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Table 3

Summary for Histopathological Findings in Male and Female Rats

Treated with S-421 for 28 days and 14 days Recovery Period

Male Female
28 days dosing test recovery 28 days dosing test Tecovery
Group (mg/ke) 0 10 40 160 640 0 640 0 10 40 160 640 0 640
Effective No. 5 5 ] 5 5 5 5 5 5 5 5 5 5 5
Liver
degeneration 0 0 0 3 5 0 0 0 0 0 I 5 0 0
swelling + 0 0 0 3 3 0 0 0 0 0 1 3 0 0
+ 0 0 0 0 2 0 0 0 0 0 0 2 0 0
vacuelization =+ 0 0 0 0 3 0 0 0 0 0 0 2 0 0
+ 0 0 0 0 2 0 0 0 0 0 0 0 0 0
microgranuloma 0 0 0 1 21 | 2 l 2 1 2 2 1
focal necrosis £ 0 0 0 0 3 0 0 0 0 0 0 | 0 0
+ 0 0 0 2 2 0 0 0 {0 0 0 l 0 0
Anisonucleosis 0 0 0 0 5 0 0 0 0 0 0 5 0 0

+: slight, +: moderate.

LA L, HEES-4214, AXFAOEHUELEYY, B
MERIEEOERRRBIOSEELLBRHSAY, &
B BAHBRSEITLTCWAZ LAHBEL, Big,
EAORFIIE, H200~800HEEC, SBLICCL
EHEUTHHY ZeHEREINL. B, SEHORER
DFER, LEHEEDS-421 FHFEMICEBR S 1854,
FEROBEELESEMBIUVUEEORBMERS L UL
FAEMD R SN, —F, YL ATA FREEFIIMO
HEFTHDHH— 124 MEIRLHR) VHIERETHT
EWEDRBEHENAOK, OB EIHEERE D
W) RIFHEREHOEERFEICLDLLDOTHL. LA
L,oOMEEMA TR LTLELD{LEYE
Zxt LCEMRILICELT TNl WY ZEeps,
FOERTIILEMIIH L CERICKRHT A LEND 5.

X [y
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2) Miyazaki, T. , Residues of the synergist S-421 in human
milk collected from the Tokyo metropolitan area. Bull
Environ Contam Toxicol, 29(5), 566-569 (1982)
3) Miyazaki, T, Kaneko, S., Horii, S., Yamagishi, T., Identification
of the synergist bi (2,3,3,3,-tetrachloropropyl) ether in
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Hypospadias and Incomplete Preputial Separation in Male
Rats Induced by Prenatal Exposure to an Anti-androgen,
Flutamide '

Shinsuke Yoshimura!, Hajime Yamaguchi!, Kazunori Konno!, Noriko Ohsawal,
Satoshi Noguchi!, and Akiko Chisaka'

!Hatano Research Institute, Food and Drug Safety Center, 729-5, Ochiai, Hadano, Kanagawa 257-8523, Japan

Abstract: Hypospadias was induced in male Sprague-Dawley rats by prenatal exposure to 30 mg/kg/day of flutamide
from gestational days 14 to 17, or from 18 to 21. Their external genitalia were examined histopathologically and
compared to untreated controls. On postnatal day 6, the glans penis of untreated controls was bordered with epithelium.
On postnatal day 22, papillae were recognized on the glans penis side, and cornification started close to the tip of the
papilla on postnatal day 35. On postnatal day 42 cornification spread to the surface of the glans penis. The cornification
progressed from tip to base of the glans penis, and from dorsal to ventral. When cornification reached the base of the
glans penis, separation of the double layered epithelia was complete and the animal was considered sexually mature.
Flutamide treatment on gestational days 14-17 induced a defect in the ventral half of the glans penis (cleft phallus) and
cleft in the ventral prepuce (cleft prepuce) in the male pups, while treatment on gestational days 18-21 induced cleft
phallus without apparent abnormalities in the prepuce. The external urethral orifice opened at the ventral end of the
glans penis (hypospadias) in both treatment groups. In male pups with cleft phallus, cornification of the dorsal
epithelium followed by separation of the prepuce occurred, while separation of the ventral part of glans penis did not -
occur because epithelium was not formed at the ventral part of the glans penis. Consequently, the onset of puberty was
not decided in these animals. These findings indicate that the defect of the ventral half of the phallus is the reason why
the time of sexual maturation was not decided, and that there is a difference between the phallus and prepuce in the

sensitive period concerning the development of flutamide-induced malformations.

(J Toxicol Pathol 2004; 17: 113-118)

Key words: flutamide, anti-androgen, rat, prenatal exposure, hypospadias

Introduction

Preputial separation, which is observed as separation of
the prepuce from the glans penis, has been used as a sign of
puberty in the male rat. Histological observation on the
progress of preputial separation after cornification at the
lining of prepuce and surface of glans penis was well
described using Long-Evans rats in 1942'. Preputial
separation is thought to be dependent on androgens, because
castration blocked preputial separation, and the addition of
testosterone (TS) or dihydrotestosterone (DHT) recovered

_the effect of castration?. In recent years, preputial
separation has been used as an endpoint to evaluate
endocrine disrupting chemicals. Although the observation
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of preputial separation is a useful tool for detecting sexual
maturation, anti-androgenic chemicals induce hypospadias
in male rats by intrauterine exposure. The time of sexual
maturation is determined by complete separation of the
prepuce from the ventral surface of the glans penis, but in
males with hypospadias, puberty is undetermined because
this complete separation in the glans penis is not evident®.

The purpose of this study was to reveal the histological
process of normal and abnormal preputial separation, as well
to reveal the reason why the time of sexual maturation
cannot be decided in males with hypospadias induced by
prenatal exposure to flutamide (FL.U), an anti-androgenic
chemical, in Sprague-Dawley rats. FLU was administered
on gestational days (GD) 14-17 (expected to be the most
sensitive period for hypospadias) or on GD 18-21 (thought
to be a less sensitive period for hypospadias).

