to mild centrilobular
hypertrophy of hepatocytes was observed in both sexes
given 20 mg/kg and more. In the thyroid, mild hyper-
trophy of follicular cells was found at 60 mg/kg and
200 mg/kg, and follicles were apt to be miniaturized
and colloid to be decreased. At the end of the recovery
period, changes observed in the scheduled-sacrifice
group remained significant but with a tendency for
recovery (total protein, total cholesterol, liver and thy-
roid weights, centrilobular hypertrophy of hepatocytes
(Table 6)).

The results of the dose-finding and main study in
young rats are summarized in Table 7. As slight hyper-
trophy of hepatocytes was observed at 20 mg/kg in the
main study, the NOAEL was concluded to be 6 mg/kg/
day. The unequivocally toxic level was considered to

Table 6. Histological findings in the repeated dose study of 1,1,2,2-tetrabromoethane in young rats (main study).

Scheduled-sacrifice group Recovery group
Grade 0 6 20 60 200 0 200
Males
No. of animals examined 5 5 5 5 5 5 5
Liver
~ Centrilobular hepatocyte hypertrophy  * 0 0 3 4 0 0 3
+ 0 0 0 5 0
e —
*K
— Focal necrosis + 2 1 3 1 5 1 0
Thyroid
— Hypertrophy of follicular cells + 0 0 0 1 4 0 0
Females
No. of animals examined 5 5 5 5 5 5 5
Liver
— Centrilobular hepatocyte hypertrophy  + 0 0 3 5 1 0 2
+ 0 0 0 4 0 0
| J
| 7 |
*ok

— Focal necrosis + 0 0 0 0 1 0 0
Thyroid
— Hypertrophy of follicular cells + 0 0 2 5 0 0

0
|

)

+: Slight, +: Mild, *: Significautly different from the control group (p<0.05), **: Significantly different from the control group (p<0.01).
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be more than 200 mg/kg because of the lack of effects
on body weights and parameters indicative of hepato-
toxicity, such as GOT and GPT. Hypertrophy in the
liver and thyroid, and increases in some biochemical
parameters at this dose were not considered to be suffi-
cient for a conclusion of toxicity.

DISCUSSION

As with human neonates, the metabolic ability of
the newborn rat is known to be extremely immature,
with a low cytochrome P450 content (Rich and Boobis,
1997) and a low capacity for glucuronidation (Gow et
al., 2001). Therefore, it could be predicted that chemi-
cals directly exerting adverse effects might show stron-
ger toxicity in the newborn than in young/adult rats. As
expected, our previous comparative studies demon-
strated that the susceptibility to four chemicals (4-
nitrophenol, 2,4-dinitorophenol, 3-aminophenol, 3-
methylphenol), which may exert toxicity without met-
abolic activation, was 2 to 4 times greater in the new-
born than in young rats (Koizumi et al., 2001, 2002,
2003). :

In the present study, DBP and TBE, which differ
from the earlier chemicals in requiring biotransforma-
tion differently from previous chemicals, were there-
fore examined. Although hitherto there has been no
information on the repeated dose toxicity of DBP,
hepatotoxicity with slight centrilobular fatty degenera-
tion or cytoplasmic vacuolization has been already
reported for TBE (Hollingsworth ef al., 1963; NTP,
1996). The present study showed no effects of either
chemical on early development in the newborn, but
they caused hepatotoxicity, regardless of sex, in both

