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Table 1
Performance of in silico systems
Ames result + - 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 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 . .
- i3 133 146 65.0 91.1 88.0 80.6
Total 26 140 166
AWorks + 19 7 26
- 54 124 178 73.1 69.7 70.1 99.0
Total 73 131 204

MCase: MultiCASE; AWorks: ADMEWorks.

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

3. Results

Among the set of 703 CGX chemicals with published
Ames data, 358 were positive and 345 were negative.
The results of the in silico evaluation are summarized in
Table 1. The highest sensitivity, specificity, and concor-
dance with Ames assay results was provided by MCase,
then followed by DEREK. However, the systems that
showed the best applicability were AWorks and (almost
the same) DEREK, then followed by MCase. For the
database 0of 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. 1 shows the cumulative percent of Ames positive
chemicals against molecular weight. It can be seen that
87.1% ofthose 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
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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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Table 2
Performance of in silico systems after combined

CGX database

Tnsil -
n sifico ++or+++ “-0r---
Ames

Total  Sensitivity (%)  Specificity (%) Concordance (%)  Applicability (%)
+ 279 40 ' 319
- 42 249 291 87.8 85.6 86.7
Total 321 289 610
+ 4+ .-
+ 166 1 167
- 3 127 130 99.4 97.7 98.7
Total 168 129 297
EC] database
Ames[n silico ++ ot + + + --0r--- Total Sensitivity (%)  Specificity (%) Concordance (%)  Applicability (%)
+ 19 7 26
- 23 147 170 73.1 86.5 84.7
‘T'otal 42 154 196
+ 4+ .-
+ 13 2 15
- 5 94 99 86.7 94.9- 93.9
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
(%) (%) (O] (0]
394 Drugs DEREK 52 75 74 942 [11]
MCase 48 93 90 91?
217 Non-drugs DEREK 86 50 81 1007 [10}
MCase 91 62 83 100°
520 Drug candidates DEREK 28 80 72 100 [13]
MCase 50 86 81 41
DEREK +MCase 29 95 88 29
_ DEREK + Mcase + TOPKAT 75 96 95 i5
123 Drug candidates DEREK 8 31 61 1004 4
MCase (AZH) 13® 15° 2 974
Topcat (Ames Mut) 18° 15¢ 67 9gd
DEREK +MCase &b 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 6b 24¢ 70 1009 [4]
MCase (A2H) 7 12° 81 984
Topcat (Ames Muf) 250 19¢ 56 974
DEREK +MCase 2b 16 82 98d
DEREK +Mcase + TOPKAT 7° 10° 83 43d

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
agsay 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

M. Hayashi et al. / Mutation Research 588 (2005} 129-135

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 -

# 1: Synder et al. [ 1 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
resulis but were negative in all three in silico systems
(DEREK, MCase, TOPKAT/AWorks), and those that
were negative in the Ames test but gave positive evalua-
tions in all three systems, are summarized in Table 4. This
table, which includes data from Synder et al. [11] and
White et al. [13] shows there are 19 exceptional chemi-
cals from both drug and non-drug families. Although it
would be unrealistic to expect zero exceptions using this
approach, further improvement of the prediction systems
is needed. We do not have good reasons to explain the
discordance, therefore we will verify the results from
both sides, i.e., in silico system and Ames test.

Considering these outcomes, we propose a decision
tree (Fig. 2), in order to evaluate chemical induction of
gene mutation. We may use the decision tree to priori-
tize chemicals to be assayed by in vitro and/or in vivo
tests. A final goal being that eventually, chemical muta-
genicity will be evaluated by in silico systems alone for
regulatory use. The decision tree consists of three steps;
namely to assess the molecular weight, the existence of
epoxy groups, and the in silico evaluation for genotox-
icity. Based on the purpose of the in silico evaluation,
the tree might be altered by the different final call of the
in silico evaluation, i.e., regarding as positive (negative)
all three systems show positive (negative). The choice
of definition for final call applying to the decision tree
should be based on the balance between accuracy of eval-
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Abstract In vivo screening methods for detection of
thyroid function modulators are now under development
.in many research laboratories. We assessed the applica-
bility of the Hershberger assay protocol to screen for
thyroid function modulators. In experiment 1, castrated
male BrlHan WIST@Jcl (GALAS) rats were adminis-
tered a potent thyroid peroxidase inhibitor, 3-amino-
1,2,4-triazole (AT), in doses of 0, 40, 200, and 1,000 mg/
kg/day with gravimetric endpoint, and in experiment 2,
castrated and intact male rats were administered in doses
of 0, 40, and 200 mg/kg/day, with quantification of the
extent of hypertrophy of the thyroid epithelium, to assess
the effects of castration, by gavage to 8-week-old for 10
consecutive days. At necropsy of both experiments, the
thyroid glands and hypophysis were collected and fixed
with 10% neutral-buffered formalin. To avoid crushing
during weighing because of their fragility, the thyroid
glands and hypophysis were weighed approximately 24 h
after fixation with 10% neutral-buffered formalin. All
animals were sacrificed approximately 24 h after the final
dose. In experiment 2, the thyroid glands of all animals
were stained with hematoxylin and eosin for histological
examination and morphometry of follicular epithelial
height. In experiment 1, absolute and relative thyroid
weights in all of the AT groups were statistically in-
creased in a dose-dependent manner, regardless of the
testosterone propionate (TP)-injection. In experiment 2,
the results showed a significant increase in thyroid weight
in the 200 mg/kg groups of both castrated and intdct
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rats. Hypophyseal weight was unaltered by AT, but
comparison of vehicle-treated groups showed that the
hypophyseal weight of the castrated rats was greater than
that of the intact rats. Enlarged thyroid glands were
observed in the AT-treated rats at necropsy. Histological
examination of the thyroid glands of all the AT-treated
animals showed hypertrophy and hyperplasia of the
follicular epithelial cells, and the height of follicular
epithelium of the thyroid glands increased in a dose-
dependent manner in both the castrated and intact rats.
In experiment 1, assessment of the (anti-) androgenic
action of AT in seminal vesicle weight revealed a signif-
icant increase in the 200 and 1,000 mg/kg + TP groups
in a dose-dependent manner. These results suggest that
the effect of AT can be detected by the Hershberger assay
10-day administration protocol and may be useful for
screening for thyroid function modulators regardless of
whether the animals have been castrated.

