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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.
© 2005 Published by Elsevier Ireland Ltd.
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Organization for Economic Co-operation and Develop-
ment (OECD) has initiated an activity to revise existing
guidelines and develop new screening and testing guide-
lines to aid in the identification and assessment of such

1. Introduction

Certain reproductive and developmental toxicants
may have the potential to interfere with normal sexual

differentiation and development in animals and humans
by modulating or interfering with the endocrine system
(McLachlan, 1993; McLachlan and Korach, 1995). The
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toxicants (OECD, 1998, 2000, 2002).

One proposed assay, referred to as the Hershberger
assay, uses the androgen sensitivity of several acces-
sory sex organs and tissues of the male reproductive
tract. The assay was originally developed in the 1930s
by Korenchevsky and coworkers, and a number of
accessory sex organs and tissues were shown to be use-
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ful by these and other investigators including the ven-
tral prostate (Deanesly and Parkes, 1936; Dingemanse
et al., 1935; Korenchevsky, 1932; Korenchevsky et
al., 1932, 1933a,b), the seminal vesicles and coagulat-
ing glands (Deanesly and Parkes, 1936; Dingemanse

et al., 1935; Korenchevsky, 1932; Korenchevsky et

al., 1932, 1933a,b), the preputial glands (Biilbring
and Burn, 1935; Korenchevsky, 1932; Korenchevsky
et al., 1932, 1933a,b), Cowper’s glands (Wainman and
Shipounoff, 1941), and the glans penis (Biilbring and
Burn, 1935; Dingemanse et al., 1935; Korenchevsky,
1932; Korenchevsky et al., 1932, 1933a,b). In the 1940s,
it was discovered that the levator ani and bulbocaver-
nosus muscles also responded to androgens, but in a
differential way from the other tissues (Wainman and
Shipounoff, 1941; Eisenberg et al., 1949; Eisenberg and
Gordan, 1950). The basis for this differential sensitivity
is the presence of 5a-reductase in most accessory tissues
of the male reproductive tract, but its absence in the mus-
cle complex (Di Salle et al., 1994). The capabilities of the
assay were demonstrated in 1953 by Hershberger et al.
when they analyzed the response of the ventral prostate,
seminal vesicles and coagulating glands, and the levator
ani without the bulbocavernosus muscle to a number of
active chemicals, including estrogens and progesterones
(Hershberger et al., 1953).

In the 1970s and 1980s, with the discovery of the
androgen receptor and the first compounds such as
cyprotone acetate that were antagonists of the receptor,
the assay was modified to address antagonistic activity.
Briefly, a set dose of a reference agonist was coadminis-
tered to several groups of animals to whom a set of doses
of the purported antagonist was also administered. This
modified system was successfully used by several inves-
tigators for assaying androgen antagonists (Peets et al.,
1973; Raynaud et al., 1980, 1984; Wakeling et al., 1981).

Therefore, based upon the recommendation of sci-
entific workshops, both the US Endocrine Disrupter
Screening and Testing Advisory Committee (EDSTAC)
(USEPA, 1998) and the OECD Endocrine Disrupter

Testing and Assessment Group (EDTA) of the OECD

(OECD, 2000) have proposed this assay as a Tier-1
screen to identify possible reproductive and develop-
mental toxicants acting through androgen agonist and
antagonist mechanisms.

The OECD Phase 1 validation program for the Her-
shberger assay was completed in 2001. In this phase,
a standardized protocol using the ventral prostate, the
seminal vesicles with coagulating glands, the levator ani
and bulbocavernosus muscle complex (LABC), Cow-
per’s glands, and the glans penis was successfully tested
against a reference androgen compound, testosterone

propionate (TP), and a reference antagonist, flutamide
(OECD, 2002). The OECD proposed a Phase 2 valida-
tion program using additional androgen agonistic and
antagonists as the next step to validate the assay, but the
final results of Phase 2 studies were not opened by the
OECD.

Recently, the OECD conducted a Phase 3 validation
program as a final blind study using coded agonistic
and antagonistic chemicals (OECD, 2003). In Phase 3,
the coded test substances were to be used to investigate
the reliability of the assay, including a demonstration of
the protocol’s transferability among laboratories and the
reproducibility of the protocol’s results. Three Japanese
laboratories participated in the Phase 3 validation study
using four coded agonistic test substances and seven
antagonistic substances. The participation of the lab-
oratories in the OECD Phase 3 validation study was
performed as part of a national validation program in
Japan.