Materials and Methods

Sprague-Dawley rats (Crj:CD (SD) IGS), 30 males and
33 females, 11 weeks of age, were obtained from Charles
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River Japan, Inc. (Atsugi, Japan). All animals were
acclimatized to laboratory conditions and quarantined for
one week before mating. Rats used for this study were
selected based upon general condition, appearance and
behavior during the acclimatization period. Animals were
housed individually in wire-bottom metal cages (220 x 270
% 190 mm) and kept in a barrier sustained animal room that
was maintained at 21.0 — 25.0°C and 40.0 — 75.0% relative
humidity with a 12-hour artificial light cycle (lighting from
7:00 to 19:00). Fifteen changes of room air per hour were
provided. Commercial diet CE-2 (CLEA Japan, Inc.,
Tokyo) and water (Hadano City) were available ad libitam
throughout the study. The protocol of the present study was
approved by the Animal Use Committee of the Hatano
Research Institute.

The untreated control group consisted of 18 females.
‘While the second group, consisting of 9 females, was treated
orally with 30 mg/kg/day of FLU (Sigma Chemical Co., St.
Louis, USA) dissolved in corn oil (Nacalai Tesque, Inc.,
Kyoto, Japan) from GD 14 to 17, the third group, consisting
of 6 females, was treated with the same dose from GD 18 to
21. From the result of a preliminary study the dosage was
decided as 30 mg/kg/day, because pregnant rats died after
administration of 100 mg/kg/day of FLU. To obtain
pregnant animals, 12-week-old females were cohabited
overnight on a 1:1 basis with males 12 weeks of age or older.
Females were considered to be at GD 0 when daily
examination revealed a vaginal plug. All pregnant animals
were housed in cages with animal bedding (PAPER
CLEANS®, Japan SLC, Inc., Shizuoka) from GD 18 until
postpartum day 10, and allowed to give birth. On postnatal
day (PND) 6 (PND 0 is the day of delivery) all female pups
were discarded. Body weights of male pups were measured
on PND 0, 6, 22, 35 and 56. Progress of preputial separation
of male pups was observed macroscopically from PND 35.

Control male pups were sacrificed by exsanguination
under anesthesia on PND 6, 22, 35, 42 and 56 (number of
pups in group 1 were 6, 16, 15, 4 and 24, respectively). Male
pups from FLU-treated females were sacrificed under
anesthesia on PND 6 and 56 (number of pups in group 2
were 18 and 41, respectively, and those in group 3 were 8
and 21, respectively). After macroscopic examination, the
prepuce and penis were dissected and fixed with 0.1 mol/L
phosphate buffered 10% formalin solution. Sagittal slices of
the prepuce and penis were embedded in paraffin, and
sections were stained with hematoxylin-eosin (H & E) for
histopathological examination.

Results

On macroscopic examination, the glans penis of control
males was covered with prepuce, and the prepuce could be
completely retracted to expose the glans penis until PND 46
(Figs. 1A, 1B). Prepuce of males prenatally exposed to FLU
on GD 14-17 had a cleft at the ventral part (cleft prepuce),
and the glans penis was observed from the cleft (Fig. 1C).
The ventral part of the glans penis of these males was

incompletely formed (cleft phallus) and the os penis was
often exposed (Fig. 1D). The incidence of cleft prepuce was
80% (33/41), and the incidence of cleft phallus was 90% (37/
41). Cleft prepuce is usually observed with cleft phallus.
Another 4 males showed no cleft on their prepuce or phallus,
while preputial separation was delayed or incomplete on
PND 56. Although there was no cleft at the prepuce of males
exposed to FLU on GD 18-21 (Fig. 1E), the ventral part of
the glans penis was incompletely formed (cleft phallus, Fig.
1F), and incidence of the cleft phallus in this group was
100% (21/21). Body weight gains of males were not
affected by FLU exposure.

Upon histological examination of untreated controls on
PND 6, the glans penis was bordered with specific
epithelium (Fig. 2A). The epithelium consisted of outer and
inner basal layers (Fig. 2B). The outer layer lined the inside
of the prepuce and the inner layer covered the glans penis.
The urethra was located in the center of the glans penis and
the os penis was observed between the dorsal surface of the
glans penis and the urethra (Fig. 2A). On PND 22, there
were many papillary processes from the glans penis (arrows
in Fig. 2C), and the surface of these processes was covered
with squamous epithelial cells. At this point the two basal
layers lost their parallel arrangement. On PND 35, the
epithelial layer consisted of stratified squamous epithelium,
and the surface of the papillary processes (arrows in Fig. 2D)
was covered with cornified cells. The cornified layer was
limited to the surface of these processes. On PND 42,
epithelial cells between the papillae also cornified, and both
surfaces of the penis and prepuce consisted of keratinized
stratified squamous epithelium. Cornification and
separation were incomplete at the basal part of the glans
penis. Separation at the ventral surface of the glans penis
was more delayed than that at the dorsal surface. On PND 56
cornification was complete from the tip to the base of the
glans penis and the ventral surface also showed cornified
layers (Figs. 2E, 2F). The preputial separation was complete
across the entire surface of the glans penis.

