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Tabled4 Major toxicity findings for (hydroxyphenyl)methyl phenol in the newborn and young rat main studies

Newbom study (mg/kg)

Young study (mg/kg)

0 100 200t 0 40 200 1000

Male

Dead or moribund -0/12 " 012 3/6 0/12 /12 0/12 0/12

Final body weight / - / - -

Total cholesterol / - T ! - - 4

Relative liver weight / - - / -~ - T

Stomach, hyperplasia 0/6 0/6 no data 0/6 0/6 0/6 6/6

Liver, centrilobular hypertrophy 0/6 0/6 no data 0/6 0/6 206 4/6
Female i

Dead or moribund 0/12 0/12 3/6 0/12 0/12 0/12 /12

Final body weight / - W& / - - &

Total cholesterol / - - / d 4 4

Relative liver weight / - - ! - T T

Stomach, hyperplasia 0/6 0/6 no data 0/6 0/6 0l6 . 6/6

Liver, centrilobular hypertrophy 0/6 0/6 no data 0/6 06 ) 0[6. ) 4/6

T T T

Only crmcal data are shown in this table i mdlcates a dose from the dose~ﬁndmg study. Numbers are for ammals w1th the fcature in the
total examined. Slashes and bars mean no statistical significance as compared with controls. T indicates significant increase P < 0.05.
indicates significant decrease at P < 0.05. {) indicates that statistical significance was not obtained. Final body weights of surviving newbom
males at 200 mg/kg in the dose-finding study were reduced by 30% (14% for females, not significant), respectively. Final body weights of
young male rats at 1000 mg/kg in the main study were decreased by 11.8% (5.7% for females, not significant). Increase of relative liver
weights was 13% in females at 200 mg/kg, and 16 and 27% in males and fernales at 1000 mg/kg in the young main study.

animals. There were no chemical-related changes with other exam-~
inations, including developmental parameters. In the young study,
one female became moribund and the final bedy weights of males
were decreased at 1000 mg/kg. All animals of both sexes at this
‘dose showed squamous hyperplasia of the forestomach ox limiting
ridge with vlceration, and two-thirds of the animals featured cen-
trilobular hypertrophy of hepatocytes with decrease of total
cholesterol (29-51% drop) and increase of relative liver weight.
At 200 mg/kg, low incidences of centrilobular hypertrophy in the
livers of males and slight increase of liver weights in females
with low total cholesterol (45% drop) were found. No toxicity was
apparent at 40 mg/kg in the main study. No toxicity was also found
at 100 mg/kg in the dose-finding study, but a histopathological
examination was not conducted. There were no abnormalities on
hematological examination and urinalysis at any dose.

The pNOAEL is considered to be 100 mg/kg/day for newborn
rats and 40 mg/kg/day may be appropriate for young rats because
of the limited information at 100 mg/kg in the dose-finding study.
Although toxicity at 1000 mg/kg for young rats was evident, the
dose inducing the same effects in newborn rats was clearly less than
200 mg/kg, because half of the animals died at this dose. We spec-
ulate that the dose range for one death in 12 newborn rats would
be within 140-160 mg/kg. It is clear that the dose-response curve
is much steeper for newborn than young rats. Based on our consid-
eration, pUETLs of 140~160 and 1000 mg/kg/day may be equiva-
lent for newborm and young rats, respectively.

Trityl chioride (Table 5)

The newborn investigation was conducted at doses of 0, 20, 60,
200, and 600 mg/kg for dose-finding and 0, 12,60, and 300 mg/kg
for the main study. The young investigation was conducted at doses

of 0, 30, 100, 300, and 1000 mg/kg for dose-finding and 0, 12, 60,
and 300 mg/kg fot the main study.

Common effects were observed in livers of newbom and young
rats. In the newborn study, increase of relative liver weights were
shown at 60 mg/kg and more in both sexes and centrilobular hyper-
trophy of hepatocytes was noted in 300 mg/kg females. In the dose-
finding newborn study, one female died and increase of relative
liver weights of both sexes at 600 mg/kg was more evident with
low body weights (11.3% drop for males, 13.8% for females).
There were no chemical-related changes with other examinations,
including developmental parameters. In the young study, both sexes
at 60 mg/kg showed a high incidence of centrilobular hypertrophy
of hypetocytes with limited increases of relative liver weights (10~
14%). At 300 mg/kg, soft feces and mucgsal thickening of cecum
in most animals were observed in addmon to more extensive
hepatic changes. Although relative kxdney weights were increased
at 300 mg/kg in males and 60 and 300 mg/kg in females, there were
po renal histopathological findings. Hematological and blood
chemical examinations revealed several slight to moderate changes

(56% as the maximum) in fibrinogen, ALT, total cholesterol and

glucose, as well as prolongation of prothrombin and activated
thromboplastin times, at 300 mgrkg.

pNOAELSs of 60 and 12 mg/kg/day for newborn and young rats
appear appropriate because of the lack of information at higher
doses in the dose-finding study, which showed no toxicity but
without histopathological examination. The dose of 300 mg/kg in
the young main study was a clear toxic level, but intensity was
much stronger thaa that at 300 mg/kg in the newborn main study,
while less that at 600 mg/kg in the dose-finding study. Based on
these data, the toxicity with 300 mg/kg for young rats is considered
to be within the range with 400-500 mg/kg for newborn rats.



Susceptibility of newborn to chemicals 143

Table 5 Major toxicity findings for trityl chloride in the newborn and young rat main studies

Newbom study (mg/kg) Young study (mg/kg)
0 60 300 600+ 0 12 60 300

Male

Death 0/12 0/12 0/12 0/6 0/12 /6 0/12 012

Final body weight ! - - A3 / - -

ALT, Total cholesterol / - - - / - - T

Relative liver weight / T 7 T - - T T

Relative kidney weight / - - - - - - T

Cecurn, thickening 0/6 0/6 0/6 no data 0/6 0/6 0/6 5/6

Liver, centrilobular hypertrophy 0/6 0/6 0/6 no data 0/6 0/6 3/6 6/6
Female

Death 0/12 0/12 0/12 1/6 0/12 0/6 0712 0/12

Final body weight / - d / -~ - ~

ALT, Total cholesterol / - - / - - T

Relative liver weight / T T T - - T T

Relative kidney weight / - - - - T )

Cecum, thickening 0/6 016 0/6 no data 0/6 0/6 216 5/6

Liver, centrilobular hypertrophy 0/6 . 0/6 4/6 no data 0/6 0/6 516. 6/6

Only critical data are shown in this table. findicates a dose from the dose-finding study. Numbers are for animals with the feature in
the total examined. Slashes and bars mean no statistical significance as compared to controls. T indicates significant increase P < 0.05.
ldindicates significant decrease at P < 0.05. Relative liver weights were increased by 11% for males and 8% for females at 60 mg/kg, and
29% for both sexes at 300 mg/kg in the newborn main study and by 44% for males and 46% for females at 600 mg/kg in the newborn
dose-finding study. Body weight depression in males (13%) and an increase of relative liver weights (32% for males, 40% for females)

were observed at 300 mg/kg in the young main study.