2. Materials and methods
2.1. Laboratories

The three participating Japanese laboratories were: the
Chemicals Evaluation and Research Institute (CERI); the Food
Drug Safety Center; and the Japan Bioassay Research Center.
Each laboratory performed the study in compliance with the
principles of Good Laboratory Practice guidelines.

2.2. Test substance

All coded test substances except for TP were sent to each
laboratory from a centralized chemical repository at TNO,
Zeist, the Netherlands. TP and corn oil as vehicles were pre-
pared in each laboratory. The coded substances A, B, L and E
were used in the agonistic version, and F, G, I, C, K, D and
H were used in the antagonistic version. We did not receive
any information regarding the coded substances before all tests
were started.

2.3. Animals

Laboratory details regarding rat strain, age of castration, age
at start of dosing, day of autopsy, animal diet, and the number of
animals housed per cage are summarized in Table 1. Two labo-
ratories used Crj:CD (SD) rats castrated at 6-weeks old, and the
test substances were administered 1 week after castration. One
laboratory used Brl Han: WIST Jcl (GALAS) rats castrated
at 6-weeks old, and the test substances were administered 2
weeks after castration. In all the laboratories, the rats were
weighed, weight-ranked, and assigned randomly to each of the
experimental and control groups after they had recovered from
their operation. Body weight and clinical signs were recorded
daily throughout the study. Rats were provided with water and
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Table 1
Laboratory detail for rat strain, age of castration, age at start of dosing, day of autopsy, animal diet, and the number of animals housed per cage
Lab  Ratstrain Age of castration  Age at start of dosing ~ Day of autopsy ~ Diet Number of rats per cage
1 Brl Han: WIST Jcl (GALAS)*  6-weeks old 8-weeks old 10-weeks.old MF® 3

Crj:CD (SD)* 6-weeks old 7-weeks old 9-weeks old CE-2¢ 1
3 Crj:CD (SD)° 6-weeks old 7-weeks old 9-weeks old CRF-1¢ 1

2 Clear Japan Inc., Tokyo, Japan.

b Oriental Yeast Co., Ltd., Tokyo, Japan.
¢ Charles River Japan, Kanagawa, Japan.
4 Clear Japan Inc.

a commercial diet ad libitumn. The animals were kept under
SPF conditions. All animals were cared for according to the
principles outlined in the guide for animal experimentation
prepared by The Japanese Association for Laboratory Animal
Science.

2.4. Administration

‘We performed each test according to the protocol proposed
by the OECD (OECD, 2000, 2002, 2003). Each test substance
was orally administered via a stomach tube for 10 consecutive
days at approximately the same time each day. A vehicle con-
trol group receiving only corn oil was used in both versions.
For the antagonistic version, 0.2 mg/kg/day of TP was coad-
ministered each day by subcutaneous injection in the dorsal
region after the oral administration of each chemical. The vol-
ume of the corn oil solution containing the TP was 0.5 ml/kg.
In the agonistic version, a positive control group of animals
received TP injections alone. The group size in all cases was
six rats. The volume of the corn oil solutions containing each
of the test chemicals was 5 ml/kg. The animals were killed by
bleeding from the abdominal vein under deep ether anesthe-
sia approximately 24 h after receiving their final dosage. The
five mandatory tissues, the ventral prostate and fluid, semi-
nal vesicle and fluid, LABC, glans penis, and Cowper’s gland,
were carefully dissected free of adhering fat and weighed to the
nearest 0.1 mg. We also weighed the liver in three laboratories,
and paired kidney and adrenal weights were measured in one
Iaboratory.