Keywords Hershberger assay - Thyroid function
modulators - 3-amino-1,2,4-triazole - Castrated rat -
Intact rat

Introduction

Currently, there is a great deal of concern that certain
environmental chemicals may have the ability to impair
normal sexual differentiation and development in humans
and wildlife (McLachlan 1993; McLachlan and Korach
1995). Endocrine Disruptor Screening and Testing
Committee (EDSTAC) is developing a tiered chemical
screening and testing program to evaluate-endocrine dis-
rupting effects (EDSTAC 1998). In this program, high
priority chemicals will be evaluated for hormonal activity
in the early screening stage, and chemicals positive in the
screening stage will be tested for hazard in a definitive test
(EDSTAC 1998; Gray et al. 2002).

A Hershberger assay in surgically castrated male rats
was proposed by the Organization for Economic
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Cooperation and Development (OECD) and EDSTAC
of the US Environmental Protection Agency as an in
vivo screening method to detect the (anti-) androgenic
activity of the chemicals acting mainly via androgen
receptor (AR)-mediated mechanisms (Hershberger et al.
1953; Dorfman 1969; OECD 1997, 2001, 2003; ED-
STAC 1998). Focusing on the disruption of androgenic
system, the proposed endpoints of this assay are the
weight of the ventral prostate, seminal vesicles, bulbo-
cavernosus/levator ani (BC/LA) muscles, -glans penis,
Cowper’s glands, and liver. The gravimetric endpoint
has the advantage of enabling the detection of (anti-)
androgenic action of a chemical at low cost in a short
time. The Hershberger assay will be used in the early
stage of a chemical screening and testing program after
the in vitro screening assays, such as the AR binding
assay and the AR reporter gene assay (Gray et al. 2002).

In vitro and in vivo screening methods for the
detection of thyroid function modulators are now under
development in many research laboratories, and a vari-
ety of in vivo screening methods have been proposed,
e.g., enhanced TG407 and male or female pubertal as-
" say. But they have the disadvantage such as long
experimental periods or low cost-performance, and there
have been no breakthroughs thus far. Yamada et al.
(2004) first reported that the enhanced Hershberger as-
say evaluation of thyroid histopathology and weights,
and determination of serum hormone levels, appears to
be reliable for screening thyroid modulators with a
single dose of propylthiouracil (PTU), 2,2-bis(4-chlor-
ophenyl)-1,1-dichloroethylene (p,p’-DDE) and pheno-
barbital (PB). The original objective of the Hershberger
assay was to screen for (anti-) androgenic activity of the
chemicals in male rats subjected to castration, which is
essential for the detection of androgenic activities. If the
Hershberger assay is capable of detecting the (anti-)
androgenic activity and thyroid hormone modulating
activity of the chemicals at the same time, it will be
possible to screen for hormonal activity of the chemicals
rapidly and with better cost-performance.

Because of the well-known presence of androgen
receptors in the thyroid gland of mammalians (Pellietier
2000; Banu et al. 2002), the thyroid gland is speculated to
be one of the target organs of androgenic compounds.
Moreover, testosterone has a stimulatory effect of on the
expression of the TSH mRNA (Ross 1990), and testos-
terone administration results in a significant decrease in
serum T3 and T4 levels in 15-day intact male assays
(O’Connor et al. 2000). Thus, if we intend to screen
chemicals for (anti-) androgenic activity based on their
thyroid hormone modulating activity, effect of castration
of male rats on the thyroid should be evaluated. It appears
rather unlikely that thyroid-specific endpoints can be used
to specifically detect (anti-) androgenicity. However, it is
necessary to evaluate whether thyroid-active compounds
affect the classical parameters of the Hershberger assay
and thus confound the detection of (anti-) androgenicity.

We performed two experiments. Experiment 1 was
designed to assess whether thyroid hormone modulating

activity of 3-amino-1,2,4-triazole (AT), which is known
to inhibit the synthesis of T3 and T4 by peroxidase
inhibiting in the thyroid gland (Ealey et al. 1984; Krauss
and Eling 1987; Reader et al. 1987, Masuda and Goto
1994; Santini et al. 2003), could be detected by the thy-
roid gravimetric method, and whether the dose-depen-
dent AT-induced effect on thyroid gland would be
confirmed by the Hershberger assay in castrated male
rats. Experiment 2 was designed to assess the influence of
castration on the AT-induced effect on thyroid gland,
and thus, both castrated and intact male rats were sub-
jected 'to the same protocol to elucidate the effect of
castration on the thyroid.

Materials and methods

Chemicals

AT (CAS No. 61-82-5, 99% pure) was obtained from
Tokyo Kasei Kougyou (Tokyo, Japan), and olive oil
was obtained from Fujimi Pharmaceutical Company
(Osaka, Japan). The physical stability of AT was as-
sessed with a Fourier transform infrared spectropho-
tometer (FTS-135, Nippon Bio-Rad Laboratories K.K.,
Tokyo, Japan), and the stability, homogeneity, and
concentration of each AT suspension prepared for
administration were confirmed by HPLC.

Animals

Seven-week-old BrlHan WIST@Jcl (GALAS) rats cas-
trated at 6 weeks of age, and 7-week-old intact BrlHan
WIST@Jcl (GALAS) rats were purchased from Clear
Japan Inc. (Fuji, Japan). The animals were housed, three
per cage, in stainless steel, wiremesh cages throughout
the study. The rats were weighed, weight-ranked, and
randomly assigned to one of the treatment or control
groups. Body weight and clinical signs were recorded
daily throughout the study. Rats were given ad libitum
access to tap water and a commercial diet (MF, Oriental
Yeast Co., Tokyo, Japan) and ad libitum access to water
from an automatic dispenser. The animal room was
maintained at a temperature of 23 + 2°C and a relative
humidity of 55 + 5%, and it was artificially illuminated
with fluorescent light on a 12-h light/dark cycle (0600
1800 hours). All animals were cared for according to the
principles outlined in the guide for animal experimen-
tation prepared by the Japanese Association for Labo-
ratory Animal Science.