newborn and young animals. The ratios for NOAELs
and unequivocally toxic levels (young/newborn rats)
for both chemicals are given in Table 8, the NOAELs
for DBP and TBE being considerably higher in new-
born than in young rats, so that the latter are clearly
more susceptible. Unequivocally toxic levels could not
be simply estimated for both chemicals because the
hepatic influence observed was only hypertrophy of
hepatocytes, usually without increase of GOT and
GPT. Therefore, values were estimated on the basis of
simultaneous changes of organ weights, histopathol-
ogy, biochemical parameters and body weights. Based
on our specified criteria, the unequivocally toxic level
for DBP was in contrast lower in newborn than in
young rats. Unfortunately an unequivocally toxic level
of TBE could not be estimated for newborn or young
rats. However, the dose of 200 mg/kg in the newborn
dose-finding study was considered to be sufficiently
toxic because of the 10 - 20% lowering of body
weights observed, although no histopathology was
conducted. The same dose in the young rat main study
caused mild hypertrophy of hepatocytes but no change
of body weights, was not considered a sufficient toxic
level. These results suggest that the unequivocally
toxic level of TBE in the newborn might be lower than
that in young rats. The reasons for difference in suscep-
tibility presumably lie with metabolic pathways and
specific characteristics of newborn animals.

Three studies have demonstrated that DBP is
conjugated with hepatic glutathione before or after oxi-
dative biotransformation, leading to urinary excretion
of cysteine or mercapturic acid derivatives and exhala-
tion of CO, (James ef al., 1981, Jones and Wells, 1981,
Onkenhout et al., 1986). Activity of the conjugation

Table 7. Summary of the results of the repeated dose studies of 1,1,2,2-tetrabromoethane in young rats.

Dose-finding Study (4 rats/sex/dose)

Main Study (5 rats/sex/dose)

Dose (mg/kg/day) 10 20 50 100 200 6 20 60 200
Toxic Effects
— Death (No. of dead animals) 0 0 0 0 0 0 0 0 0
— Body weight - - - - - - - - -
— Blood biochemical parameters - - - F: TPT F: Ch}?c;,(’jl“lg:rTPT i]bT% E: 'z’bér/G’ ManyT
— Relative liver weight - -~ T T T - MM T T
— Histopathological changes + nd n.d. nd. n.d. n.d. 0 3M,3F 4M,5F 1F
(No of animals with the findings*) + n.d. n.d. n.d. n.d. n.d. 0 0 0 5M, 4F
+: Slight, +: Mild, M: Males, F: Females, T Increase, |: Decrease, (1): Slight increase, —: No change, Alb: Albumin,
Cho: Total cholesterol, TG: Triglycerides, TP: Total protein, Many: Many parameters including Alb, A/G, Cho and TP,
n.d.: No available data, * Centrilobular hypertrophy of hepatocytes.
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pathway is supported by a rapid drop in hepatic glu-
tathione level after DBP administration (James et al.,
1981). Metabolism via conjugation with glutathione
has in fact been indicated in common for dihaloalkanes
or dihaloalkenes, such as 1,2-dibromopropane
(Zoetemelk et al., 1986), 1,2-dichloropropane (Tre-
visan et al., 1989), 1,1-dichloroethylene (Jones and
Hathway, 1978) and 1,3-dichloropropene (Climie et
al., 1979). In the case of 1,2-halogenated ethanes, it is
considered that the oxidative metabolites might irre-
versibly bind to protein and that conjugate derivatives,
episulphonium ions, might be responsible for the DNA
adduct formation (Shih and Hill, 1981; Ozawa and
Guengerich, 1983).

With TBE, Kennedy et al. (1993) identified vari-
ous excretory metabolites after a single oral adminis-
tration to rats, such as 1,2-dibromoethylene and
tribromoethylene in exhaled air and dibromoacetic
acid, glyoxylic acid, and oxalic acid in urine. They
suggested that a number of metabolic intermediates
produced by oxidative biotransformation may be
involved in the mutagenicity, hepatotoxicity and neph-
rotoxicity of the compound. At least, dibromoacetic
acid has unequivocal cytotoxicity and mutagenicity
(Kargalioglu et al., 2002).