2.5. Statistical analysis

We received the information from the coordinator of this
Phase 3 validation after all tests were finished that the partic-
ipating laboratories received pairs of the test chemicals (i.e.
L and E, F and G, I and C, or K and D), so we analyzed
the data using the following analytical methods between the
vehicle control group and the same chemical groups in the
agonistic version, and the TP group and the same chemical
groups in the antagonistic version. In addition, coded A and F
were nonylphenol, B and G were dinitrophenol, E and L were
trenbolone, C and I were p,p’-DDE, and D and K were lin-
urone. Body weight and organ weight data were analyzed by
Bartlett’s test for homogeneity of variance. When the variance
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was homogeneous at a significance level of 5%, one-way anal-
ysis of variance was performed. If a significant difference was
found, the difference between the control group/TP group and
each of the dosage groups was analyzed with Dunnett’s test.
If the variance was not homogeneous, the Kruskal-Wallis test
was used. If a significant difference was found, the difference
between the control group/TP group and each of the dosage
groups was analyzed by the non-parametric Dunnett’s test. On
the other hand, differences in body weight and organ weight
between the control group and the TP group, coded A or B
in the agonistic version and between TP group and the group
using coded H, G or Fin the antagonistic version were assessed
for statistical significance by the two-tailed Student’s ¢-test.
For graphical presentation, the sex accessory organ data were
normalized to visually compare the shapes of the responses
produced by each laboratory. For this normalization, the con-
trol value was set to 100% in the agonistic study, and 100%
in the TP without coded compound in the antagonistic study.
Analyses of variance were performed on the data from each
laboratory and for the pooled laboratory data; these normal-
ized values were not analyzed statistically.

3. Results
3.1. Agonistic version

3.1.1. Body weights, clinical observations, and
optional organ weights

The body weights and the optional organ weight
changes are shown in Table 2. Terminal body weights in
rats given L. were significantly lower than in rats given
vehicle alone in Labs 2 and 3, and tendency towards low-
ering of the terminal body weights was observed in Lab
1. No abnormal clinical signs were observed in any of
the rats that were treated with each substance. The paired
kidney weights in rats given substance A and TP were
significantly higher than in rats given only the vehicle
in Lab 3, and the liver weights in rats given A and TP
were also higher than in rats given the vehicle only in
Lab 2.
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Table 2

Optional organ weights including the liver, adrenal, and kidney in agonistic version

Lab  Body weightsforgan weights  Substances

V.C. A B L E TP

1 Starting body wt. () 2148 + 106 2144+ 110 213.1+£101 2191£105 2150+ 80 2149 +£93
Terminal body wt. (g) 2629 4+ 170 2506+ 120 25244128 243.7+£92 2494 + 129  266.0 + 127
Liver (g) 100 + 1.1 102+ 13 96+ 05 11.1 £ 0.7 9.7+ 0.7 101038

2 Starting body wt. (g) 2310+ 53 2275 £ 5.0 229.6 + 6.9 229.1 + 3.9 2268 + 79 2309 £ 6.9
Terminal body wt. (g) 280.8 £ 7.9 2759 + 63 2852 4 124 2615+ 7.1° 2818 + 150  305.6 £ 15.0°
Liver (g) 11.1 + 06 121 £ 08 107 £ 1.1 115 £ 0.6 115 £ 09 128+ 127

3 Starting body wt. (g) 257.1 £ 89 256.7 + 8.9 256.0 = 83 2574+ 179 2568 £ 10.1 2550+ 122
Terminal body wt. (g) 3032 £ 155 2973 £ 176 3083+ 149  264.6:264" 3008 =149 3200+ 227
Liver (g) 129 £ 0.9 140+ 19 130+ 13 122+ 16 130+ 13 136 £ 2.0
Adrenals (mg) 588493 570+ 9.2 61.5 + 106 499 + 7.8 502 5.1 51.0 % 11.7
Kidneys (mg) 2110 £ 72 2344 + 138" 2290 + 162 2229 4= 226 2189 £+ 192 2435 + 244"

V.C., vehicle control; TP, testosterone propionate. n =6 rats/group/Lab.
* Significantly different from control group at P <0.05.