Histological examination of males prenatally exposed
to FLU on GD 14-17 revealed a cleft at the ventral surface
of genital tubercle on PND 6 (arrow in Fig. 3A). The urethra
was not located in the center of the glans penis, but instead
was observed at the ventral surface of the glans penis. The
dorsal part of the glans penis was bordered by epithelium as
observed in controls, while the ventral part was covered with
urethral epithelium. This finding indicates that the ventral
half of glans penis was not formed (comparison with
controls as shown by an asterisk (*) in Fig. 2A). The
cavernous body of the penis was tortuous and also observed
in PND 56 males exposed to FLU on GD 14-17 (Fig. 3B).
The dorsal surface of the glans penis and prepuce of PND 56
males were covered with keratinized stratified squamous
epithelium, and the prepuce was separated from the glans
penis (Fig. 3B). The ventral part of the glans penis and
ventral epithelium were not formed between the urethra and
subcutis, the ventral surface of the glans penis was not
covered with squamous epithelium and the preputial
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Fig. 1. Ventral surface of genital tubercle (A, C and E) and glans penis (B, D and F) of males at PND 56. A and B: Control rat. Prepuce is
completely retracted. C and D: Male rat prenatally exposed to FLU on GD 14-17. Ventral side of the prepuce has a cleft, and the glans

_ penis is observed from the cleft. Ventral part of the glans penis is incompletely formed (cleft phatlus) and os penis is observed. E and F:

Male rat prenatally exposed to FLU on GD 18-21. Prepuce does not have a cleft at the ventral side. Glans penis shows cleft phallus and

os penis is observed.

separation did not progress at the ventral part. The external
urethral orifice opened at the ventral surface of the glans
penis (hypospadias). The preputial tissue was hypoplastic
and the tip of the penis was not overlain with prepuce.

The glans penis of PND 6 males exposed to FLU on GD
18-21 was covered with skin, and a cleft was not observed at
the ventral part of genital tubercle (Fig. 3C). The dorsal part
of the glans penis was bordered by epithelium, but the
ventral part of the glans penis and ventral epithelium were
not formed between the urethra and subcutis (comparison
with controls as shown by an asterisk (*) in Fig. 2A). The
tortuous structure of the cavernous body was indistinct. The
prepuce overlaid the glans penis of PND 56 males exposed
on GD 18-21 (Fig. 3D). The dorsal surface of the glans
penis of these males was covered with keratinized stratified
squamous epithelium, and the prepuce was separated from
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the glans penis. The ventral part of the glans penis and
ventral epithelium were not formed between the urethra and
subcutis, and preputial separation did not progress at the
ventral part. In these rats the external urethral orifice opened
at the ventral surface of the glans penis.

Discussion

As described above, preputial separation in untreated
rats initiated from cornification of the epithelium on the
penile side lying in the dual phasic epithelium between the
glans penis and prepuce. Cornification began at the surface
very close to the apex of the papillary process from the glans
penis, and when the cornification reached the next papilla the
prepuce separated from the glans penis. Preputial separation
progressed from the tip of the glans penis towards its base,
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Fig. 2.

Hypospadias in Rats Induced by Flutamide

Sagittal sections of the genital tubercle from control males.

A: Genital tubercle of a male on PND 6. Glans penis is bordered with dorsal epithelium (de) and ventral epithelium (ve). Urethra (u) is
located in the center of the glans penis. op: os penis. *: ventral half of the glans penis. .

B, C, D and E: Epithelium between the dorsal part of the glans penis (gp) and prepuce (pp) on PND 6, 22, 35 and 56, respectively.
Epithelium of PND 6 consisted of outer and inner basal layers (B). Squamous epithelial cell of PND 22 is covering the papillary processes
(arrows) from the glans penis (C). Epithelial layer of PND 35 consists of stratified squamous epithelium, and cornified layer is covering
the papillary processes (arrows in D). Whole surface of both the glans penis and prepuce is covered with cornified layer on PND 56 (E).
F: Glans penis and prepuce on PND 56. Preputial separation is completed. Urethra (u) is located in the center of the glans penis.

*: ventral half of the glans penis. H & E. Magnification, A: x 35, B, C and D x 400, E: x 330, F: x 9.

-1296-



Yoshimura, Yamaguchi, Konno et al. . 117

Fig. 3. Sagittal sections of genital tubercle from males prenatally exposed to FLU on GD 14-17 (A, B) or GD 18-21 (C, D), sacrificed on PND 6

(A, C) and PND 56 (B, D).

A: There is a cleft (arrow in the figure) at the ventral side of genital tubercle. Urethra (u) is observed at the ventral surface of the glans
penis. Dorsal part of the glans penis is bordered with epithelium (de). Cavernous body (cb) shows tortuous structure.

B: Prepuce (pp) is separated from the glans penis at the dorsal part. Prepuce is hypoplastic, and the glans penis is not completely overlain
with the prepuce. Urethra is located between the glans penis and subcutis.

C: Cleft is not formed at the ventral side of genital tubercle. Dorsal part of the glans penis is bordered with epithelium (de). Ventral part
of the glans penis and ventral epithelium is not formed. Urethra is located between the glans penis and subcutis.

D: Prepuce is separated from the glans penis at the dorsal part. The ventral part of the glans penis and ventral epithelial layer is not

formed. The glans penis is completely overlain with the prepuce.

H&E. Magnification, A and C: X 27; B and D: X 10,

and also from the dorsal to ventral surface of the glans penis.
Histological features observed in controls of this study were
almost the same as shown in Long-Evans rats!. Complete
separation was not observed in animals exposed to FLU in
their fetal period, since they had a cleft phallus at their
ventral surface of the glans penis. Histopathological
examination revealed defects in the ventral part of the glans
penis and lack of an epithelial layer at the ventral part in
newborn rats.