Therefore, pUETLs of 400-500 and 300 mg/kg/day are proposed
as appropriate for newborn and young rats, respectively.

1,3,5-Trihydroxybenzene (Table 6)
The newborn investigation was conducted at doses of 0, 100, 500,

and 1000 mg/kg for dose-finding and at 0, 20, 100, and 500 mg/kg

for the main study. The young investigation was conducted at doses
of 0, 100, 250, 500, and 1000 mg/kg for dose-finding and at 0, 30,
100, 300, and 1000 mg/kg for the main study.

Common changes were observed in the thyroids and liver. The
only toxic change in newbom main study was hypertrophy of
thyroid follicular cells with increase in relative thyroid weights in
both sexes at 500 mg/kg. Increased relative liver weights in females
were not accompanied by any histopathological changes. Although
decrease of adrenal weight and histopathological alterations such
as vacuolization and pigmentation were noted at the end of the
dosing and recovery-maintenance periods, these were always slight
and not dose-dependent. There were no chemical-related changes
with other examinations, including developmental parameters, in
newborn rats. In the young study, similar effects on the thyroids
and liver were found at 1000 mg/kg, but the incidence of thyroid
histopathological changes was slightly less than in newbom ani-
mals at 500 mg/kg.

pNOAELs of 100 and 300 mg/kg/day for newborn and young
rats can be considered appropriate because of the lack of data with
dose settings between 100 to 500 mg/kg in the newbom, and no
histopathological examination at 500 mg/kg in the young dose-
finding study. The degree of toxicity at 1000 mg/kg for young rats
was almost equal to that at 500 mg/kg for newborn rats. Therefore,

pUETLs of 500 and 1000 mg/kg/day are proposed as equivalents
for newborn and young rats, respectively.

DISCUSSION

More than 100 000 industrial chemicals are now in use around the
world and sufficient toxicity information is available for only a
small proportion. The Japanese government started the Existing
Chemical Safety Program to obtain minimal toxicity data sets from
28-day toxicity studies using young rats for high production vol-
ume chemicals lacking toxicity information. For the present six
targeted chemicals, we found toxicity irformation for only two
chemicals by literature search. Daniel eral. (1993) reported no
toxic effects of 2-chlorophenol on oral administration to male and
female Sprague Dawley rats at up to 257 mg/kg for 10 days or
150 mg/kg for 90 days. Our results were consistent with their data,
as we found no toxicity at 500 mg/kg in young dose-finding study
(14 days administration) and at 200 mg/kg in the young study
(28 days), while further providing information on CNS effects at
bigher doses. As for (hydroxyphenyl)methyl phenol, consisting of
bisphenol D, E, and F isomers, bisphenol F has been reported to
have estrogenic potential evidenced by several in vitro and in vive
experiments (Hashimoto ez al. 2001; Yamasaki et al. 2002; Stro-
heker efal. 2003). However, we could not establish any such
activity in this study. Our results are reasonable because oral admin-
istration of bisphenol F increased relative uterus weights only at
more than 100 mg/kg, but not 50 mg/kg given during PNDs 22-25
(Stroheker et al. 2003), while our highest dose of (hydroxyphe-
nyl)methy! phenol was equivalent to 30 mg/kg of bisphenol F.



144

R. Hasegawa et al.

Table 6 Major toxicity findings for 1,3,5-trihydroxybenzene in the newborn and young rat main studies

Newbomn study (mg/kg)

Young study (mg/kg)

0 100 500 0 300 1000
Male
Relative organ weight
Liver ’ / - ~ / - T
Thyroids / - T / - M
Histopathology
Liver 0/6 0/6 0/6 0/6 06 - 0/6
Thyroids, hypertrophy 0/6 0/6 4/6 0/6 0/6 2/6
Female
Relative organ weight
Liver / : - T / - T
Thyroids ) / - M / - M
Histopathology
Liver 0/6 0/6 0/6 0/6 0/6 0/6
Thyroids, hypertrophy 0/6 0/6 516 0/6 0/6 4/6

Only critical data are shown in this table. Slashes and bars mean no statistical significance as compared with controls. T indicates
significant increase P < 0.05 (except in parentheses where statistical significance was not attained). Numbers are for animals with the feature
in the total examined. Increase of relative organ weights at 500 mg/kg in the newborn main study was observed for thyroids (39% for males,
24% for females) and liver (9% for females). Increase of relative organ weights at 1000 mg/kg in the young main study was observed for
thyroids (14% for males, 19% for females) and liver (23% for males and 9% for females).

Table 7 Comparative susceptibility of newborn and young rats to the six chemicals

Newborn study Young study pNOAEL pUETL
pNOAEL pUETL pNOAEL pUETL Young/Newbom Young/Newborn
mg/kg/day meg/kg/day

2-Chlorophenol 40 200-250 200 1000 5.0 4.0-5.0
4-Chlorophenol 100 300 100 500 1.0 1.7
p-(o,a-Dimethylbenzyl) phenol 30 300 100 700~800 33 2.3-2.7
. (Hydroxyphenyl) methy] phenol 100 140-160 40 1000 04 6.3-7.1
Trityl chloride . 60 400-500 {2 300 02 0.6-0.8
1,3,5-Trihydroxybenzene 100 500 300 1000 3.0 2.0

Although there has been no reports for p-(0t,0-dimethylbenzyl)
phenol, it causes endocrine disruption and possible antiestrogenic
activity, when administered to newborn female rats in this study.
Therefore, further studies on this chemical should be conducted to
elucidate the mechanisms, because the present investigation did not
indicate any effects on sexual differentiation such as preputial sep-
aration, vaginal opening and the estrous cycle.