3.1.2. Accessory sex organ weights

Five accessory sex organ and total five organ weight
changes are shown in Table 3, and normalized organ
weight changes are shown in Fig. 1. The accessory sex
organ weights of rats given TP only in all laborato-
ries were higher than these of rats given the vehicle

alone, confirming the reliability of this study. Almost
all accessory sex organ weights and total five organs in
rats given L were higher than in rats given the vehicle
in all laboratories. The LABC weights in rats given E
was significantly higher than in rats given the vehicle
in Lab 2, but the normalized change in this organ was

Table 3

Mean body weights and mean organ weights in agonistic version

Lab Body weights/organ weights  Substances

V.C. A B L E TP

1 Terminal body wt. (g) 2629 + 17.0 2506 £+ 12.0 2524 £12.8 2437 +£9.2 2494 £+ 129 2660 £ 127
Ventral prostate (mg) 168 % 1.0 17.0 & 3.2 15.6 + 3.4 341 % 8.0 149 £ 1.2 936 + 11.0°
Seminal vesicles (mg) 219 £ 56 26.5 + 1.9 257 + 4.9 612 + 9.6 29.0 & 3.5 1904 + 19.1"
LABC (mg) 1368 £ 222 12824192 1283 +£11.0 2985+28.1% 14154152 3123 +269"
Glans penis (mg) 29.5 £ 5.6 299 + 2.8 283+ 72 498 £ 6.5 326 £ 5.1 644 + 60"
Cowper’s glands (mg) 41+ 13 44 4 14 39+15 103 + 2.5 45+ 1.1 204 + 35"
Total of five organs (mg) 2150 £ 213 20604235 20194213 4538 £483" 22244190 6810+ 423"

2 Terminal body wt. (g) 2808 £79 2759463 2852+ 124 26154717 2818+ 150 3056 £ 150
Ventral prostate (mg) 160 £ 5.2 198+ 5.1 158 £ 6.5 334 + 63" 184 £ 32 121.8 £ 25.6"
Seminal vesicles (ng) 420+ 145 4094112 388+£122 1787 £ 604" 416 +£115 4204 + 321"
LABC (mg) 1636 - 383 1786+235 1899 +304 4268 +462° 2163 £173" 5275 +235"
Glans penis (mg) 441 £ 43 429422 418 +£23 585+ 3.7 455 £ 2.5 73.9 + 3.9°
Cowper’s glands (mg) 58+ 13 56+ 1.1 44 £ 1.7 10.1 £ 2.6 58+ 1.8 344 + 8.1°
Total of five organs (mg) 2716 + 513 28784297 2907 +353 707.6 + 1047° 3277 £ 146 11779 £ 351"

3 Terminal body wt. (g) 3032 4+ 155 29734+ 176 3083+ 149 2646 £264" 3008149 3200+ 227
Ventral prostate (mg) 220 £3.1 206+ 1.4 240 + 1.7 437+ 115° 262438 186.5 + 48.4"
Seminal vesicles (mg) 612459 58.1+ 7.0 584482 1655+ 371" 612+ 109 4313 +551°
LABC (mg) 1913 £ 160 17864252 1907 +£66 4523 +£345° 22114358 54354 835"
Glans penis (mg) 53.0 £ 8.0 54.6 + 5.4 548 + 5.6 729 + 3.2° 52.0 & 2.6 951 + 8.0°
Cowper’s glands (mg) 8.5 2.2 74+ 18 8.0+13 182 + 5.2 8.8 + 2.4 37.1 £ 66"
Total of five organs (mg) 3360 £ 199 3193 +£206 3360 + 137 7525+ 664° 3694 +£458 1293.6 & 112.7"

V.C., vehicle control; TP, testosterone propionate. n= 6 rats/group/Lab.
* Significantly different from control group at P <0.05.
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Fig. 1. Organ weights of accessory sex organs in agonistic version. Values from each laboratory were normalized to the control value set equal to
100%. LABC: levator ani and bulbocavernosus muscle; V.C.: vehicle control; A, B, L, and E: coded chemicals; TP testosterone propionate. n=6

rats/group/Lab (8, Lab 1; B, Lab 2; (J, Lab 3).

not apparent. Normalized weight changes of the glans
penis in rats given coded L showed the weakest response
among five organs (Fig. 1).

3.2. Antagonistic version

3.2.1. Body weights, clinical general observations,
and optional organ weights

The body weight changes and the optional organ
weight changes are shown in Table 4. Two rats given
I plus TP died with toxic signs such as decreasing body
weight, soft feces, reddish urine, and weakness at 7-10
days after the administration in Labs 2 and 3, respec-
tively. The terminal body weights in rats given I plus TP
or K plus TP were significantly lower than in rats given
TP only in two laboratories. The paired adrenals in rats
given K plus TP were significantly higher than in rats
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given TP in Lab 3. The liver weights in rats given I plus
TP were higher than in rats given TP in all laboratories,
and increased liver weights were also observed in rats
given Cin Lab 1.