Study design
Experiment 1. Hershberger assay
The experimental design of our study followed the

OECD validation of the rodent Hershberger bioassay:
phase-2 protocol (OECD 2002). Six castrated rats/group
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were given AT orally at doses of 40, 200, or 1,000 mg/kg
daily via a stomach tube for 10 consecutive days
beginning at 9 weeks of age with or without s.c. injection
of 0.2 mg/kg testosterone propionate (TP). The volume
of the olive oil solutions of AT was 5 ml/kg for oral
administration and 5 ml/kg for s.c. injection. A vehicle
control group given olive oil alone was also established.
The dosage was adjusted daily for body weight change.
Approximately 24 h after the final dose, the animals
were killed by bleeding from the abdominal vein under
deep ether anesthesia. At necropsy, the ventral prostate,
seminal vesicles, BC/LA muscles, glans penis, Cowper’s
gland, and liver were removed and weighed. The thyroid
glands and hypophysis were collected and fixed with
10% neutral-buffered formalin, and to avoid crushing
during weighing because of their fragility, they were
weighed approximately 24 h after fixation.

Experiment 2: quantification of the extent
_of hypertrophy of the thyroid epithelium

The same experimental procedures, as described below,
were performed on intact rats and castrated rats.

The rats were given AT in doses of 40 or 200 mg/kg
daily. Administration and necropsy were executed
according to the same procedure as experiment 1. At
necropsy, the thyroid glands and hypophysis were re-
moved and fixed with 10% neutral-buffered formalin. To
avoid crushing during weighing because of its fragility, the
thyroid glands and hypophysis were weighed approxi-
mately 24 h after fixation, stained with hematoxylin and
eosin, and examined under a light microscope. Mor-
phometry of the thyroid epithelium was performed to
quantify the extent of hypertrophy. The height of the
epithelial cells of all rats was measured under a ‘micro-
scope with Scion. Image image analysis software (Scion
Corporation, MA, USA). Fifty points/rat (25 left, 25
right) of the thyroid epithelium were measured.

Statistical analyses

Body weight, organ weights, and height of thyroid fol-
licular epithelium of the rats in the experimental groups
and corresponding vehicle control groups were com-
pared, i.e., data obtained from the castrated group were
compared with data from the castrated control group.
Data from the castrated control group and intact con-
trol group were also compared. Each endpoint was
analyzed by Bartlett’s test for homogeneity of variance.
If the variances were homogeneous at the 5% level of
significance, one-way analysis of variance was per-
formed, and if it revealed a significant difference, the
difference between the control group and each of the
experimental groups was analyzed by Dunnett’s test. If
the variances were not homogeneous, the Kruskal-
Wallis test was used, and if it showed a significant dif-
ference, the difference between the control group and

629

each of the experimental groups was analyzed by the
nonparametric Dunnett’s test.

Results
Experiment I: Hershberger assay

General observation revealed no abnormal findings in
the AT-treated castrated rats. Irrespective of TP-treat-
ment, the body weight of the AT-treated castrated rats
remained normal throughout the study (Table 1).

Organ weight changes are shown in Tables 1 and 2.
Absolute and relative thyroid weights in all the AT
groups were statistically increased in a dose-dependent
manner, regardless of the TP-injection, and increases
were statistically significant.

In the classical parameters of the Hershberger assay,
absolute seminal vesicle weights were significantly higher
in the 200 mg/kg + TP group, and absolute and relative
seminal vesicle weights were significantly higher in the
1,000 mg/kg + TP group when compared to each cor-
responding vehicle control group. In the 1,000 mg/kg +
TP group, relative liver weights were significantly higher.
Besides, absolute seminal vesicle weights were signifi-
cantly lower in the 1,000 mg/kg group, absolute and
relative weights were significantly higher in the 40 mg/kg
group, absolute glans penis weights and relative BC/LA
weights were significantly lower, and absolute and rela-
tive liver weights were significantly higher in the 40 mg/
kg + TP group, and absolute and relative BC/LA
weights were significantly higher in the 200 mg/kg + TP
group when compared to each corresponding vehicle
control group.

Gross examination revealed enlargement of the thy-
roid glands in 4/6 rats in the 40 mg/kg group, in all rats
in the 200 and 1,000 mg/kg group, in 5/6 rats in the
40 mgfkg + TP group, and in all rats in the 200 and
1,000 mg/kg + TP group (Table 3).

Experiment 2: quantification of the extent of hypertro-
phy of the thyroid epithelium

Castrated rats

General observation revealed no abnormal findings in
the AT-treated castrated rats. The body weight of the
AT-treated castrated rats remained normal throughout
the study (Fig. 1).

Organ weight changes are shown in Fig. 2. Absolute
and relative thyroid weights were significantly higher in
the 200 mg/kg group. No statistically significant differ-
ences were detected in hypophysis weight.

Gross examination revealed enlargement of the thy-
roid glands in 4/6 rats in the 40 mg/kg group and in all
rats in the 200 mg/kg group (Table 3).

Histopathological findings in the thyroid glands of
the AT-treated castrated rats are shown in Fig. 3 (left
panel); the thyroid glands of all AT-treated rats
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Table 3 Gross pathological findings in AT-treated rats (No. of animals = 6)

Experiment [

Experiment 2

AT (mg/kg/day) AT + TP (mg/kg/day) Castrated (mg/kg/  Intact (mg/kg/
day) day)
vC 40 200 1,000 VC 40 200 1,000 VC 40 200 VC 40 200
No abnormalities detected 6 2 0 0 6 l 0 0 6 2 0 6 0 0
Thyroid enlargement 0 4 6 6 0 5 6 6 0o 4 6 0 6 6

AT, 3-amino-1,2,4-triazole; VC, Vehicle control; Tp, testosterone propionate.