For our focus on the comparative sensitivity of newborn and
young rats to chemicals, two toxicity endpoints, pNOAEL and
PUETL, were newly defined as appropriate, considering the entire
data sets from both main and dose-finding studies. We believe that
this alternative assessment approach allowed us to make more real-
istic comparisons between newborn and young rats under the samé
experimental conditions as far as possible.

The ratios of pNOAELs for chemicals between newborn and

young rats may provide an additional UF value in risk assessment -

according to susceptibility of newborn rats, because regulatory

limit values for chemicals to protect public health of humans,

including infants, are derived from the division of NOAEL by UFs.
The data in Table 7 indicate newborn rats to be 1-5 times more
susceptible to four of the tested chemicals, 2- and 4-chlorophenols,
p-(a,0-dimethylbenzyl) phenol and 1,3,5-trihydroxybenzene, than
young rats in terms of the pNOAELs, similar to the results of
previous analyzes of five phenolic chemicals, 4-nitro-, 2.4-dinitro-,
2,4.,6-trinitro-, 3-methyl- and 3-amino-phenols (Koizumi et al.
2001, 2002, 2003; Takahashi er al. 2004). Immaturity in the detox-
ification potential of phase | and phase 2 enzymes in newbom
animals may be the major cause of higher toxicity in newborn rats
(Rich & Boobis 1997; Gow et al. 2001), because these chemical
classes are probably direct toxicants. In the case of (hydroxyphe-
nyl)methyl phenol, the pNOAEL (100 mg/kg/day) for newbom rats
was 2.5 times higher than that (40 mg/kg/day) for young rats, but
it can be speculated that values are in practice rather similar because
the toxicity for young rats at the high dose, 200 mg/kg, was only
slight (Table 4). As for trityl chloride, newbormn rats were obviously
less susceptible (0.2 for the pNOAEL ratio). Similar results were
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also reported from our previous analysis for bromoalkanes (Hirata-
Koizumi er al. 2005) and may be explained by mechanisms of
action and metabolic characteristics of newborn rats. As this class
of chemicals possibly requires metabolism to act as toxXicants, the
relatively mature metabolic enzyme status of young rats would be
expected to provide toxic intermediates by metabolic activation to
a greater extent than in newborn rats, as evidenced by data for
previously reported chemicals (Onkenhouit er al. 1986; Kennedy
et al. 1993). Other compounds such as acetaminophen, bromoben-
zene, and carboa tetrachloride have also been shown to not produce
liver injury in neonatal animals at doses that are hepatotoxic to
adults (Gregus & Klaassen 1998).

The ratios of pUETLs, doses inducing the same degree of toxic-
ity in newborn and young rats, were almost the same as for
pNOAELs with the direct toxicants, as shown in Table 7. However,
newborn rats were considerably more susceptible to (hydroxyphe-
nylymethyl phenol when considering the pUETL, due to the much

. steeper dose—response curve in newborn rats, with a 100 mg/kg/day
pNOAEL and half the animals dying at 200 mg/kg, compared with
a 40 mg/kg/day pNOAEL and ooly one death in 12 animals at
1000 mg/kg for young rats. Although young rats showed stornach
hyperplasia in addition to hepatotoxicity at 1000 mg/kg, the cause
of newborn deaths at 200 mg/kg was unclear. With regard to trityl
chloride, the pUETL for young rats was almost the same as for
newborn although the latter were less susceptible. Such an anomaly
has also been found for bromoalkanes previously analyzed. Another
example of a chemical for which susceptibility differs at low and
high doses is chlorpyrifos, the maximumn tolerated dose in 17-day-
old rats being reported to be five times less than that in adults
following oral exposure (Moser & Padilla 1998), but the differential
sensitivity not appearing in low-dose exposure (Pope & Liu 1997).
Thus as there are several chemicals of which dose—response curve
in newborn rats was obviously steeper than that in young rats,
pUETL ratios should be also taken into account for the suscepti-
bility of newborn rats as the second endpoint marker.

In conclusion, newborn rats were 2-5 times more susceptible
than young rats in terms of both the pNOAEL and the pUETL in
most cases. One exception was that young rats were clearly more
susceptible than their newborn counterparts for trityl chloride.
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Principles of risk assessment for determining the safety of
chemicals: Recent assessment of residual solvents in drugs

and di(2-ethylhexyl) phthalate

Ryuichi Hasegawa', Mutsuko Koizumi', and Akihiko Hirose?
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ABSTRACT  Risk assessment of chemicals is
essential for the estimation of chemical safety, and animal
toxicity data are typically used in the evaluation process,
which consists of hazard identification, dose-response
assessment, exposure assessment, and risk characteriza-
tion. Hazard identification entails the collection of all
available toxicity data and assessment of toxicity end-
points based on findings for repeated dose toxicity, car-
cinogenicity or genotoxicity and species-specificity. Once
a review is compiled, the allowable lifetime exposure level
of a chemical is estimated from a dose-response assess-
ment based on several measures. For non-carcinogens
and non-genotoxic carcinogens, the no-observed-
adverse-effect-level (NOAEL) is divided by uncertainty
factors (e.g. with environmental pollutants) or safety fac-
tors (e.g. with food additives) to derive a tolerable daily
intake (TDI) or acceptable daily intake (ADI), respec-
tively. These factors include interspecies and individual
differences, duration of exposure, quality of data, and
nature of toxicity such as carcinogenicity or neurotoxic-
ity. For genotoxic carcinogens, low dose extrapolation is

accomplished with mathematical modeling (e.g. linear-

ized multistage model) from the point of departure to
obtain exposure levels that will be associated with an
excess lifetime cancer risk of a certain level. Data for
levels of chemicals in food, water and air, are routinely
used for exposure assessment. Finally, risk characteriza-
tion is performed to ensure that the established ‘safe’
level of exposure exceeds the estimated level of actual
exposure. These principles have led to the evaluation of
several existing chemicals. To establish a guideline for
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residual solvents in medicine, the permitted daily expo-
sure (PDE), equivalent to TDI, of N,N-dimethylforma-
mide was derived on the basis of developmental toxicity
(malformation) and of N-methylpyrrolidone on the basis
of the developmental neurotoxicity. A TDI for di(2-
ethylhexyl)phthalate was derived from assessment of
testicular toxicity.