Induction of hypospadias has been reportedly caused by

-1297-

various chemicals, which include anti-androgens such as
FLU, vinclozolin and finasteride. FLU is a well-known
potent androgen receptor antagonist and is used as a
nonsteroidal anti-androgen drug for the treatment of prostate
cancer. FLU inhibits TS and DHT binding to the
intracellular androgen receptor and prenatal/perinatal
exposure to FLU induces abnormalities in the genital tract
such as hypospadias, agenesis of the prostate, epididymis
and vas deferens®*’. Vinclozolin, a fungicide, is also an
androgen receptor antagonist, and induces hypospadias in
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rats by perinatal (GD 14 to day 3 postparturn)® or prenatal
(for 2 days in GD 12-21)7 administration. Finasteride,
which inhibits 5o-reductase conversion of TS to DHT, also
induces hypospadias in male rats exposed from GD 15 to day
21 postpartum, and based on this finding DHT is thought to
be involved in the development of external genitalia®. While
the Wolffian ducts are dependent on TS, their derivatives
such as the epididymis, vas deferens or seminal vesicles
were not affected by intrauterine exposure to finasteride$.
Hypoplastic change in the genital tubercle was reported in
fetuses exposed to finasteride from GD 6 to 20°. Wedge
shaped mesenchymal tissue between rectum and urogenital
sinus failed to develop in these fetuses, and the urethra
opened near the base of the tubercle. This finding indicates
that the mesenchymal wedge may be the most sensitive area
to loss of the effect of DHT in male fetuses.. Our study also
revealed a defect in the ventral part of the glans penis, in
which preputial separation could not progress, and this is the
reason why the time of sexual maturation could not be
decided in males with hypospadias.

Androgen receptors are detectable in the mesenchymal
cells of the rat urogenital tubercle from fetal day 14
onwards!®. In many studies of sexual differentiation and
male reproductive organ malformation, dosing starts from
GD 12 or 14. The most sensitive period to induce
hypospadias is reportedly GD 15-16 with 400 mg/kg of
vinclozolin exposure, and the incidence was 42% (10/24),
while only weak sensitivity (11%, 1/9) was found with
treatment on GD 17-187. Similar results were obtained in
our study of vinclozolin (unpublished data)!!. Exposure to
100 mg/kg of vinclozolin on GD 14-17 induced cleft phallus
with cleft prepuce, and the incidence was 85%, but exposure
on GD 18-21 induced no abnormalities in external genitalia.
Pregnant females or newborn pups died after exposure to
200 mg/kg of vinclozolin. Finasteride exposed rats also
showed similar results®. Male pups exposed to 20 mg/kg of
. finasteride on GD 16-17 showed hypospadias, and the
incidence was 39% (14/36), while incidence in the GD 18—
19 group was 0% (0/36).

Many reports describe the malformation of the phallus
as hypospadias, but details and the incidence of the prepuce
malformations are not clear. In our study, pregnant rats were
administered with 30 mg/kg of FLU on GD 14-17, which
was considered to be the sensitive period, and the incidence
of cleft phallus and cleft prepuce was compared to the
exposure on GD 18-21. Male pups exposed to FLU on GD
14-17 showed cleft phallus with hypospadias (90%) and
cleft prepuce (80%), while males exposed on GD 18-21 had
cleft phallus with hypospadias (100%) without apparent
abnormality in the prepuce. A lower dose of FLU also
showed similar results with lower incidence (unpublished
data)!!. Exposure of 10 mg/kg of FLU on GD 14-17 induced
cleft phallus (58%) and cleft prepuce (25%), while exposure
on GD 18-21 induced cleft phallus (25%) without apparent
abnormality in the prepuce. These findings show that the
period of sensitivity to FLU in terms of phallus
malformation is different from vinclozolin and finasteride,

and also that there are differences among the sensitive
periods between the phallus and prepuce concerning FLU-
induced malformations.
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Abstract: A hormonally active compound was first identified in the book Silent Spring by
Rachel Carson in 1962, implicating the effect of pesticides such as DDT and the derivatives.
Nearly four decades later, the book Our Stolen Future by Theo Colborn et al., and other per-
tinent publications have revisited and broadened the issue regarding a variety of possible
chemicals and the area exposed. Translation and publication became available in Japan
within the last four years. Since then, Japan joined the member countries involved in the
global issue of endocrine disruptors, the “environmental hormone”.

Although a significant number of chemicals possessing a hormone-like action have
been recognized for many years, and the action of their biological plausibility related to the
receptor-mediated effects strongly suggests possible human effects comparable to hormonal
changes in wildlife, little is known about evidences or adversities in experimental animals
and humans. The most essential key to resolving these dilemmas may be to.understand the
mechanism of actions (i.e., a possible low-dose issue). In other words, the mechanism at the
low-dose effect may be resolved simultaneously by the mechanism of three major questions
linked to the low-dose issue; namely, threshold, possible oscillation, and addmve and/or syn-

ergistic action.

INTRODUCTION

The objective of this paper is to summarize all currently available information on hormonally active
_agents and plausible relationships to adverse effects on human health from the standpomts of the mech-
anisms of action of these chemicals.

It is not uncommon to come across agrochemicals and industrial chemicals that have hormone-
mimic effects. These chemicals, the so-called “environmental hormones”, often accurnulate at de-
tectable levels in the environment, and it has been feared that they may have adverse effects not only on
wildlife but also on human beings. Following reports of feminization and decreased colony size of wild
creatures, and reports suggesting a possible association of these chemicals with abnormalities of repro-
ductive organs and oncogenesis in humans, attention has focused on the possibility that these occur-
rences may be associated with exposure to endocrine-disrupting chemicals (EDCs). In this connection,
we would like to draw the attention of the reader to a Japanese translation of the book Our Stolen

. Future,'\'written by Theo Colborn et al.

*Report from a SCOPE/IUPAC project: Implication of Endocrine Active Substances for Human and Wildlife (J. Miyamoto andv
J. Burger, editors). Other reports are published in this issue, Pure Appl. Chem. 75, 16172615 (2003).
¥Tel.: +81-3-3700-1564; Fax: +81-3-3700-1622; E-mail: tohru@nihs.go.jp
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This paper will review the subjects related to EDCs, the courses of arguments regarding the pos-
sible hazards of these chemicals, and current medical subjects pertaining to them.

CHEMICALS WITH HORMONE-MIMIC ACTIONS

Substances with hormone-mimic effects can be divided into four groups:

. hormones found in vivo:

. medicines with hormone-mimic actions manufactured for use in hormonal therapy, etc.;
. plant hormones known to exert phytoestrogen-like actions; and

. chemicals found in eavironments that can interact with hormone receptors.