2907 _e— VG (Castrated)
~m-40 (Castrated)

280 1 —a—200 (Castrated)
~0- VG (Intact)

270 4 —-0O—40 (Intact)
—x—200 (Intact)

260 DOS?(S

o (mg/kg/day)

250

2409 .
A

230 Q/
-

220 +——F— T

Pe. 1 2 3 4 5 6 7 8 9 10 Nec.

Administration days

Fig. 1 Body wexght changes in AT-treated castrated and intact
male rats

exhibited hypertrophy and hyperplasia of the thyroid
follicular epithelial cells.

The follicular epithelial cell heights are shown in
Fig. 4. The height of the follicular epithelial cell in all
AT-treated groups was increased in a dose-dependent
manner by AT (40 mg/kg group, 200.8% of the control;
200 mg/kg group, 225.7% of the control), and the in-
crease were statistically significant.

Intact rats

General observation revealed no abnormal findings in
the AT-treated intact rats. The body weight of the AT-
treated rats remained normal throughout the study
(Fig. 1).

Organ weight changes are shown in Fig. 2. Absolute
and relative thyroid weights were significantly higher in
the 200 mg/kg group, and absolute thyroid weight in the
40 mg/kg group. No statistically significant differences
in hypophyseal weights were detected. Comparison be-
tween the VC groups, however, revealed signiﬁcantly
decreased absolute and relative hypophyseal weights in
the intact VC group.

Gross examination revealed enlargement of the thy-
roid glands in all rats in all the AT-treated groups (Ta-
ble 3). Histopathological findings in the thyroids of the
AT-treated intact rats are shown in Fig. 3 (right panel).
The thyroid glands of all AT-treated animals exhibited
hypertrophy and hyperplasia of the thyroid follicular
epithelial cells.

The height of the follicular epithelial cell is shown in
Fig. 4. Follicular epithelial cell height in all AT-treated
groups was significantly increased in a dose-dependent
manner by AT (40 mg/kg group, 149.6% of the control;
200 mg/kg group, 195.0% of the control).

Discussion

We examined the applicability of the Hershberger assay
10-day administration protocol to screening of chemi-
cals for a thyroid hormone modulator. The thyroid
peroxidase inhibitor, AT, a widely used herbicide found
to produce thyroid and liver tumors in rodents and
classified as possibly carcinogenic to humans, was
investigated to acquire further information about its
mechanism of action (Mattioli et al. 1994). In this study,
AT was used as the test substance to determine whether
the Hershberger assay can detect thyroid hormone
modulation caused by a mechanism different from that
of PTU, p, p"-DDE, and PB, such as by the mechanisms
of modulation of iodination of thyroglobulin and of the
coupling reaction and metabolism enhancers. Both cas-
trated and intact male rats were subjected to the same
protocol to elucidate the effect of castration on the
thyroid.

The organ welght changes showed that thyroid
weight increased in all AT-treated groups in a dose-
dependent manner, and thyroid gland enlargement in
the AT-treated rats. Histologically, the thyroid glands of
all AT-treated rats exhibited hypertrophy and hyper-
plasia of the follicular epithelial cells, and their height
increased in a dose-dependent manner in both the cas-
trated and intact rats. AT is known to inhibit the syn-
thesis of T3 and T4 by peroxidase inhibiting in the
thyroid gland (Ealey et al. 1984; Krauss and Eling 1987;
Reader et al. 1987; Masuda and Goto 1994; Santini et al.
2003). It has been reported that the administration of
AT to rats is followed by enlargement of the thyroid
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Fig. 2 Hypophyseal and
thyroid weights of AT-treated
castrated and intact male rats.
**Significantly different from
the castrated vehicle control at
p < 0.01.#* Significantly
different from the intact vehicle
control at p < 0.01

Absolute hypophysis weight

Relative hypophysis weight

O 1 T
VC 40 200 VC
Castrated

Absolute thyroid weight

**%

1

4 o
:
0 - T T T |

VC 40 200 VC 40 200
Castrated . Intact

40 200
Intact

Relative thyfoid weight
25

20 1 aa
15

10 4 ‘
2] ﬂ

##

¢/100g BW

##

VC 40 200 VC
Castrated

gland, a decrease in colloid content, and proliferation of
the follicular epithelium (Masuda and Goto 1994). The
results of the present study showed that the Hershberger
assay 10-day administration protocol clearly detected
thyroid hormone modulating effect of AT on the thyroid
glands. Moreover, the reproducibility of the results was
demonstrated by experiments 1 and 2. Yamada and
colleagues (2004) first reported that the Hershberger
assay enhanced by evaluation of thyroid histopathology
and weights and serum hormone levels appears to be a
reliable method of screening for thyroid modulators.
PTU is not only an inhibitor of type I deiodinase
inhibitor, but also an inhibitor of iodination of thyro-
globulin and of the coupling reaction, whereas peroxi-
dase inhibition seems not to occur under in vivo
inhibition (Shiroozu et al. 1983; Moura et al. 1990;
Taurog et al. 1995). p,p’-DDE and PB are the thyroid
hormone metabolism enhancers (McClain et al. 1989;
Barter and Klaassen 1994; Capen 1997). Thus, the thy-
roid inhibiting effects of several thyroid modulators have
already been detected by the Hershberger assay. It
therefore seems possible to use the Hershberger assay to
assess the potency of anti-thyroid chemicals and perhaps
to bioassay them.

The workshop on Screening Methods for Chemicals
that Alter Thyroid Hormone Action, Function and
Homeostasis (DeVito et al. 1997, 1999) concluded that
at least a 2-6-week dosing period is necessary to be able

VC 40 200 VC 40 200
Castrated Intact

40 200
Intact

to observe consistent thyroid responses. Other assays,
such as the male and female pubertal assays (Goldman
et al. 2000; Stoker et al. 2000) and enhanced TG 407
(OECD 1999), require a 20-30-day administration
period and are not convenient screening methods for
evaluating large numbers of chemicals for the thyroid
hormone modulating activity. If the Hershberger assay
is used to screen for thyroid function modulating
activity and (anti-) androgenic compounds at the same
time, more chemicals can be screened for its (anti-)
androgenic activity and/or thyroid hormone modulat-
ing activity.