Key Words: chemical risk assessment, DEHP, guideline for
solvents in medicine, risk assessment

INTRODUCTION

Theophrastus Bombastus von Hohenheim (Philippus Aure-
olus, 1493-1541), better known as Paracelsius, wrote ‘dosis
sola facit venenum’: all substances are poisons; there is none
which is not a poison’. In other words, all chemicals can
produce a toxic effect at some level and duration of exposure;

‘however, the point at which toxicity may occur is unknown

for the majority of chemicals that are utilized in society. The
prediction of health effects of chemicals on the basis of
available toxicity information is called risk assessment.

In the case of pharmaceutical development, candidate
medicines must be tested in healthy volunteers and patients,
and adverse events (toxicity) as well as efficacy must be
thoroughly evaluated before any approval is given. However,
chemicals can not be tested in humans for toxicity evalua-
tion. Therefore, human health effects of agents such as
pesticides, food additives, drug excipients, environmental
chemicals and industrial chemicals must be estimated on the
bases of the results mostly from animal toxicity studies. In
the article presented here, principles of chemical risk assess-
ment are briefly described, and two examples of actual risk
assessment (residual solvents in medicines and a major plas-
ticizer) are introduced, focusing especially on malformations
due to exposure.
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Hazard Identification
Toxicity data collection
Data evaluation
ose-Respo: sessment Exposure data co}lection
Derivation of allowable levels for Estimation of daily intake

humans such as TDI, ADI or VSD

L

Risk Characterization
Risk estimation with present exposure
levels by comparison between
allowable dose and daily intake

Fig. 1 Process of risk assessment. ADI, acceptable daily intake;
TDI, tolerable daily intake; VSD, virtually safe dose.

Chemical risk assessment methodology

Risk assessment of chemicals is essential for the estimation
of chemical safety for public health. The process consists of
hazard identification, dose—response assessment, exposure
assessment, and risk characterization (NRC 1983; Faustman
& Omenn 2001). Toxicity assessment (hazard identification
and dose-response assessment) and exposure assessment
are generally conducted independently, and are merged at
the final step, risk characterization (Fig 1). These practices
include data collection, evaluation, and assessment, but are
not necessarily the conduct of laboratory experiments. When
the information is insufficient for risk assessment, additional
research may be recommended.

Hazard identification

The first step entails the collection and evaluation of the
available toxicity data. All information should be obtained
from peer reviewed articles and if available, from pertinent
reviews. Major toxicity endpoints such as short-term and
long-term repeated dose toxicity, carcinogenicity, genotox-
icity and reproductive/developmental toxicity are assessed.
Other toxicity-related information, such as acute effects, irri-
tation (in the eyes and skin), skin sensitization, toxicokinet-
ics (absorption, distribution, metabolism and excretion),
structure-activity relationships, and mode of action are also
important to understand the toxicity profile of chemicals.
Based on the available data, a no-observed-adverse-effect-
level (NOAEL) or a lowest-observed-adverse-effect-level
(LOAEL) for each endpoint is established, and judgment of
genotoxicity and/or carcinogenicity is concluded. The fol-
lowing two important issues should be taken into account.

Evaluation of carcinogenicity in humans

Epidemiological information is the most important data
source for assessment of human health, and is mainly
derived from the following three kinds of studies:
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1 Cross-sectional studies (relationship analysis between
exposure and disease at a single time point in a specified
population);

2 Cohort study (prospective examination of disease inci-
dence in exposed and nonexposed populations}; and

3 Case-control study (retrospective examination of exposure
in disease-bearing and non-bearing populations).

Based on this information, in addition to animal carcinoge-
nicity data, the IARC (International Agency for Research on
Cancer) classifies chemicals into the following groups:

Group 1. Carcinogenic to humans;

Group 2A: Probably carcinogenic to humans;

Group 2B: Possibly carcinogenic to humans;

Group 3: Not classifiable as to its carcinogenicity to
humans; and '

Group 4: Probably not carcinogenic to humans.

The US EPA (Environmental Protection Agency) and the
EC (Buropean Commission) also have their own classifica-
tions into Groups A, B, C, D and E; and Categories 1, 2 and
3, respectively.

Such official conclusions regarding human carcinogenesis
should be considered as key elements in hazard identifica-
tion, in addition to separate full data analyzes of both epide-
miological and animal carcinogenicity studies.

Animal toxicity cannot always be extrapolated to humans
Toxicity observed in some specific animal may not occur in
humans. If the toxic mechanism was evidenced not to take
place in humans, it could preclude the extrapolation to
humans. Three typical examples are described below.

1 Rodents (rats and mice) are much more sensitive to
peroxisome proliferators (fibrates, phthalates, etc.) than pri-
mates (cynomolgus monkeys and marmosets) and guinea
pigs (IARC 1995). Peroxisome proliferation takes place via
binding to a PPAR-a (peroxisome proliferator activated
receptor-¢t) and no liver tumors have been induced by strong
peroxisome proliferators in PPAR-0, knockout mice (Peters
etal. 1997; Ward et al. 1998). The m-RNA expression of
PPAR-0. in the livers of humans and guinea pigs is much
lower than in the livers of rats and mice. Based on recent
results from molecular biological studies the IARC re-clas-
sified di(2-ethylhexyl) phthalate (DEHP) from Group 2B to
Group 3 in 2000 (TARC 2000).

2 ouy-Globulin-related renal damages and tumors are -
male rat specific (Schnellman 2001). The protein is only
produced in the male rat liver, appears in the blood and is
excreted via the urine. When a chemical that can bind to Oy~
globulin is present in the blood, complexes are formed and
reabsorbed to proximal epithelial cells in the kidneys after
glomerular filtration. In epithelial cells, they become incor-

_porated into lysosomes and accumulate over time due (o
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retarded degradation, leading to proximal tubular necrosis
-and finally tumors. Antibody-immunostaining can confirm
this toxic mechanism. The most typical examples are
unleaded gasoline, 2,2,4-trimethylpentane, d-limonene, lin-
dane and 1,4-dichlorobenzene.