In addition, substances that do not interact with hormone receptors but exert effects on gonads by
their modifying effects on steroid metabolism may be deemed as hormone-mimics in the broader sense
of the term. In this paper, however, emphasis shall be placed on the hormone-mimic actions mediated
by receptors that play essential roles in the mechanism of actions of hormone-mimics.

CHARACTERISTICS OF THE RECEPTOR-MEDIATED ACTIONS OF HORMONE-MIMICS

The receptor-mediated actions of hormone-mimics are fundamentally characterized by the similarity in
structures of the receptors involved, crossing the barrier of animal species. These characteristics allow
us to speculate the possibility that the actions of these chemicals exerted in nature may also occur in hu-
mans.

Second, since similarities in the structure of various sex steroids and hormones are also known, it
is possible that each individual hormone-mimic exerts diverse effects by acting on male hormone re-
ceptors, female hormone receptors, and nuclear receptors (including many orphan receptors), etc.

Third, many of these chemicals are excreted from the living body in the form of conjugated in-
active substances instead of as degraded metabolites. They may also be eliminated in the unchanged
form. Therefore, if feces and urine containing these substances are eliminated into river water, it is plau-
sible to imagine that even inactivated hormones can sometimes become active and exert hormone-
mimic actions in the environment. This is one of the characteristics unique to this class of chemicals.

Receptor-mediated responses involve many unresolved questions. Various undefined elements
may be involved, including the relationship between receptor binding and signals, the relationship be-
tween receptor-ligand binding (ligand: substances that can bind to receptors) and the dissociation of lig-

- ands from receptors, signal cross-talks, involvement of unknown nuclear receptors, etc.

The actions of these chemicals add to the effects of intrinsic hormones. For this. reason, these
chemicals may exert their actions in a way different from that known for other chemicals that do not
have structural or functional counterparts in vivo. For example, stimulation of hormone receptors by
these extrinsic chemicals may modify homeostasis in vivo, leading to down-modulation of the physio-
logical stimulation of these receptors by the intrinsic ligands. Therefore, the influence of the continued
effects of environmental hormones needs special study.

PITFALL IN THE EFFECTS OF HORMONE-MIMICS

We must distinguish the interactions of endocrine hormone-mimics with hormone receptors from the
‘hazards caused to endocrine tissue. Bearing this in mind, let us now summarize the problems related to

the effects of hormone-mimics.

© 2003 IUPAC, Pure and Applied Chemistry 75, 25655-2561
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Antagonistic effects maintaining homeaostasis

The endocrine system is regulated by homeostatic mechanisms. It is not uncommon for the effects of
small amounts of hormone-mimics to interfere slightly with these mechanisms, often with no adverse
influence; this is well known. However, this is not always the case. There seems to be a group of genes
that act antagonistically to each other in the maintenance of homeostasis.

With the uterotrophic assay, which is used to check for estrogenic activity, the ovary is removed
in advance and the blood level of the intrinsic fernale hormone is reduced to the minimum. Under the
thus-created extremely shrinking state of the uterus, the test substance (a chemical or hormone) is ad-
ministered to evaluate for its effects on the inflation of the uterus. This test (checking for growth of the
uterus in ovariectomized animals) is designed to evaluate the hormone activity and effects of hormone-
mimics under conditions of blockade of homeostasis.

This test method itself is valid. However, there is no sufficient rational evidence that indicates that
the responses observed under such indirect control conditions of the living body can serve as an indi-
cator of the health hazards of hormone-mimics. Although the ovo-testes seen in lower vertebrates may
be used if the effects observed were to be valid as such an indicator, there is no consensus on what is
valid as an indicator of the health hazards of EDCs when mammals are used as experimental animals.

Down-regulation of the expression of receptors

It is known that the expression of gene-encoding receptors is down-regulated by continuous stimuli,
leading to reduced receptor activity. This can lead to a paradoxical outcome wherein the effects ob-
served in the presence of low levels of a substance are not seen at high levels of the same substance. If
this phenomenon occurred in individual organisms, the dose-response relationship will be nionlinear.

This means that extrapolation of results obtained at high levels of the chemicals, to conditions
where low levels of the same substance are present, would be difficult. It is needed to test the validity
of this hypothesis; analysis of the mechanisms underlying this phenomenon if the hypothesis were in-
deed valid, are thus important. Studies to resolve these.questions are now under way.

Data gap concerning the effects of female hormones

In mature women, there are high levels of physiological hormones in vivo, and these are subject to
cyclic control. It has been proposed that girls with inadequate physical growth begin menstruation at
lower ages and undergo sexual maturation earlier than usual, and that hormone-mimics in these subjects

can precipitate breast cancer. ,
The weak links in this hypothesis have been pointed out, and it has been shown experimentally

that-estrogen by itself may be teratogenic, although this tendency has been shown to be weak. It is
known that organisms are programmed such that excessive exposure to estrogens during the intrauter-

ine period or other developmental stages is avoided.
There are many open questions as to the mechanism by which mature females remain physiolog-

ically stable, even when exposed daily to high levels of estrogen (400 pM/1). Some additional dramatic
effects may be needed to disturb.this homeostatic physiology.

Multigeneration tests and effects on fetuses

It has been shown that exposure to hormones or hormone-mimics during intrauterine or early neonatal
periods can lead to irreversible changes in the pattern of development. This susceptibility period is
short, extending from the 13" gestational day to about one week after birth. These effects are the so-

called “intrauterine window effects.’

© 2003 IUPAC, Pure and Applied Chemistry 75, 2555-2561
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In animal studies involving observation of experimental animals for two or more generations, no
effects of EDCs have been demonstrated. The question therefore arises as to why window effects are
observed during the short period mentioned above. It is unknown whether or not these effects really do
occur, and if they do, how they are produced.