It was reported that castration induced a dramatic
increase in the size and proportion of LH-immunore-
active cells present within the adenohypophysis of con-
trol rats (Kirby et al. 1997) and the castration induces an
immediate increase in the serum levels and pituitary
content of the gonadotropins, luteinizing hormone, and
follicle-stimulating hormone as well as a concomitant
rise in the steady state levels of the messenger RNAs
directing their synthesis (Emanuele et al. 1996; Valenti
et al. 1997). It is speculated that an increased hypophysis
weight in castrated rats may be a result of the removal of
testicular negative feedback. Histologically, however,
the thyroid glands of all AT-treated rats exhibited fol-
licular epithelial cell hypertrophy and hyperplasia, and
the height of the follicular epithelium of the thyroid
glands increased in a dose-dependent manner in both the
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Fig. 3 Micrographs of the thyroid gland of an AT-treated castrated rat and an AT-treated intact male rat. Magnification (125 x)

castrated and intact rats. Moreover, results of mor-
phometry of the thyroid epithelium showed almost same
sensitivity in both the castrated rats and intact rats.
These results suggest that the effect of AT can be de-
tected by the Hershberger assay 10-day administration
protocol regardiess of ‘castration. The other assays to
detect the thyroid modulating effect, such as male or
female pubertal assay (Goldman et al. 2000; Stoker et al.
2000), and enhanced TG 407 (OECD 1999) are used in
intact rats. Qur results emphasize the possibility of
applying the Hershberger assay protocol to the detection
of thyroid modulators. At the same time, the 10-day oral
administration protocol in intact male rats may provide
a new approach to screening for thyroid hormone
modulators. In terms of prevention of surgical inter-
vention of animals, it is valuable to develop screening
methods that do not involve surgical invasion, such as
castration, ovariectomy, etc. ‘Thus, further study is
needed, including evaluation of other compounds with
mechanisms of action different from those of AT, such
as thyroid hormone metabolism enhancers and thyroid
hormone antagonist etc,

In addition, assessment of the (anti-) androgenic
action of AT in seminal vesicle weight revealed a sig-
nificant increase in the 200 and 1,000 mg/kg + TP
groups in a dose-dependent manner. The mechanisms
and biological or toxicological significance of the

Intact

increase of seminal vesicle weight in AT + TP groups
were unclear and there were no AT-related changes in
other androgen-sensitive organs, but this seminal vesi-
cle weight change was not considered to be disregarded

20 1
18 1 "
16 - a
14 A a4
g 12 - B
S 10
é 8 - ‘
6 -
4 -~
o - .
0 - T T T ¥ ¥ 1
VC 40 200 VC 40 200
Castrated Intact

Fig. 4 Height of thyroid follicular epithelial cells of an AT-treated
castrated rat and an AT-treated intact male rat. **Significantly
different from the castrated vehicle control at p<0.01.
## Significantly different from the intact vehicle control at p < 0.01
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because dose dependency was confirmed, although the
study to determine the reproducibility of the data will
be needed to confirm these findings in the present
study. Other organ weight changes, excluding the
seminal vesicle weight changes in the AT + TP groups,
were judged to be of no toxicological significance, since
there were no dose relationships. Based on this finding,
it might be appropriate to conclude that the androgen
action of TP is reinforced or synergized. The original
Hershberger assay is a screening method that evaluates
the hormonal activity of chemicals based on changes in
accessory sex organs alone (Hershberger et al. 1953;
Dorfman 1969; OECD 1997; Gray et al. 2002), and it is
impossible to speculate on the mechanism of changes in
the accessory sex organs. We performed the AR bind-
ing assay and AR reporter gene assay of AT, and AT
showed lack of binding affinity to AR and did not
exhibit any agonist or antagonist activity in the re-
porter gene assay in these in vitro assays (data not
shown). These results point to the existence of an
endocrine-disrupting mechanism other than the AR-
mediated mechanism in the Hershberger assay and
suggest the importance of the in vitro assay to evaluate
the androgen action by the Hershberger assay.

In conclusion, we wish to emphasize the that Hersh-
berger assay has the ability to be used to assess the po-
tency, and possibly to bioassay not only of the (anti-)
androgenic activity of chemicals but of thyroid hormone
modulators, although further studies will be needed to
confirm the reproducibility of the findings in the present
study, and evaluated another endpoints, such as hor-
monal evaluation, and other chemicals with thyroid
hormone modulating effects to evaluate the value of the
Hershberger assay protocol as a method to screen thy-
roid function modulators. Moreover, 10-day oral
administration protocol in intact male rats may enable a
new approach to screening for thyroid hormone modu-
lators, although other compounds with different mech-
anisms of action than those of AT, such as thyroid
hormone metabolism enhancers and thyroid hormone
antagonists should be tested.
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Abstract