3 It is generally considered that thyroid hormone levels
in humans are insensitive to chemical exposure, whereas in
animals, especially male rats, they are extremely sensitive
(Capen 2001). There are at least two major reasons. First,
humans, monkeys and dogs have thyroxine-binding globulin
in the blood, whereas rats, mice and chickens do not. Thus,
rapid reduction of thyroid hormone levels in the blood can
occur in the latter group, stimulating the release of thyroid
hormone and leading to thyroid hypertrophy when hepatic
metabolizing enzymes are induced. Second, thiourea and
aniline derivatives inhibit thyroperoxidase in the thyroids of
rats, mice and dogs, but not in humans, non-buman primates
and chickens.

Dose-response assessment

It is generally believed that there are two types of dose—
response profiles. In one, toxic effects do not occur below a
certain dose (i.e. threshold). In another, effects occur until
the dose level reaches zero (i.e. non-threshold). Allowable
lifetime exposure levels to a chemical at which no apprecia-
ble health risk would be expected over a lifetime are esti-
mated via the different approaches for threshold and non-
threshold cases.

For threshold cases, the NOAEL is divided by uncertainty
factors (UF) or safety factors (SF) to derive a tolerable daily
intake (TDI) or acceptable daily intake (ADI), respectively,
as follows:

NOAEL
UF/SE

Usually, UF and TDI are used for undesirable chemicals,
such as environmental pollutants and industrial chemicals,
whereas SF and ADI are applied for permissible chemicals
such as pesticides and food additives. However, UF and SF,
TDI and ADI have basically the same meanings. UF/SF
includes 5 variation components: interspecies differences;
individual (intraspecies) differences; duration of exposure;
quality of data; and nature of toxicity.

=TDI/ADI

Interspecies differences

A factor of 10 or a body surface correction is used. Although
it is generally difficult to compare toxicity levels between
humans and experimental animals, information is available
derived from cases in which anticancer drugs have been used
for chemotherapy because they are administered up to dose
levels, at which severe toxicity (the maximum tolerable)
appears in patients. Data on 18 anticancer drugs in humans
and from experiments with animals (rats, mice, hamsters,

dogs and monkeys) showed that dose levels that induced the
maximum tolerable effects were the same in humans and
animals when the doses were expressed as mg/m® body sur-
face area (Freireich et al. 1966). According to the following
formula, the differences of body surface area/body weight
between humans and animals are given as (human body
weight)'?/(animal body weight)'”® (Freireich er al. 1966) as
shown below:

Body Surface _ K (m?/g)
Body Weight  10* x W"? e
Animal (surface/weight) _ Wh'*
Human (surface/weight) ~ Wa'?

K is the correction factor (approximately the same in humans
and animals); W is body weight (g); Wh is human body
weight; and Wa is animal body weight.

For example, the human dose by body surface correction
can be derived by dividing the animal dose (mg/kg body
weight) by 11.4 (60000'3/40') for mice, 5.6 (60000*2/350'%)
for rats, 2.7 (60000*3/3000"%) for monkeys, and 1.8 (60000"%/ .
10000"?) for dogs, when the body weights are 60 kg for
humans, 40 g for mice, 350 g for rats, 3 kg for monkeys, and
10 kg for dogs.

Individual differences
A factor of 10 has been commonly used from empiric
findings.

Duration of exposure

Concerning the lifetime exposure, a 2-year period for rat and
mouse studies for repeated dose toxicity is required. For
shorter periods, factors of 2 for 1 year, 5 for 6 months and
10 for 3 months are applied.

Quality of data

If there is insufficient data for a NOAEL to be established,
a lack of sufficient information in the literature, or a small
number of animals, a factor of up to 10 is applied on the
judgment of toxicological experts.

Alternatively, a benchmark dose approach might be used
if a NOAEL is not established (Crump 1984). Figure 2 illus-
trates the benchmark dose approach for a 10% response.
First, a dose—response curve is obtained by the application
of curve-fitting technology (mathematical dose-response
model) to experimental data. Second, an estimated dose for
a certain incidence of toxicity or a certain percentage change
in a toxicity parameter, and the lower confidence limit dose
with 90-99% confidence are obtained. The latter value is a
benchmark dose. A 5% incidence is usually applied for devel-
opmental toxicity and a 10% change (increase or decrease)
is applied for other toxicity parameters mostly with 95%
confidence limits. Advantages of the benchmark dose
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Fig. 2 Tlustrated benchmark dose (BMD).

approach are: (i) its comparability to NOAEL (Farland &
Dourson 1992; Allen et al. 1993); (ii) inclusion of the full
dose-response curve and variability (number of animals and
confidence limit); and (iii) generation of a realistic value
because it is within the experimental range versus extrapo-
lation from a high to a low dose. Regarding disadvantages,
the benchmark dose approach is not generally applied to
pathological changes because these may appear with various
levels of severity and the diagnosis may change as the disease
progress. The computational program compiled by US EPA
can be downloaded from http://www.epa.gov/ncea/bmds.htm

Nature of toxicity

A factor of 10 is used for non-genotoxic carcinogenesis,
neurotoxicity with pathological changes and malformations
without maternal toxicity.

For non-threshold cases (genotoxic carcinogenesis), low
dose extrapolation is accompliéhed with mathematical mod-
eling (e.g. linearized multistage model) from the point of
departure to obtain exposure levels that will be associated
with an excess lifetime cancer risk of a certain level (gener-
ally 11in 100 000). Usually, the lower confidence limit (95%)
for the estimated dose level is called the virtually safe dose
(VSD).

Exposure assessment _

Measurement data for chemicals in food, water and air, are
routinely used for exposure assessment. A ‘market basket’
methodology is often applied for estimating exposure
through the food in the general population. Chemical anal-
ysis of outdoor and indoor air can be conducted, but it is
very difficult to obtain constant and reliable values because
winds can cause large fluctuations, and target sites and rooms
can differ. Although chemical contents in drinking water can
be determined in an easy and stable manner, the exposure
allocation compared to other media is generally very low
except with high contamination for a specific reason.

R. Hasegawa et al.

Occupational exposure might provide the highest levels
where sufficient protection is not in place, although the expo-
sure data may not be generally available because they are
not in the public domain.