3.2.2. Accessory sex organ weights

Five accessory sex organ and total organ weight
changes are shown in Table 5, and normalized organ
weight changes are shown in Fig. 2. All accessory sex
organ weights of rats given H, which is a positive com-
pound, flutamide, plus TP were lower than those of
rats given TP, confirming the reliability of this version.
Almost all the accessory sex organ weights in rats given
I plus TP and K plus TP were significantly lower than
in rats given TP in all laboratories. Some accessory sex
organ weights in rats given C plus TP and D plus TP
were also lower than in the rats given TP. Although the
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RHH HAH AEARYRN lower than that in the TP group in Lab 2, the normalized
q4Ne T~ 9NNy change of this organ was not so apparent. The total of
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383 289g 8882 among the five organs (Fig. 2).
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21y S o tic effects were detected by the administration of toxic
%ﬂ g _ = _ g % level in this study, but weak agonistic and antagonistic
3 lg a2 a2 @3> §& properties of some weak chemlcgls. were detected wl.len
2B $5 % [ E . |E8 non-toxic level doses were administered (Yamasaki et
312 |32 g@ 3% £gl|gg 2000 |
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Fig. 2. Organ weights in antagonistic version. Values from each laboratory were normalized to the value of TP group set equal to 100%. LABC:
levator ani and bulbocavernosus muscle; F, G, I, C, K, D, and H: coded chemicals; TP: testosterone propionate. n.= 6 rats/group/Lab &,Lab; N,

Lab 2; (0, Lab 3).

plus TP and D plus TP groups. No changes were detected
in rats given coded substances F and G. These findings
demonstrate that coded substances I, C, K, and D had
antagonistic properties and coded substances F and G
had no antagonistic properties. We accepted the infor-
mation; substances F and G were negative compounds,
1, C, K, and D were weak antagonistic compounds, andH
was a positive control compound, flutamide; the groups
of substances I and C, or K and D were the same com-
pound, and dose levels of I and K were higher than those
of C and D. We also received the information that C
and I were p,p/-DDE and D and K were linurone. The
ventral prostate and glans penis in Lab 1, the seminal
vesicle and LABC in Lab 2, and the ventral prostate,
LABC and Cowper’s glans in Lab 3 were significantly
affected in the rats given coded substance C plus TP.
In addition, the ventral prostate in Lab 1 and seminal

vesicle in Labs 2 and 3 were significantly affected in rats
given coded substance D plus TP. The differential effects
across laboratories were observed in rats given coded C
plus TP and D plus TP. We found that the most sensi-
tive organ among the five accessory sex organs was the
prostate and/or seminal vesicle in our previous validation
Phase 2 study, and in the Hershberger assays using var-
jous chemicals (Yamasaki et al., 2003a,b). The ventral
prostate and/or seminal vesicle were responded with or
without significant differences in rats given coded sub-
stances C plus TP and D plus TP, so we determined that
coded C and D have androgen antagonistic properties.
On the other hand, the LABC weight in rats given coded
substance G plus TP was significantly lower than that in
the TP group in Lab 2, but the normalized change of this
organ was not so apparent. Therefore, the Japanese data
in this study demonstrated that the Hershberger assay
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is considered to be a good screening assay for detect-
ing the androgen antagonistic effects of chemicals. The
findings that some animals died in rats given coded sub-
stance I and decreased body weights were detected in
rats given K and I, and the liver weights increased in rats
given I mieans the coded substances I and K were at a
toxic dose level. In addition, the liver weights increased
in rats given C in one laboratory, so a dose of C may be
at a toxic level. The general toxicity is considered to be
important for this assay, because a 10% change in termi-
nal weight is suggested to affect some Hershberger assay
endpoints (Marty et al., 2003).