The Organization for Economic Co-operation and Development (OECD) has initiated the
development of new guidelines for the screening and testing of potential endocrine
disrupters. The Hershberger assay is one of the assays selected for validation based on the
need for in vivo screening to detect androgen agonists or antagonists by measuring the
response of five sex accessory organs and tissues of castrated juvenile male rats: the ventral
prostate, the seminal vesicles with coagulating glands, the levator ani and bulbocavernosus
muscle complex (LABC), Cowper's glands, and the glans penis. The Phase 1 feasibility
demonstration stage of the Hershberger validation program has been successfully completed
with a single androgen agonist and a single antagonist as reference substances. The Phase 2
validation study was performed, employing a range of additional androgen agonists and
antagonists. Recently, the Phase 3 validation study was conducted and performed in several
International laboratories. Three Japanese laboratories have contributed to the blind study
using coded materials of Phase 3 validation. Four coded test substances in the agonistic
version and seven substances in the antagonistic version were orally administered by gavage
for 10 consecutive days, respectively. In the antagonist version of the assay, 0.2 mg/kg/day
of testosterone propionate (TP) was coadministered by subcutaneous injection. All five
accessory sex reproductive organs and tissues consistently responded with statistically
significant changes in weight within a narrow window in both versions. Therefore, the
Japanese studies support the Hershberger assay as a reliable and reproducible screening assay
for the detection of androgen agonistic and antagonistic effects.
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Abstract In vivo screening methods for detection of
thyroid function modulators are now under development
_in many research laboratories. We assessed the applica-
bility of the Hershberger assay protocol to screen for
thyroid function modulators. In experiment 1, castrated
male BrlHan WIST@Jcl (GALAS) rats were adminis-
tered a potent thyroid peroxidase inhibitor, 3-amino-
1,2,4-triazole (AT), in doses of 0, 40, 200, and 1,000 mg/
kg/day with gravimetric endpoint, and in experiment 2,
castrated and intact male rats were administered in doses
of 0, 40, and 200 mg/kg/day, with quantification of the
extent of hypertrophy of the thyroid epithelium, to assess
the effects of castration, by gavage to 8-week-old for 10
consecutive days. At necropsy of both experiments, the
thyroid glands and hypophysis were collected and fixed
with 10% neutral-buffered formalin. To avoid crushing
during weighing because of their fragility, the thyroid
glands and hypophysis were weighed approximately 24 h
after fixation with 10% neutral-buffered formalin. All
animals were sacrificed approximately 24 h after the final
dose. In experiment 2, the thyroid glands of all animals
were stained with hematoxylin and eosin for histological
examination and morphometry of follicular epithelial
height. In experiment 1, absolute and relative thyroid
weights in all of the AT groups were statistically in-
creased in a dose-dependent manner, regardless of the
testosterone propionate (TP)-injection. In experiment 2,
the results showed a significant increase in thyroid weight
in the 200 mg/kg groups of both castrated and intact
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rats. Hypophyseal weight was unaltered by AT, but
comparison of vehicle-treated groups showed that the
hypophyseal weight of the castrated rats was greater than
that of the intact rats, Enlarged thyroid glands were
observed in the AT-treated rats at necropsy. Histological
examination of the thyroid glands of all the AT-treated
animals showed hypertrophy and hyperplasia of the
follicular epithelial cells, and the height of follicular
epithelium of the thyroid glands increased in a dose-
dependent manner in both the castrated and intact rats.
In experiment 1, assessment of the (anti-) androgenic
action of AT in seminal vesicle weight revealed a signif-
icant increase in the 200 and 1,000 mg/kg + TP groups
in a dose-dependent manner. These results suggest that
the effect of AT can be detected by the Hershberger assay
10-day administration protocol and may be useful for
$creening for thyroid function modulators regardless of
whether the animals have been castrated.

Keywords Hershberger assay * Thyroid function
modulators - 3-amino-1,2,4-triazole - Castrated rat
Intact rat

Introduction

Currently, there is a great deal of concern that certain
environmental chemicals may have the ability to impair
normal sexual differentiation and development in humans
and wildlife (McLachlan 1993; McLachlan and Korach
1995). Endocrine Disruptor Screening and Testing
Committee (EDSTAC) is developing a tiered chemical
screening and testing program to evaluate endocrine dis-
rupting effects (EDSTAC 1998). In this program, high
priority chemicals will be evaluated for hormonal activity
in the early screening stage, and chemicals positive in the
screening stage will be tested for hazard in a definitive test
(EDSTAC 1998; Gray et al. 2002).

A Hershberger assay in-surgically castrated male rats
was proposed by the Organization for Economic
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Cooperation and Development (OECD) and EDSTAC
of the US Environmental Protection Agency as an in
vivo screening method to detect the (anti-) androgenic
activity of the chemicals acting mainly via androgen
receptor (AR)-mediated mechanisms (Hershberger et al.
1953; Dorfman 1969; OECD 1997, 2001, 2003; ED-
STAC 1998). Focusing on the disruption of androgenic
system, the proposed endpoints of this assay are the
weight of the ventral prostate, seminal vesicles, bulbo-
cavernosus/levator ani (BC/LA) muscles, glans penis,
Cowper’s glands, and liver. The gravimetric endpoint
has the advantage of enabling the detection of (anti-)
androgenic action of a chemical at low cost in a short
time. The Hershberger assay will be used in the early
stage of a chemical screening and testing program after
the in vitro screening assays, such as the AR binding
assay and the AR reporter gene assay (Gray et al. 2002).

In vitro and in vivo screening methods for the
detection of thyroid function modulators are now under
development in many research laboratories, and a vari-
ety of in vivo screening methods have been proposed,
- e.g., enhanced TG407 and male or female pubertal as-
say. But they have the disadvantage such as long
experimental periods or low cost-performance, and there
have been no breakthroughs thus far. Yamada et al.
(2004) first reported that the enhanced Hershberger as-
say-evaluation of thyroid histopathology and weights,
and determination of serum hormone levels, appears to
be reliable for screening thyroid modulators with a
single dose of propylthiouracil (PTU), 2,2-bis(4-chlor-
ophenyl)-1,1-dichloroethylene (p,p-DDE) and pheno-
barbital (PB). The original objective of the Hershberger
assay was to screen for (anti-) androgenic activity of the
chemicals in male rats subjected to castration, which is
essential for the detection of androgenic activities. If the
Hershberger assay is capable of detecting the (anti-)
androgenic activity and thyroid hormone modulating
activity of the chemicals at the same time, it will be
possible to screen for hormonal activity of the chemicals
rapidly and with better cost-performance.