Risk characterization

Finally, risk characterization is performed to ensure that the
allowable lifetime exposure level exceeds the estimated level
of exposure. Generally, practical safe levels of chemicals in
food, air, water and household materials are established by
regulatory authoritiés on the basis of TDI, ADI or VSD. If
the estimated/measured levels exceed the safe level, regula-
tory action may be conducted case by case, concerning the
excess and duration. This action is not a part of risk assess-
ment but rather risk management.

Risk assessment is not simple because several complicat-
ing factors may be present and the political situation may
interfere with the results. As recent international activities,
Toxic Equivalent Factors (TEFs) and a TDI of dioxins have
been established (van den Berg eral. 1998; WHO 1998;
JECFA 2002) and revision of the WHO drinking water qual-
ity guideline is now in its final stages (WHO 2003). With
these toxicity assessments, the above principles were used.
New approaches such as subdivision of uncertainty factors
into kinetics and dynamics (EHC 1994; Renwick & Lazarus.
1998), application.of benchmark dose for extrapolation of
carcinogenesis assessment (US EPA, 2003) instead of math-
ematical models (such as a linearized multistage model), and
margin of exposure or safety (Faustman & Omenn 2001),
however, are also now being applied. As for Japanese risk
assessment activities, we have contributed to the establish-
ment of a Japanese drinking water standard (MHLW Japan
2003), with a proposal for risk assessment for drinking water
contaminants (dichloroacetic acid, 3-chloro-4-(dichlorome-
thyl)-5-hydroxy-2(5H)-furanone [MX], formaldehyde and
methyl tertiary-butyl ether [MTBE]) (Hasegawa et al. 1999;
Hirose et al. 1999, 2001, 2002), and establishment of a TDI
for dioxins (Hirose ef al. 1998) and phthalates (Koizumi
et al. 2000, 2001b, 2002b). We have also conducted infant
toxicity studies on 18 chemicals to compare toxicity levels
and profiles between infants and young animals. We have
already reported outcomes of detailed evaluation of data for
four chemicals (Koizumi et al. 2001a, 2002a, 2003) and are
now processing the other data that has been obtained. These
analytical conclusions should provide valuable information
on what UF/SF is sufficient or appropriate for dose-response
assessment in view of child health.

Example 1: Derivation of permitted daily exposure
(PDE) of residual solvents in drug materials

and products »

As one activity of ICH (Intermational Conference on Harmo-
nization of Technical Requirements for Registration of
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Table1 Key permitted daily exposure derivation and overall assessment for N,N-dimethylformamide

Teratogenicity study data (Hass ez al., 1994) and PDE derivation

Method
period.

Results

Russian rabbits were given 46.4, 68.1 or 200 mL/kg during the organogenic

There was no increase in uterine deaths but decreased fetal weight was noted

at 200 mL/kg along with hydrocephalus at 68.1 and 200 mL/kg, as well as
umbilical hernia at high dose.
No maternal effects at 68.1 mL/kg

NOAEL
PDE calculation

46.4 mL/kg

PDE =

46.4 mL/kg = 46.4 x 0.9445 = 43.8 mg/kg
43.8%50

=8.76 mg/day

25%x10x1x10x1

F1: 2.5 used for species differences from rabbits
F4: 10 used for malformations without maternal toxicity

Overall assessment
IARC
Genotoxicity
Carcinogenicity (no fumors)
Reproductive/developmental toxicity

Not classifiable as to its carcinogenicity to humans (Group 3)

Negative results in in vitro studies (six reports)

Rat PDE (oral) = 30 mg/day

Rabbit PDE (gavage) = 8.8 mg/day, rabbit PDE (skin) = 400 mg/day, rat

PDE (skin) = 1200 mg/day

General toxicity
Human data
Conclusion

Rat PDE (diet) = 14.1 mg/day, rat PDE (ip) = 56.7 mg/day
No chronic data available
PDE = 8.8 mg/day based on generation of malformations

IARC, International Agency for Research on Cancer; NOAEL, no-observed-adverse-effect-level; PDE, permitted daily

exposure.

Pharmaceuticals for Human Use), a guideline for residual
solvents in drug materials and products was established on
the basis of PDE derivation (Connelly et al. 1997) and is
presently in the process of maintenance. To derive a PDE, a
TDI approach in chemical risk assessment has been used
because there is no risk assessment concept for medicines
and genotoxic materials are not basically permitted for use
in humans. The following equation is applied with a modi-
fying factor (MF) instead of a UF.

NOAEL x Body Weight
MF

MEF consists of F1 (interspecies differences), F2 (individual
differences), F3 (duration of exposure), F4 (nature of toxic-
ity) and F5 (quality of data). For F1, only a body surface
correction is applied. For F4, a factor of 1 is applied to
reproductive toxicity with maternal (general) toxicity, 5 to
reproductive toxicity without maternal toxicity and malfor-
mations with maternal toxicity and 10 to malformations
without maternal toxicity. The benchmark dose approach is
not applied to F5. 50 kg is employed as the body weight for
patients.

(mg/day)

PDE =

As one example of 52 PDEs established in 1997, Table 1
shows PDE derivation for N,N-dimethylformamide from the
data of developmental toxicity study (Merkle & Zeller
1980). Because malformation (hydrocephalus) without
maternal toxicity was observed in a rabbit study, factors of
2.5 and 10 were used for F1 and F4, respectively. From the
overall assessment, the PDE was concluded to be 8.8 mg/
day, as the lowest of all calculated values.

A maintenance process has been used since 1999 for
unrecognized or new information to established PDE or new
solvents. In late 1999, reproductive/developmental toxicity
data for two solvents were submitted to and assessed by the
ICH expert working group, and one PDE was revised (Con-
nelly et al. 2003). Table 2 gives an assessment summary of
newly submitted data for N-methylpyrrolidone. A rat devel-
opmental inhalation study showed a lowering of body
weight in offspring up to 5 weeks after birth and impairment
of higher cognitive functions at 150 p.p.m. (Hass etal..
1994). This study was conducted at only a single dose level
but sufficient neurotoxicity examinations were performed.
The toxicity is potentially serious because it is unclear if it
is permanent or reversible. Furthermore, it is not determined
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Table2 Assessment of developmental neurbtoxicity for N-methylpyrrolidone

Items Developmental toxicity study data (Hass ez al., 1994) and permitted daily exposure derivation

Method Wistar rats were exposed by inhalation to 150 p.p.m. for 6 h/day, daily from days 7-20 of gestation and
were then allowed to litter.