In conclusion, we performed the OECD validation
study Phase 3 using coded chemicals. All five acces-
sory sex organs responded with statistically significant
changes in weight within a narrow window in the ago-
nistic and antagonistic versions, and no false positive or
false negative results were observed in this study. There-
fore, 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
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
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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 1 and 2.
Absolute and relative thyroid weights in all the AT
groups were statistically increased in a dose-dependent
manner, regardless of the TPnjection, 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 1

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 VC 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 0 4 6 0 6 6

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

2907 _e_VC (Castrated)

—m— 40 (Castrated)
~a— 200 (Castrated)
-0 VC (Intact)

270 4 00— 40 (Intact)

—£x~- 200 (Intact)
Doses
(mg/kg/day)

280 1

260

250 1

240 1
Af

230 - Q/

220 g

Pre. 1 2 383 4 5 6 7 8
Administration days

9 10 Nec.

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

exhibited hypertrophy and -hyperplasia of the thyroid
follicular epithelial celis.

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.
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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 jodination 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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Fig. 2 Hypophyseal and
thyroid weights of AT-treated

Absolute hypophysis weight

Relative hypophysis weight

castrated and intact male rats.
**Significantly different from 16 - 6 1
the castrated vehicle control at 14 4 |
p < 0.01.* Significantly i - 5
different from the intact vehicle ** % 4 4 o
control at p < 0.01 o 10 1 >
E 87 8 37
6 - % 2
4 E
2 - L
0 - T — 0 T
VC 40 200 VC 40 200 VC 40 200 VC 40 200
Castrated Intact Castrated Intact
Absolute thyroid weight Relative thyroid weight
70 1 - 25 -
60 ] *%k
50 - w 220 i
m
o 40 e 2 15 1
£ i S
30 had 10 =
B
20 A £
10 l"" 51 r‘l
O = T T T 1 0 = T T T 1
VC 40 200 VC 40 200 VC 40 200 VC 40 200
Castrated Intact Castrated Intact

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

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 regardless 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. Our 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
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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 b e
##
16 - —T
141 4
L 12 4 m—
(4}
§ w04
S 4
= 8
6 -
4 -
2 =
O 'l T T 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

We performed the Hershberger assay of 12 chemicals based on the OECD draft protocol. The chemicals tested by the
Hershberger assay were phthalic acid di-n-hexyl ester, phthalic acid di-n-amyl ester, phthalic acid di-n-propyl ester, diethyl-
stilbestrol, 17B-estradiol, tamoxifen, Sa-dihydrotestosterone, dichlorodiphenyldichloroethane, cyproterone acetate, 6a-methyl-
17a-hydroxy-progesterone, atrazine, and spironolactone. Phthalic acid di-n-hexyl ester, phthalic acid di-n-amyl ester, and phthalic
acid di-n-propy! ester are phthalates; diethylstilbestrol and 17B-estradiol are estrogenic chemicals; tamoxifen is partial estrogen
receptor antagonist with mainly estrogenic properties; Sa-dihydrotestosterone is an androgen derivatives; dichlorodiphenyl-
dichloroethane is a reference androgen antagonistic chemical; cyproterone acetate, 6o-methyl-17a-hydroxy-progesterone, and
spironolactone have an androgenic steroid structure and are known as androgen antagonistic chemicals; and atrazine is areference
endocrine disruptor. We also subjected these chemicals to the receptor binding assay for andiogen.

A clear androgen agonistic effect was detected in 5a-dihydrotestosterone, and an androgen antagonistic effect was ob-
served in five chemicals: cyproterone acetate, spironolactone, 6a-methyl-17a-hydroxy-progesterone, phthalic acid di-n-amyl
ester, and dichlorodiphenyldichloroethane. By contrast, diethylstilbestrol, 178-estradiol, tamoxifen, Sa-dihydrotestosterone,
dichlorodiphenyldichloroethane, cyproterone acetate, 6a-methyl-17a-hydroxy-progesterone, and spironolactone were positive
in the receptor binding assay for androgen. Three estrogenic chemicals, diethylstilbestrol, 178-estradiol, and tamoxifen, were
negative in the Hershberger assay with receptor binding affinity. On the other hand, the Hershberger assays of three phthalates
were performed at the same dosages, and the results showed androgen antagonistic affinity only in the assay of phthalic acid
di-n-amy] ester without receptor binding affinity.
© 2003 Elsevier Ireland Ltd. All rights reserved.