Delayed growth of the thalamic nucleus specific to males (called sexual dimorphic nucleus) is
seen in male rats treated with female hormones. We may say that under conditions of homeostasis of
the physiological hormones in mature individuals, exposure to dose levels that usually cause only re-
versible changes can lead to irreversible changes, if the exposure occurs during genesis, morphogene-
sis, or functional development. However, there are no ample data endorsing this view in humans.

Considering the biological plausibility inferred from the experimental data accumulated to date”,
we may say that there are no sufficient data that clearly rule out this view. Close attention has therefore
been paid to these effects in children. _

New theories of methodology, focusing on effects in fetuses and children, are now being devel-
oped, primarily in the United States, or the World Health Organization, within the framework of chil-

dren’s program, etc.

HEALTH HAZARDS AT LOW LEVELS OF EXPOSURE

Chemicals used for agriculture or industrial purposes are marketed, in general, only after their effects
on living beings have been investigated. We may therefore understand that they are used on the prem-
ise that the possibility of these chemicals exerting hazardous effects on health at relatively high-dose
levels has been almost ruled out. Nevertheless, problems with EDCs have begun to be highlighted.
These problems may not be confined to those related to the accumulation of these substances through
food chains in the ecosystem, but also to the additional possibility that these chemicals may exert ef-
fects at low-dose levels even if they have been declared safe at high-dose levels. The latter possibility
may apply, however, only to some cases and not to others.

We may say that a major issue pertaining to EDCs that must be resolved urgently is whether or
not they pose health hazards at low-dose levels. This issue can be summarized into the following three

questions:

. presence/absence of threshold level;
. presence/absence of synergistic or additive effects; and
. possibility of extrapolation of high-dose effects to low-dose levels (i.e., presence/absence of a lin-

ear dose-response relationship).

No clear-cut answers have as yet emerged to these questions. Considering the above-mentioned
characteristics of the effects of hormones, it is plausible to imagine how difficult it may be to resolve
these questions.

To determine if these chemicals exerted hazardous effects on health at low-dose levels, the fol-
lowing basic questions may need to be considered; their biological plausibility is hardly denied.

. Regarding the presence or absence of threshold levels, it seems likely that many chemicals sus-
pected of being EDCs can easily permeate across the cell membrane, which is composed of phos-
pholipids. Therefore, assuming that one receptor molecule reacts with one chemical molecule, the
lower limit of the dose level exerting the chemical's effects would be extremely low.

Of course, since the probability of the binding of a ligand to the receptor will be low if the
dose level is low, we cannot say that there is no threshold level for the effects seen in the low-

*Biological plausibility: Likelihood of a phenomenan as judged by considering the difference or similarity of elements of reac-
tions in individual organisms, on the basis of the results of a series of related biological experiments, (Cf. probability)

.© 2003 IUPAC, Pure and Applied Chemistry 75, 2555-2561
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dose-level range. In fact, for bisphenol A (which has been attracting close attention because of its
hazardous effects on health at low-dose levels), the presence/absence of a threshold level has not
yet been reported. It seems rational, therefore, to assume that these health hazards occur in a very
low-dose-level range.

. If we consider not only the affinity of each substance for the receptor, but also the nonlinearity of
responses (e.g., waveform responses as a result of reduced receptor expression following an in-
crease in dose level), it is possible to assume that there are U-shaped or reverse U-shaped reac-
tions, or oscillational dose—response curves. Interim data endorsing such a view are being accu-
mulated.

. Regarding the possibility of synergistic or additive effects, the observation of additive effects
among different nuclear receptors has been reported. Data yielded by analysis of interactions be-
tween receptor signals also suggest such a possibility. In fact, the dose-response curves for some
composite materials were reported to be additive, but not synergistic.

Thus, the questions on health hazards at low-dose levels have several aspects:

. type of receptor-mediated actions of the hormone mimics;
. diverse reactive characteristics on the part of the receptors;
. diverse modification during expression of intracellular signals; and

. factors involved in irreversible changes related to morphogenesis and functional development.

Resolution of all these aspects of the question will lead to clarification of the mechanism of ac--
tions of the substances from each of the aforementioned standpoints. While these questions are among

the hottest research themes at present, they are certainly unlikely to be resolved easily.

At a workshop held in North Carolina, USA, in October 2000, health hazards of chemicals at low-
dose levels were discussed. Investigators for and against the possibility of these substances posing
health hazards at low-dose levels gave detailed accounts of their studies, and no definitive conclusions
could be reached, as the arguments of both sides appeared to be tenable.

» This means that reports affirming the plausibility of these substances posing health hazards at
low-dose levels in animal experiments cannot be immediately rejected. The workshop concluded by
pointing out the necessity of paying attention to the possible hazards on fetuses and neonates.

HEALTH HAZARDS OF HORMONE-MIMICS TO HUMANS

The possibility of health hazards of hormone-mimics to human beings have not been supported by ad-

equate epidemiological data, and the number of cases for which the data clearly endorse such effects is

quite small. The U.S. National Research Council (NRC) emphasizes the necessity of conducting further
- epidemiological studies on this topic (NRC, 1999).

In conclusion, this paper summarizes the current knowledge concerning the health hazards of hor-
mone-mimics to humans. Reports dealing with the effects of these substances on humans are confined
to those pertaining to the effects of dioxins and polychlorinated biphenyls (PCBs); the validity and use-
fulness of these results have not yet been established.

The following information is based on case studies conducted to date.

Health hazards of dioxins -

Regarding health hazards of dioxins, two-year dosing studies revealed weight loss and liver damage,
and three-generation reproductive studies in rats disclosed intrauterine death and a decrease in litter

size. Onset of endometriosis in rhesus monkeys has also been reported.
A causal relationship of EDCs to the following episodes in humans has been suggested: biased
male-to-female ratio in children born in the dioxin-exposed Seveso area of Italy, and increased inci-

© 2003 IUPAC, Pure and Applied Chemistry 75, 25655~-2561
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dence of cleft palate in the Diemerzeedijk district of the Netherlands, probably due to steroids. In both
of these cases, the U.S. Environmental Protection Agency (USEPA) did not affirm a causal relationship,
and classified them as cases requiring special attention.