Toxicity No maternal toxicity was detected and litter size was unaifected by the treatment. ,

Abnormalities No physical abnormalities were described. The offspring were reduced in body weight, the difference
being statistically significant up to week 5 after birth.

Development Pre-weaning development was impaired as was higher cognitive function related to solving of difficult
tasks. Basal function of the central nervous system was normal and there were no effects on
learning of low grade tasks.

NOAEL Not established.

PDE calculation 150 ppm = 1.52;__% =608.16 mg/m® = 0.608 mg/L

.608 X
For continuous dosing = 9—6—%—9 =0.152 mg/L
0.152 %290
Daily dose = 0152290 _ 33 53 mg/kg
133.58 x 50
PDE = —————=35.3 d
TRI0x x5 2 melday

F4: 5 used for impairment of only higher cognitive function of offspring
F5: 5 used for NOAEL not being established

NOAEL, no-observed-adverse-effect-level, PDE, permitted daily exposure.

if the delayed development could be due to the lower body
weight of the pups. However, the expert working group
decided to be cautious in its interpretation and safety
decision.

Ethylene glycol is a solvent that induces renal toxicity at
low dose, and malformation and acute toxicity at high dose.
Although a PDE of 6.2 mg/day on the basis of malformation
was established in 1997, a higher value was proposed on
metabolic consideration. The metabolic pathway described
in Fig. 3 shows that the step from glycolic acid to glyoxylic
acid catalyzed by lactate dehydrogenase is rate-limiting,
meaning that high dose induce accumulation of glycolic
acid, leading to skeletal malformation. In fact, glycolic acid
may accumulate above 200 mgkg BW for mice and
1000 mg/kg BW for rats, which were related with the
increased incidences of skeletal malformation in mice and
rats, respectively. (Neeper-Bradley et al. 1995; Frantz et al.
1996). However, there is a possibility of higher sensitivity
of lactate dehydrogenase to glycolic acid in humans than
mice and we were therefore not able to accept a proposal of
a higher PDE. If sufficient evidence for an inhibitory profile
in humans were provided, metabolic consideration could be
taken into account for risk assessment. This is an example
. of risk assessment for malformations concerning metabolic
characteristics.

Alcohol dehydrogenase Aldehyde dehydrogenase
Ethylene glycol ~———3 Glycoaidehyde ~———p> Glyoxal (abile)
Oxidation Rapid ’
Lactate dehydrogenase
Formic acid  ww———— Glyoxylic acid Glycolic acid
(iabile) rate limiting step
at 200 - 1000 mg'kg
CO:z Oxalic acid
Malformation
Nephrotoxicity as calcium oxalate Acute toxicity

Fig.3 Metabolic pathway of ethylene glycol.

Example 2: Establishment of a TDI for di(2-ethylhexyl)
phthalate (DEHP) based on reproductive/developmental
toxicity

Many kinds of phthalate esters have long been used as plas-
ticizers. Among them, DEHP is the highest production vol-
ume chemical, found in various kinds of media. In 2001, the
Division of Food Testing at our Institute reported extremely
high amounts of phthalate esters, especially DEHP, to be
present in certain cooked foods from convenience stores
(Tsumura et al. 2001). Because the average amount of
DEHP was 1700 j\g in one Japanese style lunch package, the
cause of contamination was examined. As the result, polyvi-
nyl chloride gloves containing DEHP used in the final stage
of food packing in factories were implicated.
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It has been clearly shown that DEHP has two major tox-
icities, causing hepatic tumors and reproductive/develop-
mental toxicity, at least in rodents. Hepatic tumors are
excluded from the derivation of TDI, as the IARC (2000)
concluded that hepatic tumor due to DEHP in rodents is
not relevant to other animal species, including humans
(Class 2B to 3), because of the association with peroxi-
some proliferation. Other toxic effects of DEHP can be
divided into four regarding endpoints: (i) changes in male
reproductive organs; (ii) alteration in female reproductive
organs; (iii) reproduction toxicity; and (iv) developmental
anomalies. As for male reproductive organs, the most criti-
cal toxicity data in rat testes give a NOAEL of 3.7 mg/kg/
day in juveniles (Poon etal. 1997). 1t was reported that
suppression of ovulation, disruption of estrus cycle and low
plasma 17B-estradiol concentration occurred only at high
dose level of DEHP in a single dose study (Davis et al.
1994). A NOAEL of 419 mg/kg/day for female reproduc-
tive organ toxicity was provided by Poon eral. 1997.
Among a series of reproductive studies with continuous
breeding in US NTP, a CD™ mouse study showed the low-
est NOAEL of 14 mg/kg/day (Lamb et al. 1987). Malfor-
mations such as hydrocephalus, cleft palate and skeletal
malformation were found (Shiota etal. 1980) and a
NOAEL of 44 mg/kg/day for developmental toxicity was
apparent (Tyl et al. 1988).

The TDI was derived from dividing the NOAEL by a UF
of 100 because the experimental conditions were sufficient
for quality of data in all four cases, values for each endpoint
being derived as follows:

1. Male reproductive organ toxicity

NOAEL: 3.7 mg/kg/day — TDI: 40 pug/kg/day
2. Female reproductive organ toxicity

NOAEL: 419 mg/kg/day — TDI: 4.2 mg/kg/day
3. Reproduction toxicity

NOAEL: 14 mg/kg/day — TDI: 140 ng/kg/day

4. Effect on Development
NOAEL: 44 mg/kg/day — TDI: 440 pg/kg/day

As to specific characteristics of DEHP, it is well known that
there are strong species differences regarding testicular tox-
icity. DEHP caused severe seminiferous tubular atrophy of
testes in rats and guinea pigs, and weak seminiferous tubular
atrophy in mice, but none in hamsters (Gray et al. 1982). In
two studies using marmosets and cynomolgus monkeys, no
testicular toxicity was apparent (Kurata et al. 1998; Pugh
et al. 2000). Considering these species differences, the Jap-
anese government concluded a TDI of DEHP ranging from
40 to 140 pg/kg/day because it was unclear why the com-
pound did not induce testicular toxicity in monkeys and
whether this was relevant to humans (Koizumi et al. 2000,
2001b). As the exposure level of DEHP (118 pg/kg/day) in
the worst case scenario exceeded the TDI, it was decided to
ban the use of polyvinyl chloride gloves containing DEHP
for food treatment.

