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ABSTRACT. For the purpose of investigation of working mechanisms in endocrine disruptors, we evaluated the dose-related effects of fetal
and/or neonatal exposure to an estrogenic compound on the male reproductive organs in adult mice, particularly with respect to gene
expression of steroidogenic acute regulatory protein (StAR). The pregnant ICR mice were given subcutaneous injections of 10 pg/day/
animal of diethylstilbestrol (DES) to subject the fetal mice to in utero exposure (IUE). Subsequently, the newborn male mice were sub-
jected to neonatal exposure (NE) by treatment with vehicle or 0.1-10 pg/day/animal of DES. Fertility rates of each group were as fol-
lows: control, 100%; IUE only, 60%; IUE+NE 0.1 ug, 25%; IUE+NE 1 ug, 0%; IUE+NE 10 ug, 0%. In general histology, germ cell
layers in the seminiferous tubules were thinned in the group of IUE+NE 10 pg. Hypoplasia of the Leydig cells, in which the staining
intensity of eosin was diminished, was also observed in the groups of IUE+NE 0.1-10 ug. The androgen receptor (AR) and estrogen
receptor alpha (ERo) immunoexpression in the Leydig cells of IUE+NE 1-10 ug was slightly lower than that in the controls. Long-
term dysfunction of the hypothalamo-pituitary-testicular axis, including sustained hypoproduction of gonadotropin and testosterone, and
altered expressions of steroid hormone receptors and St4R genes were observed. The hypothalamo-pituitary control of gonadotropin
secretion may be affected by the smaller doses of estrogenic agents than the reproductive organs. Furthermore, the fertility rate in the
male mice exposed to this estrogenic agent was closely correlated with the testosterone levels, and even more so with the rate-limiting
factor of steroidogenesis, St4R. This finding suggests that endocrine disruptors have an important pronounced effect on StAR gene
expression.
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tein (StAR).

It is well known that many chemicals released into the
environment potentially disrupt the endocrine system, and
that some of them exhibit estrogenic activity by binding to
estrogen receptors (ERs). Recent reports about the possible
disruption of development and reproductive functions
caused by a variety of environmental contaminants with
estrogenic or anti-androgenic properties have heightened
public concerns about the adverse health consequences of
these chemicals for many species, including humans. These
compounds include some polycyclic aromatic hydrocar-
bons, chlorinated organic compounds and pharmaceutical
agents. Mice exposed prenatally to these compounds pro-
vide a model for exploration in humans, because the genital
development of newborn mice corresponds approximately
to that of the human fetus at the end of the first trimester.
The fetal and neonatal period has a clinical window that is
particularly sensitive to exposure to exogenous estrogenic
compounds. Furthermore, long-term changes, including
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molecular alterations, have been observed after exposure to
endocrine disrupting chemicals during these early develop-
mental periods [13, 28]. In addition, it has been reported
that neonatal exposure of animals to estrogenic compounds
caused disorders of the male reproductive tract [24], reduc-
tion of testosterone [3], testicular atrophy and carcinoma
[17, 21], increased rate of breast cancer [8], uterine adeno-
carcinoma and various cervicovaginal lesions [18, 20].
Diethylstilbestrol (DES), a synthetic non-steroidal estrogen,
exhibits a high estrogenic activity by binding to the ERs,
and is thus a useful model compound for evaluating the
potential toxicity of a wide range of chemicals that affect or
mimic estrogen activity [7]. Previous studies have shown
that fetal and/or neonatal treatment of rodents with DES
induces adverse changes similar to those that occur after
administration of estradiol-174[1, 10, 34], dichlorodiphenyl
trichloroethane (DDT) and methoxychlor (an estrogenic
pesticide currently used as a substitute for DDT) [14, 38]. It
is suggested that many of the adverse changes to the testis
and reproductive tract induced by exposure to estrogens
result from a combination of high estrogen and low andro-
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gen activity [39]. ER-knockout mice [9], in which the form
of the ER is inactivated, are infertile because of impaired
fluid resorption from the efferent ducts [12]. On the other
hand, a clinical study of patients with androgen insensitivity
syndrome has shown that these patients are at high risk for
testicular cancer [19]. These findings in the ER and andro-
gen receptor (AR) may constitute indirect evidence of a role
of estrogen or androgen activity inhibition in reproductive
dysfunction.

For the purpose of investigation of working mechanisms
in estrogenic endocrine disruptors, we administered DES to
male mouse fetuses or neonates, then examined the dose-
related effects on their hypothalamo-pituitary axis and
reproductive organs in adulthood. By using four doses of
DES, we were able to establish a range of reproductive dys-
function, with the fertility rates declining in inverse propor-
tion to the dose. This allowed us to clarify the detailed
mechanism of action of this estrogenic agent at doses with
effects intermediate between fertility and infertility. The 8-
week-old mice were evaluated by means of morphological,
endocrinological and molecular-toxicological analyses, par-
ticularly with respect to the gene expression of the ste-
roidogenic acute regulatory protein (StAR), which mediates
the rate-limiting and acutely regulated step in steroidogene-
sis.