No consensus has been reached concerning the relationship of hypothyroidism observed in the in-
habitants along Lake Michigan to the ingestion of PBB- (polybrominated biphenyls-) contaminated

fish.

Effects on mature females (e.g., increased incidence of breast cancer)

No reports affirm the effects of dioxins on mature human females (e.g., effects on breast cancer or en-
dometriosis as discussed below). There are many unresolved questions on this topic. However, none of
the studies conducted in mature experimental animals revealed data endorsing the plausibility of oc-
currence of such effects. On the other hand, it is known that the age at menarche is lower and the inci-
dence of breast cancer higher in females exposed to dioxins. Some investigators cite these data when
discussing the health hazards of dioxins. It is also known that females exposed to dioxins are often
taller. ‘

In European countries, a height increase of about 3.5 mm per year and an approximately one-year
decrease in the age at menarche have been reported during the past 30 years. It is difficult to identify
the influence of extrinsic endocrine factors on these changes, and no studies addressing this issue have
been reported to date. Although several studies have been published concerning the effects of female
hormone preparations, including pills used for contraception and hormone replacement therapy in post-
menopausal women, no studies have provided data that establish the effects of EDCs,

Endometriosis

Endometriosis is a disease of unexplained origin that is seen in primates with sexual cycles. It has been
pointed out that this disease tends to be more severe in individuals exposed to dioxins (2,3,7,8-tetra-
chlorodibenzo-p-dioxin [TCDD] and to PCBs). Data yielded from experiments in rhesus monkeys are
used as evidence to corroborate the causal relationship between dioxins and endometriosis. Thus, we
cannot rule out the biological plausibility of these effects. However, no reports affirming the causal re-

lationship in humans have been published.

Possibility of other effects on humans

Biological plausibility has also been considered for the following effects of hormone-mimics on hu-
mans: qualitative dysfunction of human sperm, effects on neurobehavior of neonates, and immune func-
tions. The effects on immune functions have been suggested by reports of cases with Yu-sho (PCB in-
toxication).

CONCLUSION

The International Program of Chemical Safety (IPCS), a section of the World Health Organization, has
released a Web site publication “Global Assessment of the State-of-the Science of Endocrine
Disruptors” (GAED), June 2002 (URL: <http://ehp.niehs.hih.gov/who/>). WHO/IPCS started the
GAED program in March 1998 after the publication of Our Stolen Future (Theo-Colbone et al., 1996).
The publication took three years to edit; covering a policy to document all the published pertinent lit-
eratures, to summarize them as descriptive manner solely based on those published literatures. Twenty-
seven expert scientists and 20 independent peer-reviéwers participated in editing the GAED.

Other reports on nonylphenol and octylphenol, released by the Japanese Ministry of Environment
(MoE), revealed an “ovotestes” formation that was observed in the assay of the laboratory experimen-

© 2003 IUPAC, Pure and Applied Chemistry 75, 26552661
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tal fish (Medaka) exposed to doses close to those recorded in the monitoring fields in the MoE surveil-
lance. Further, phthalates, such as di-(2-ethylhexyl)phthalate, di-cyclohexylphthalate, and butylbenzyl-
phthalate, as selected and prioritized chemicals by the MoE, showed some unique data in different end-
points, including mRNA expression, in dose ranges lower than those no observed effect levels (NOELs)
and/or no observed adverse effect levels (NOAELSs) reported previously.

The effects of EDCs on human health are unknown at this moment. However, due to the biolog-
ically plausible data currently accumulated, the existence of endocrine disruptions under certain cir-
cumstances seems to be a reality. Thus, by the time of the SCOPE/IUPAC symposium, the EDC re-
search for the next stage may shift from plausibility to possibility, and put forward further mechanistic

research.

© 2003 IUPAC, Pure and Applied Chemistry 75, 25565-2561
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Abstract: Hormonally active compounds were first recognized in “Silent Spring’
by Rachel Carson in 1962, which implicated pesticides, such as DDT and deriva-
tives. Nearly four decades later, the book “Our Stolen Figure,” by Theo Colborn
et al., and other pertinent publications have revisited and broadened the issue to a
variety of chemicals and areas exposed. Translations of these books have just
become available in Japan in the past three or four years, and since then Japan has
started to join the debate and/or discussion of the global issue of endocrine
disruptors—“Environmental Hormones.” Although significant numbers of chemi-
cals possessing a hormone-mimicking action have been recognized for many
years and based on biological plausibility their receptor-mediating effects strongly
suggest effects in humans similar to those seen in wildlife, little is known about the
experimental evidence related to human adverse effects. The key issue in resolving
the dilemmas posed by the biological plausibility and poor experimental evidence
may be to clarify their mechanism of actions at low levels. In other words, the
mechanisms of the possible low-dose effects may be resolved simultaneously by
defining three major properties threshold, oscillation, and additive-synergism.

. Key words: Receptor; Hormone mimics; Homeostasis;
Effects at low dosage; Human hazards

all the currently available information on the
possible hazards of endocrine-disrupting chem- .
The objective of this paper is to summarize icals (EDs) on human health from the stand-

Introduction

This article is a revised English version of a paper originally published in

the Journal of the Japan Medical Association (Vol. 127, No. 2, 2002, pages 197-201).

The Japanese text is a transcript of a lecture originally aired on October 12, 2001, by the Nihon Shortwave
Broadcasting Co,, Ltd., in its regular program “Special Course in Medicine”.
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points of the mechanisms of actions of these
chemicals. :

It is not uncommon to come across agro-
chemicals and industrial chemicals that have
hormone-mimicking effects. These chemicals,
the so-called “environmental hormones,” often
accumulate at detectable levels in the environ-
ment, and it has been feared that they may
have adverse effects on living beings. Following
reports of feminization and decreased colony
size of wild creatures, and reports suggesting
a possible association of these chemicals with
abnormalities of reproductive organs and onco-
genesis in human, attention has been focused
on the possibility that these occurrences may
be associated with -exposure to EDs. In this
connection, a Japanese translation of the book
entitled “Our Stolen Future,” written by Theo
Colborn et al., was published some time ago.