Keywords: Androgenic effect; Castration; Endocrine; Hershberger assay; OECD draft protocol; Rat; Receptor binding assay

1. Introduction

Because of concern that certain chemicals may have

the potential to interfere with the normal sexual dif-
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Development (OECD) has initiated a project to revise
existing guidelines and develop new screening and
testing guidelines to aid in the identification and as-
sessment of such toxicants (OECD, 1998, 2000, 2003).

Assays to detect androgenic properties have been
developed since the 1930s (Korenchevsky, 1932;
Korenchevsky et al.,, 1932, 1933a,b; Biilbring and
Burn, 1935; Dingemanse et al., 1935; Deanesly and
Parkes, 1936; Wainman and Shipounoff, 1941;
Eisenberg et al., 1949; Eisenberg and Gordan, 1950;
Di Salle et al., 1994), and the capabilities of the
assays were demonstrated in 1953 by Hershberger
et al. when they analyzed the response of the ventral
prostate, seminal vesicles and coagulating glands, and
the levator ani without the bulbocavernosus muscle
to a number of active chemicals, including estrogens
and progesterones (Hershberger et al., 1953).

In the 1970s and 80s, the discovery of the androgen
receptor and the first compounds that acted as antag-
onists of the receptor, such as cyprotone acetate, was
followed by modification of the assay to address an-
tagonistic activity. Briefly, a fixed dose of a reference
agonist was administered to several groups of animals
that were also administered a set of doses of the pur-
ported antagonist. This modified system was success-
fully used by several investigators to assay androgen
antagonists (Peets et al., 1973; Raynaud et al., 1980,
1984; Wakeling et al., 1981).

Based on the recommendations of scientific work-
shops, both the US Endocrine Disrupter Screening
and Testing Advisory Committee (EDSTAC) (USEPA,
1998) and the OECD Endocrine Disrupter Testing and

Assessment Group (EDTA) of the OECD (OECD,
2000) have proposed this assay as a Tier-1 screen to
identify possible reproductive and developmental tox-
icants acting through androgen agonist and antagonist
mechanisms.

We performed the Hershberger assay on 30 chemi-
cals having estrogenic properties in our previous study
(Yamasaki et al., 2003). In the present study, we per-
formed the Hershberger assay on 12 chemicals based
on the OECD draft protocol and assessed the andro-
gen receptor binding assay for the same chemicals to
confirm the usefulness of the assay.

2. Materials and methods
2.1. Hershberger assay

The studies were performed under Good Laboratory
Practice guidelines.

2.1.1. Chemicals

The chemicals tested in the Hershberger assay
are listed in Table 1, and their chemical structures
are shown in Fig. 1. Phthalic acid di-n-hexyl es-
ter, phthalic acid di-n-amyl ester, and phthalic acid
di-n-propyl ester are phthalates; diethylstilbestrol and
17B-estradiol are estrogenic chemicals; tamoxifen is
partial estrogen receptor antagonist with mainly estro-
genic properties; So-dihydrotestosterone is an andro-
gen derivative; dichlorodiphenyldichloroethane is a
reference androgen antagonistic chemical;cyproterone

Table 1

Chemicals tested in this study

Chemicals CAS No. Purity (%) Source

Phthalic acid di-n-hexyl ester 84-75-3 99.3 Tokyo Kasei Kogyo, Co.
Phthalic acid di-n-amy! ester 131-18-0 99.5 Tokyo Kasei Kogyo, Co.
Phthalic acid di-n-propyl ester 131-16-8 98.4 Tokyo Kasei Kogyo, Co.
Diethylstilbestrol 56-53-1 99.8 Wako Pure Chemicals
17B3-Estradiol 50-28-2 99.2 Wako Pure Chemicals
Tamoxifen 10540-29-1 >99 Sigma Chemical Co.
Sa-Dihydrotestosterone 521-18-6 99 Tokyo Kasei Kogyo, Co.
Dichlorodiphenyldichloroethane 72-54-8 97.2 Aldrich Co.

Cyproterone acetate 427-51-0 100.3 Sigma Chemical Co.
60-Methyl-17a-hydroxy-progesterone 520-85-4 97.4 Sigma Chemical Co.
Atrazine 1912-24-9 99.9 Kanto Chemical Co.
Spironolactone 52-01-7 99.5 Across Organics
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