MATERIALS AND METHODS
Animals: ICR mice were purchased from Japan SLC Inc.

(Hamamatsu, Japan) and were bred in our own animal facil-
ity. All mice were kept under a 14 hr light/10 hr dark condi-

tion at 21-24°C with 45-55% relative humidity. They were
allowed access to an MR-A1 laboratory diet (NOSAN
Corp., Yokohama, Japan) and tap water ad libitum. All ani-
mals were handled with humane care under the guidelines
for animal experiments at Kitasato University. Fifteen
female ICR mice in proestrus were mated 1:1 with males
overnight, and females that had a vaginal plug on the fol-
lowing morning were designated as being at gestational day
(GD) 0. The 12 dams were given subcutaneous injections of
10 pg/day/animal of DES (Sigma-Aldrich Corp., St. Louis,
U.S.A.) in 10 gl of sesame oil (KANTO CHEMICAL Co.,
Inc., Tokyo, Japan) on GD 7, 10, 13 and 16 to establish an in
utero exposure (IUE) condition for fetal mice (Fig. 1). After
the deliveries, the dams and their pups were allocated to 4
groups. The following daily administrations of vehicle or
0.1-10 pg/day/pup of DES were carried out subcutaneously
from postnatal day (PND) 3 to PND 7 as a neonatal expo-
sure (NE): for Group 1, sesame oil without DES (IUE only);
for Group 2, 0.1 ug of DES (IUE+NE 0.1 ug); for Group 3,
1 ug of DES (IUE+NE 1 pg); and for Group 4, 10 ug of
DES (IUE+NE 10 g). As a control group, 3 dams and their
pups were treated with an equivalent volume of the vehicle.
The body weights of each group were measured every week,
and the male mice were sacrificed at 8 weeks of age. Blood
samples were taken under ether anesthesia for measurement
of plasma follicle-stimulating hormone (FSH), luteinizing
hormone (LH), and testosterone levels. The testis, epididy-
mis and seminal vesicles with coagulating glands were
excised and weighed.

Fertility test: The 4-8 males from each group that had
reached 8 weeks of age were mated with untreated females

aginal plug Birth Estimate
(0 day) (0 week) (8 week)
| In utero exposure | MNeonatal exposure ICd |
7 10 13 16 34 56 7 2
(GD) (PND)
Dams: n=3 |—| Control
Pups: n=10
AAANA AAAAA
Dams: n=12 Dams: n=3 |Gr0up 1(IUE)
Pups: n=16
AANANA
Dams: n=3 |Group 2 (VE+NE 0.1 4g)
Pups: n=15
LA AMNA
Dams: n=3 |Group 3 (IVE+NE 1 1)
Pups: n=16
AAAAA
Dams: n=3

Fig. 1.

Group 4 (IUE+NE 10 ug)
F Pups: n=17

Experimental protocol. The 12 dams were given subcutaneous injections of 10 xg/day/animal of DES

(A)onGD 7,10, 13 and 16 to establish an in utero exposure (IUE) condition for fetal mice. After the deliver-
ies, the dams and pups were allocated to 4 groups. The following daily administrations of vehicle or 0.1-10
ug/day/pup of DES were carried out subcutaneously from PND 3 to PND 7 as a neonatal exposure (NE): for
Group 1, sesame oil (A) without DES (IUE only); for Group 2, 0.1 ug (A) of DES (IUE+NE 0.1 ug); for
Group 3, 1 ug (A) of DES (IUE+NE 1 ug); and for Group 4, 10 ug (A) of DES (IUE+NE 10 wg).
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of proven fertility for 2 weeks to establish that the males
were fertile. Reproductive behavior in the male mice was
confirmed by the presence of a vaginal plug in the female
mice.

Histological and immunohistochemical analysis: The tes-
tis and epididymis were fixed in 10% neutral buffered for-
malin for 24 hr, then embedded in paraffin by a routine
method. Sections were cut at 5 um thickness for histologi-
cal and immunohistochemical analysis. The specimens for
the general histological analysis were stained with hematox-
ylin and eosin (H&E). The immunohistochemical staining
was carried out by the labeled streptavidin biotinylated anti-
body (LSAB) method using a Histofine SAB-PO (R) Kit
(Nichirei Corp., Tokyo, Japan). Deparaffinized sections for
the immunohistochemical analysis were treated with a tem-
perature-controllable microwave processor (MI-77;
Azumaya, Tokyo, Japan) in 10 mM sodium citrate buffer
(pH 6.0) for antigen retrieval, washed in 10 mM phosphate-
buffered saline (PBS), and then treated with 0.3% H,0, dis-
solved in 100% methanol to inactivate endogenous peroxi-
dase activity. The primary antibodies for AR and ERa
(Affinity BioReagents, Inc., Golden, U.S.A.) were diluted
1:200 in PBS and incubated over the sections in a humidi-
fied chamber for 14 hr at 4°C. Immunoreactions were visu-
alized with 3,3’-diaminobenzidine. Negative controls, in
which the primary antibodies were replaced with non-
immunized serum, did not show non-specific staining.