Based on the available information, oxidative
biotransformation mediated by cytochrome P450
might be a critical step for the initial hepatotoxic
effects of both chemicals. The rate of production of
active metabolites, including free radical intermedi-
ates, would be expected to be significantly less or neg-
ligible in newborn animals at least around 50 mg/kg, at
which clearly hepatic changes were observed in young
rats for both chemicals, because of their lower content

of cytochrome P450 (Rich and Boobis, 1997). This
metabolic character for both chemicals as well as the
lower blood flow to the liver during the newborn period
(Gow et al., 2001) would make a major contribution to
the much higher NOAEL in the newborn than in young
rats. Similar results have already been demonstrated
for aflatoxin B1 (Behroozikha ef al., 1992), acetami-
nophen, bromobenzene and carbon tetrachloride
(Gergus and Klaassen, 1998). On the other hand,
unequivocally toxic levels for both chemicals appeared
to be only 3 to 4 times higher than the NOAELs in
newborn rats, in contrast to 25 to >33 times higher in
their young counterparts (Table 8). One possible expla-
nation for these differences might be a low capacity for
protection against deleterious oxidative stress in the
newborn when the toxic chemical burden crosses a
threshold in the liver. It has been reported that the con-
tent of glutathione and glutathione-S-transferase activ-
ity in rat liver drops in the early days after birth (Tee ef
al., 1992).

In our series of comparative studies, the results of
the repeated dose toxicity study using newborn rats
have been compared with those of routine repeated
dose toxicity studies. The routine repeated dose studies
have value in identifying target sites for toxicity and
providing dose-response information that may be use-
ful for human safety assessment, irrespective of life
stage, but the developing period, which could be most
vulnerablev to chemical toxicity during life, is not
directly evaluated by the studies (Dourson e# al., 2002).
To compensate for this period, reproductive/develop-
mental toxicity studies that exposed the developing
animals via placenta or maternal milk have been con-
ducted. However, the direct exposure to chemicals dur-

Table 8. Comparison of NOAELs and unequivacally toxic levels in newborn and young rats.

Level (mg/kg/day) Ratio (young/newborn)
1,3-Dibromopropane
NOAEL (newborn) 50 3 02
NOAEL (young) 10 '
Unequivocally toxic level (newborn) 150 X 25 167
Unequivocally toxic level (young) 250
1,1,2,2,-Tetrabromoethane
NOAEL (newborn) 50
NOAEL (young) 6 x4 0.12
Unequivocally toxic level (newborn) 200* % >33% >1.0%
Unequivocally toxic level (young) > 200*%

*: Tentative levels or ratios, due to lack of histology alteration in the newborn and no change in body weight in young rats.
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ing the newborn period is not included in these studies,
despite the significant possibility that the newborn are
exposed to chemicals directly via mouthing toys and
household materials, or having chemical-contaminated
milk and baby food, and so on. In the routine repeated
dose toxicity study, rats at approximately 5-6 weeks of
age have generally been used, and this start period is
largely a matter of practical convenience and feasibil-
ity. Rats much younger than this age, especially new-
born rats, are so difficult to handle such as grouping,
direct dosing and other testing or observation. Eco-
nomic issues and lack of the human resource with this
technical difficulty make it impossible to subject the
newborn rat study to the routine one. Our series of
comparative studies are the first systematic study to
look into the direct effects of chemicals in newborn
animals, and the comparative analysis on the suscepti-
bility of the newborn rats to the toxicity of chemicals
with that of young rats would give important informa-
tion for considering the effects by chemical exposure
during the newborn period in risk assessment.

In conclusion, the target organ of DBP and TBE
was here found to be the liver in both newborn and
young rats, but the doses at which the toxic signs began
to appear were higher in newborn rats. In contrast, the
doses at which clear toxicity was observed appeared to
be lower in the newborn case. However, no special con-
cern with regard to newbomm risk is necessary in cases
of chemicals which induce toxicity after biotransfor-
mation via hepatic cytochrome P450, because the tol-
erable daily intake (TDI) used for regulation is
generally derived from NOAEL in toxicity studies in
young/adult animals.
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