Because of the well-known presence of androgen
receptors in the thyroid gland of mammalians (Pellietier
2000; Banu et al. 2002), the thyroid gland is speculated to
be one of the target organs of androgenic compounds.
Moreover, testosterone has a stimulatory effect of on the
expression of the TSH mRNA (Ross 1990), and testos-
terone administration results in a significant decrease in
serum T3 and T4 levels in 15-day intact male assays
(O’Connor et al. 2000). Thus, if we intend to screen
chemicals for (anti-) androgenic activity based on their
thyroid hormone modulating activity, effect of castration
of male rats on the thyroid should be evaluated. It appears
rather unlikely that thyroid-specific endpoints can be used
to specifically detect (anti-) androgenicity. However, it is
necessary to evaluate whether thyroid-active compounds
affect the classical parameters of the Hershberger assay
and thus confound the detection of (anti-) androgenicity.

We performed two experiments. Experiment 1 was
designed to assess whether thyroid hormone modulating

activity of 3-amino-1,2,4-triazole (AT), which is known
to inhibit the synthesis of T3 and T4 by peroxidase
inhibiting in the thyroid gland (Ealey et al. 1984; Krauss
and Eling 1987; Reader et al. 1987; Masuda and Goto
1994; Santini et al. 2003), could be detected by the thy-
roid gravimetric method, and whether the dose-depen-
dent AT-induced effect on thyroid gland would be
confirmed by the Hershberger assay in castrated male
rats. Experiment 2 was designed to assess the influence of
castiation on the AT-induced effect on thyroid gland,
and thus, both castrated and intact male rats were sub-
jected to the same protocol to elucidate the effect of
castration on the thyroid.

Materials and methods

Chemicals

AT (CAS No. 61-82-5, 99% pure) was obtained from
Tokyo Kasei Kougyou (Tokyo, Japan), and olive oil
was obtained from Fujimi Pharmaceutical Company
(Osaka, Japan). The physical stability of AT was as-
sessed with a Fourier transform infrared spectropho-
tometer (FTS-135, Nippon Bio-Rad Laboratories K.X.,
Tokyo, Japan), and the stability, homogeneity, and
concentration of each AT suspension prepared for
administration were confirmed by HPLC,

Animals

Seven-week-old BrlHan WIST@Jcl (GALAS) rats cas-
trated at 6 weeks of age, and 7-week-old intact BrlHan
WIST@Jcl (GALAS) rats were purchased from Clear
Japan Inc. (Fuji, Japan). The animals were housed, three
per cage, in stainless steel, wiremesh cages throughout
the study. The rats were weighed, weight-ranked, and
randomly assigned to one of the treatment or control
groups. Body weight and clinical signs were recorded
daily throughout the study. Rats were given ad libitum
access to tap water and a commercial diet (MF, Oriental
Yeast Co., Tokyo, Japan) and ad libitum access to water
from an automatic dispenser. The animal room was
maintained at a temperature of 23 + 2°C and a relative
humidity of 55 + 5%, and it was artificially illuminated
with fluorescent light on a 12-h light/dark cycle (0600
1800 hours). All animals were cared for according to the
principles outlined in the guide for animal experimen-
tation prepared by the Japanese Association for Labo-
ratory Animal Science.

Study design
Experiment 1: Hershberger assay
The experimental design of our study followed the

OECD validation of the rodent Hershberger bioassay:
phase-2 protocol (OECD 2002). Six castrated rats/group
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were given AT orally at doses of 40, 200, or 1,000 mg/kg
daily via a stomach tube for 10 consecutive days
beginning at 9 weeks of age with or without s.c. injection
of 0.2 mg/kg testosterone propionate (TP). The volume
of the olive oil solutions of AT was 5 ml/kg for oral
administration and 5 ml/kg for s.c. injection. A vehicle
control group given olive oil alone was also established.
The dosage was adjusted daily for body weight change.
Approximately 24 h after the final dose, the animals
were killed by bleeding from the abdominal vein under
deep ether anesthesia. At necropsy, the ventral prostate,
seminal vesicles, BC/LA muscles, glans penis, Cowper’s
gland, and liver were removed and weighed. The thyroid
glands and hypophysis were collected and fixed with
10% neutral-buffered formalin, and to avoid crushing
during weighing because of their fragility, they were
weighed approximately 24 h after fixation.

Experiment 2: quantiﬁcation of the extent
* of hypertrophy of the thyroid epithelium

The same experimental procedures, as described below,
" were performed on intact rats and castrated rats.

The rats were given AT in doses of 40 or 200 mg/kg
daily. Administration and necropsy were executed
according to the same procedure as experiment 1. At
necropsy, the thyroid glands and hypophysis were re-
moved and fixed with 10% neutral-buffered formalin. To
avoid crushing during weighing because of its fragility, the
thyroid glands and hypophysis were weighed approxi-
mately 24 h after fixation, stained with hematoxylin and
eosin, and examined under a light microscope. Mor-
phometry of the thyroid epithelium was performed to
quantify the extent of hypertrophy. The height of the
epithelial cells of all rats was measured under a micro-
scope with Scion Image image analysis software (Scion
Corporation, MA, USA). Fifty points/rat (25 left, 25
right) of the thyroid epithelium were measured.

Statistical analyses

Body weight, organ weights, and height of thyroid fol-
licular epithelium of the rats in the experimental groups
and corresponding vehicle control groups were com-
pared, i.e., data obtained from the castrated group were
compared with data from the castrated control group.
Data from the castrated control group and intact con-
trol group were also compared. Each endpoint was
analyzed by Bartlett’s test for homogeneity of variance.
If the variances were homogeneous at the 5% level of
significance, one-way analysis of variance was per-
formed, and if it revealed a significant difference, the
difference between the control group and each of the
experimental groups was analyzed by Dunnett’s test. If
the variances were not homogeneous, the Kruskal-
Wallis test ‘was used, and if it showed a significant dif-
ference, the difference between the control group and
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each of the experimental groups was analyzed by the
nonparametric Dunnett’s test.

Results
Experiment 1: Hershberger assay

General observation revealed no abnormal findings in
the AT-treated castrated rats. Irrespective of TP-treat-
ment, the body weight of the AT-treated castrated rats
remained normal throughout the study (Table 1).

Organ weight changes are shown in Tables | and 2.
Absolute and relative thyroid weights in all the AT
groups were statistically increased in a dose-dependent
manner, regardless of the TP-injection, and increases
were statistically significant.