This paper will review the problems related
to EDs, the courses of arguments regarding the
harmful effects of these chemicals, and current
medical topics pertaining to them.

Chemicals with
Hormone-Mimicking Actions

Substances with hormone-mimicking effects
can be divided into four groups: (1) hormones
found in vivo, (2) medicines with hormone-
mimic actions manufactured for use in hor-
monal therapy, etc., (3) plant hormones known
to exert phytoestrogen-like actions, and (4)
chemicals found in environments that can
interact with hormone receptors.

In addition, substances which do not interact
with hormone receptors but exert effects on
gonads by their modifying effects on steroid
metabolism may be deemed as hormone-mimics
in the broader sense of the term. In this paper,
however, emphasis shall be placed on the hor-
mone-mimicking actions mediated by receptors
which play essential roles in the mechanism of
actions of hormone-mimics.

Characteristics of the Receptor-
Mediated Actions of Hormone-Mimics

The receptor-mediated actions of hormone-
mimics are fundamentally characterized by the
similarity in the structures of the receptors
involved, crossing the barrier of species. This
characteristic allows us to estimate the possi-
bility of the actions of these chemicals exerted
in nature also occurring in humans.

Secondly, since similarities in the structure
to various sex steroids and hormones are also
known, it is possible that each individual hor-
mone-mimic exerts diverse effects by acting
on male hormone receptors, female hormone
receptors, receptors in the nuclei (including
some unknown receptors), etc.

Thirdly, many of these chemicals are elimi-
nated from the living body in the form of
conjugated inactive substances instead of as
degraded metabolites. They may also be elim-
inated in the unchanged form. Therefore, if
feces and urine containing these substances
are eliminated into river water, it is plausible
to imagine that even inactivated hormones can
sometimes become active and exert hormone-
mimic actions in the environment. This is one
of the characteristics unique to this class of
chemicals.

Receptor-mediated responses involve many
unresolved questions. Various undefined ele-
ments may be involved, including the relation-
ship between receptor binding and signals, the
relationship between receptor-ligand binding
(ligand: substances that can bind to receptors)
and the dissociation of ligands from receptors,
signal cross-talks, involvement of unknown
nuclear receptors, etc.

The actions of these chemicals add to the
effects of intrinsic hormones. For this reason,
these chemicals may exert their actions in a
way different from that known for other chem-
icals which do not have structural or functional

- counterparts in vivo. For example, stimulation

of hormone receptors by these extrinsic chem-
icals may modify homeostasis in vivo, leading
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to weakening of the physiological stimulation
of these receptors by the intrinsic substances.
Therefore, the influence of the continued effects
of environmental hormones needs special study.

Pitfall in the Effects of
Hormone-Mimics

We must distinguish the interactions of endo-
crine hormone-mimics with hormone receptors
from the hazards caused to endocrine tissue.
Bearing this in mind, let us now summarize
the problems related to the effects of hormone-
mimics.

1. Antagonistic effects on the maintenance

of homeostasis

The endocrine system is regulated by homeo-
static mechanisms. It is not uncommon for the
effects of small amounts of hormone-mimics to
interfere slightly with these mechanisms, often
with no adverse influence; this is well-known.
However, this is not always the case. There
seems to be a group of genes that act antago-
nistically to each other in the maintenance of
homeostasis.

With the uterus growth test, which is used
to check for estrogenic activity, the ovary is
removed in advance and the blood level of
the intrinsic female hormone is reduced to the
minimum. Under the thus-created extremely
undeveloped state of the uterus, the test sub-
stance (a chemical or hormone) is administered
to check for its effects on the growth of the
uterus. This test (checking for growth of the
uterus in ovariectomized animals) is designed
to evaluate the hormone activity and effects of
hormone-mimics under conditions of blockade
of homeostasis.

This test method itself is valid. However,
there is no sufficient rational evidence that
indicates that the responses observed under
such indirect control conditions of the living
body can serve as an indicator of the health
hazards of hormone mimics. Although the ovo-
testes seen in lower vertebrates may be used

if the effects observed were to be valid as such
an indicator, there is no consensus on what is
valid as an indicator of the health hazards of
ED’s when mammals are used as experimental
animals.

2. Down-regulation of the expression

of receptors

It is known that the expression of genes en-
coding receptors is down-regulated by stimuli,
leading to reduced receptor sensitivity. This can
lead to a paradoxical outcome wherein the
effects observed in the presence of low levels of
a substance are not seen at high levels of the
same substance. If this phenomenon occurred
in individual organisms, the dose-response
relationship will be non-linear.

This means that extrapolation of results
obtained at high levels of the chemicals to con-
ditions where low levels of the same substance
are present would be difficult. It is needed to
test the validfty of this hypothesis, and analysis
of the mechanisms underlying this phenom-
enon if the hypothesis were indeed valid, are
thus important. Studies to resolve these ques-
tions are now under way.

3. Data gap concerning the effects of

female hormones

In mature women, there are high levels of
physiological hormones in vivo, and these are
subject to cyclic control. It has been proposed
that girls with inadequate physical growth
begin menstruation at lower ages and undergo
sexual maturation earlier than usual, and that
hormone-mimics in these subjects can precipi-
tate breast cancer. '

The weak links in this hypothesis have been
pointed out, and it has been shown experimen-
tally that estrogen by itself may be teratogenic,
although this tendency has been shown to be
weak. It is known that organisms are pro-
grammed such that excessive exposure to
estrogens during the intrauterine period or
other developmental stages is avoided.

There are many open questions as to the
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