At the same time, Gray et al. (2000) - reported abnormali-
ties of male reproductive organs to be cbserved in male
offspring with exposure to several phthalate esters (500 or
750 mg/kg/day), but not to dimethyl or diethyl phthalates,
from day 14 of pregnancy to lactation day 3 (Table 3). A
NOAEL of 50 mg/kg/day for only di(n-butyl) phthalate was
established from dose-response experiments (Mylchreest
et al. 2000) before the establishment of any TDI for DEHP
in Japan. Then, the 42nd Annual Meeting of the Society of
Toxicology, Gray et al. (2003) described that slight antian-
drogenic effects such as shortening of the anogenital dis-
tance and lowering of reproductive organ weights were
observed at even 11 mg/kg/day of DEHP with maternal
exposure from day 8 of pregnancy to post natal days 63-65.
These seem more critical parameters than juvenile testicular
toxicity. However, Gazouli er al. (2002) reported that DEHP
can lower testosterone production in vivo via reduction of
peripheral-type benzodiazepine receptor (PBR) expression

Table 3 Effects of phthalate esters on male offspring with exposure between late gestation to early lactation

Chemicals Dose (mg/kg/day) Effects on reproductive organs of male offspring Reference
DMP 500 or 750 No effects Gray et al. (2000)
DEP 500 or 750 No effects Gray et al. (2000)
DBP 50 No effects Mylchreest et al. (2000)
DBP 100~ Areola and nipple appearance Mylchreest et al. (2000)
DBP 250~ Hypospadias, cryptorchidism and atrophy of accessory organs  Mylchreest et al. (2000)
DBP 500 or 750 Abnormal reproductive organs and cryptorchidism Gray et al. (2000)
DEHP 500 or 750 Abnormal reproductive organs and cryptorchidism Gray et al. (2000)
BBP 500 or 750 Abnormal reproductive organs and cryptorchidism Gray et al. (2000)
DINP 750 Slightly abnormal reproductive organs Gray et al. (2000)

BBP, n-butylbenzy! phthalate; DBP, di(n-butyl) phthalate; DEP, diethyl phthalate; DINP, di(iso-nonyl) phthalate; DMP,

dimethyl phthalate.
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in Leydig cells of the wild type mouse testis but it did not
exert this effect in PPARa knockout mice. Therefore, there
is a possibility that this antiandrogenic effect is rodent spe-
cific and would not take place in humans. The possible
mechanisms underlying species differences should be clari-
fied by further research.

As described above, species differences should need to be
carefully considered for DEHP risk assessment, taking spe-
cial account of appropriate mechanistic information.
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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 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 Substances and Regulation of Their Manufacture, etc.”

in Japan. Among them, only approximately 10% are [2], the Salmonella/microsome (Ames) assay, in vitro
thought to have been assessed for human hazard based 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
* Corresponding author. 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 http://www.thasalimited.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). Weused 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
0f 206 chemijcals [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/ginc/html/db1.html. 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-

2

ticase Co. Ltd.) version medpc. 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:

ve o N, o s Np—s-
sensxtmty:—;}ﬁi x 100, specificity = —A}A—i— % 100,
At A-
Nassy + Nag—

100,
Nom x

concordance =

applicability = Neal 100

Na
where Ny is number of chemicals revealing positive in Ames
assay; Na— is number of chemicals negative in Ames assay;
Na+s+ is number of chemicals revealing positive by both Ames
assay and in silico evaluation; N_s.. is number of chemicals
negative in both Ames assay and in silico evaluation; N,y is
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Table 1
Performance of in silico systems
Ames result + — Total Sensitivity Specificity Concordance Applicability
%) %) (%) *)
CGX database ‘
DEREK o+ 288 64 352 .
- 69 267 336 81.8 79.5 80.7 979
Total 357 331 688
MCase + 235 32 267
- 6 - 249 255 83.0 97.6 92.7 743
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 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,y 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 pattern of performance was
very similar to that with the 703 chemicals in the CGX
database. v

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
in the 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
%
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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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© Table2
Performance of in silico systems after combined
CGOX database
Ames In silico ++or+++ O} Total Sensitivity (%)  Specificity (%) Concordance (%)  Applicability (%)
" : 319
- 291 87.8 85.6 86.7 86.8
Total 610
+ 167
- 130 99.4 97.7 98.7 422
Total 297
ECJ database
Amesm sifico +or+ 4+ --Or--- Total Sensitivity (%)  Specificity (%) Concordance (%)  Applicability (%)
+ 26
- 170 731 86.5 84,7 95.1
Total 196
- ; Lo 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 74 942 [11]
MCase 48 93 90 912
217 Non-drugs DEREK 86 50 : 81 1002 [10]
MCase 91 62 83 1002
520 Drug candidates DEREK 28 80 72 100 [13]
MCase 50 86 81 41
DEREX +MCase 29 95 88 29
_ DEREK +Mcase + TOPKAT 75 96 95 15
123 Drug candidates DEREK gb 31° 61 1004 [4]
MCase (A2H) 13b 15° ST g7d
Topeat (Ames Mut) 18° 15 67 9gd
DEREK +MCase B i 19 75 . 974
DEREK +Mease + TOPKAT 5 9° 86 464
94 Non-drugs DEREK 63 81 76 100 [13}
MCase 40 90 76 A
DEREK +MCase 47 100 85 56
v DEREK +Mcase + TOPKAT 55 100 - 86 37
516 Non-drugs DEREK b 24° 70 1004 [4]
MCase (A2H) 7° 12¢ 81 9gd
Topcat (Ames Mut) 25b 19¢ 56 . 978
DEREK +MCase 25 16° 82 98¢
DEREK +Mcase + TOPKAT * 10° 83 43¢

2 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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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
Fosfomycin 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
+ + + 3

1-Nitroso-3,5-dimethyl-4-benzoylpiperazine -

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 inall three systems, are surnmarized 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 [

( Positive ] [Negative]

2 or more
Negatives

2 or more Positives

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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