In the classical parameters of the Hershberger assay,
absolute seminal vesicle weights were significantly higher
in the 200 mg/kg + TP group, and absolute and relative
seminal vesicle weights were significantly higher in the
1,000 mg/kg + TP group when compared to each cor-
responding vehicle control group. In the 1,000 mg/kg +
TP group, relative liver weights were significantly higher.
Besides, absolute seminal vesicle weights were signifi-
cantly lower in the 1,000 mg/kg group, absolute and
relative weights were significantly higher in the 40 mg/kg
group, absolute glans penis weights and relative BC/LA
weights were significantly lower, and absolute and rela-
tive liver weights were significantly higher in the 40 mg/
kg + TP group, and absolute and relative BC/LA
weights were significantly higher in the 200 mg/kg + TP
group when compared to each corresponding vehicle
control group.

Gross examination revealed enlargement of the thy-
roid glands in 4/6 rats in the 40 mg/kg group, in all rats’
in the 200 and 1,000 mg/kg group, in 5/6 rats in the
40 mg/kg + TP group, and in all rats in the 200 and
1,000 mg/kg + TP group (Table 3).

Experiment 2: quantification of the extent of hypertro-
phy of the thyroid epithelium

Castrated rats

General observation revealed no abnormal findings in
the AT-treated castrated rats. The body weight of the
AT-treated castrated rats remained normal throughout
the study (Fig. 1).

Organ weight changes are shown in Fig. 2. Absolute
and relative thyroid weights were significantly higher in
the 200 mg/kg group. No statistically significant differ-
ences were detected in hypophysis weight.

Gross examination revealed enlargement of the thy-
roid glands in 4/6 rats in the 40 mg/kg group and in all
rats in the 200 mg/kg group (Table 3).

Histopathological findings in the thyroid glands of
the AT-treated castrated rats are shown in Fig. 3 (left
panel); the thyroid glands of all AT-treated rats
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Table 3 Gross pathological findings in AT-treated rats (No. of animals = 6)

Experiment |

Experiment 2

AT (mg/kg/day) AT + TP (mg/kg/day) Castrated (mg/kg/ Intact (mg/kg/
day) day)
vC 40 200 1,000 VC 40 200 1,600 VvVC 40 200 VC 40 200
No abnormalities detected 6 2 0 0 6 1 0 0 6 2 0 6 0 0
Thyroid enlargement 0 4 6 6 0 5 6 6 6 4 6 0 6 6

AT, 3-amino-1,2,4-triazole; VC, Vehicle control; Tp, testosterone propionate.

2907 - VC (Castrated)

~®- 40 (Castrated)
—~a— 200 (Castrated)
-0O—-VC (intact)

270 4 {40 (Intact)
=200 (Intact)

280

Doses
260 1
o (mg/kg/day)
250
2404 .
/¢
230 - Q/
-
220 e B )

Pe. 1 2 3 4 5 6 7 8 9 10 Nec
Administration days .

Fig. 1 Body weight changes in AT-treated castrated and intact
male rats ‘

exhibited hypertrophy and hyperplasia of the thyroid
follicular epithelial cells.

The follicular epithelial cell heights are shown in
Fig. 4. The height of the follicular epithelial cell in all
AT-treated groups was increased in a dose-dependent
manner by AT (40 mg/kg group, 200.8% of the control;
200 mg/kg group, 225.7% of the control), and the in-
crease were statistically significant.

Intact rats

General observation revealed no abnormal findings in
the AT-treated intact rats. The body weight of the AT-
treated rats remained normal throughout the study
(Fig. 1).

Organ weight changes are shown in Fig. 2. Absolute
and relative thyroid weights were significantly higher in
the 200 mg/kg group, and absolute thyroid weight in the
40 mg/kg group. No statistically significant “differences
in hypophyseal weights were detected. Comparison be-
tween the VC groups, however, revealed significantly
decreased absolute and relative hypophyseal weights in
the intact VC group.

Gross examination revealed enlargement of the thy-
roid glands in all rats in all the AT-treated groups (Ta-
ble 3). Histopathological findings in the thyroids of the
AT-treated intact rats are shown in Fig. 3 (right panel).
The thyroid glands of all AT-treated animals exhibited
hypertrophy and hyperplasia of the thyroid follicular
epithelial cells.

The height of the follicular epithelial cell is shown in
Fig. 4. Follicular epithelial cell height in all AT-treated
groups was significantly increased in a dose-dependent
manner by AT (40 mg/kg group, 149.6% of the control;
200 mg/kg group, 195.0% of the control).

Discussion

We examined the applicability of the Hershberger assay
10-day administration protocol to screening of chemi-
cals for a thyroid hormone modulator. The thyroid
peroxidase inhibitor, AT, a widely used herbicide found
to produce thyroid and liver tumors in rodents and
classified as possibly carcinogenic to humans, was
investigated to acquire further information about its
mechanism of action (Mattioli et al. 1994). In this study,
AT was used as the test substance to determine whether
the Hershberger assay can detect thyroid hormone
modulation caused by a mechanism different from that
of PTU, p, p"-DDE, and PB, such as by the mechanisms
of modulation of iodination of thyroglobulin and of the
coupling reaction and metabolism enhancers. Both cas-
trated and intact male rats were subjected to the same
protocol to elucidate the effect of castration on the
thyroid.

The organ weight changes showed that .thyroid
weight increased in all AT-treated groups in a dose-
dependent manner, and thyroid gland enlargement in
the AT-treated rats. Histologically, the thyroid glands of
all AT-treated rats exhibited hypertrophy and hyper-
plasia of the follicular epithelial cells, and their height
increased in a dose-dependent manner in both the cas-
trated and intact rats. AT is known to inhibit the syn-
thesis of T3 and T4 by peroxidase inhibiting in the
thyroid gland (Ealey et al. 1984; Krauss and Eling 1987;
Reader et al. 1987; Masuda and Goto 1994; Santini et al.
2003). It has been reported that the administration of
AT to rats is followed by enlargement of the thyroid
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