Plasma hormone measurement: Plasma hormones were
measured by the time-resolved fluoroimmunoassay (TR-
FIA) method [31].

Plasma FSH and LH levels were measured according to a
modified method described previously [31] using Europium
(Eu)-labeled rat FSH or rat LH, and diluted anti-FSH or -LH
rabbit serum, respectively.

The testosterone level was measured using Eu-labeled
rabbit antibody against bovine serum albumin (BSA) conju-
gated with testosterone, and polystyrene microtiter strips
(Nunc-Immuno™ Modules; Nalge Nunc, Tokyo, Japan)
coated with BSA-testosterone conjugate. Seventy z/ of the
plasma was diluted in 430 g/ of physiological saline, and 3
m/ of diethyl ether was added to extract testosterone from
the plasma. The organic phase was transferred to another
tube, and was volatilized by a dry thermo unit. The evapo-
rated organic phase was reconstituted with 350 z/ of the
assay buffer (140 mM NaCl, 0.5% BSA, 0.05% vy-globulin,
0.00078% DTPA, 0.05% sodium azide, 0.01% Tween 40
and 50 mM Tris-HCI, pH 7.8). After washing all wells of
microtiter strips, 100 z//well of serial diluted standard
(0.001-10 ng/m/) and reconstituted samples were distrib-
uted. Then, the Eu-labeled antibody for BSA-testosterone
conjugate was added to each well and incubated for 4 hr.
After washing all wells, enhancement solution (100 g//well)
was added and the fluorescence intensity of each well was
measured with the time-resolved fluorometer (Multilabel
Counter, 1420 ALVO, Wallac Oy, Finland).

RNA extraction and RT-PCR: To examine molecular-tox-
icological changes in the testis and epididymis, mRNA
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expressions of AR, ER¢ and StAR were examined by semi-
quantitative RT-PCR methods. Total cellular RNAs were
extracted from the frozen testis or epididymis by homogeni-
zation with TRIzol Reagent™ (Invitrogen Corporation,
Carlsbad, U.S.A.). The mRNA was reverse-transcribed to
cDNA using a Super Script™ First-Strand Synthesis System
(Invitrogen Corporation). The cDNA was amplified by
PCR with Taq DNA polymerase (TaKaRa Bio, Otsu, Japan)
and each of the specific primers for AR, ERa, StAR and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The sequences of the oligonucleotides were as follows: for
AR, sense primer 5’-CAG CAC ACT GAG GAT GGT TC-
3’ and anti-sense primer 5’-TCA TCC TGA TCT GGA
GGA GC-3’; for ERa, sense primer 5’-GCC TCT GGC
TAC CAT TAT GG-3’ and anti-sense primer 5’-CAT CTC
TCT GAC GCT TGT GC-3’; for StAR, sense primer 5°-
GTT CCT CGC TAC GTT CAA GC-3’ and anti-sense
primer 5’-GAA ACA CCT TGC CCA CAT CT-3’; for
GAPDH, sense primer 5’-ACC ACA GTC CAT GCC ATC
AC-3’ and anti-sense primer 5’-TCC ACC ACC CTG TTG
CTG TA-3’. The following conditions were used for the
amplification: 30 sec of denaturing at 95°C, 30 sec of
annealing at 58°C, and 1 min of extending at 72°C. PCR
was carried out in 28 cycles for the AR and FR« and 19
cycles for the St4R and GAPDH. The PCR products were
subjected to electrophoresis in a 2.5% agarose gel contain-
ing ethidium bromide. The intensity of the ethidium bro-
mide luminescence was measured using NIH Image
software. Data were normalized for GAPDH mRNA levels
in each sample and expressed as a value relative to the con-
trol.

Statistical analysis: Statistical analyses were performed
with StatView software for Windows (version 5.0; SAS
Institute Inc., Cary, U.S.A.). The data of body weight, organ
weight, hormone level and gene expression were analyzed
by one-way analysis of variance (ANOVA) and Tukey-
Kramer multiple comparison test. Fisher’s exact probability
test was applied to the analysis of fertility rate. Results were
considered significant when the P value was less than 0.05.

RESULTS

Body weights: Body weights throughout the experimental
period are summarized in Table 1. In general, the body
weights of the control and DES-exposed groups increased
gradually and progressively with age. Group 4 showed a
significant reduction in the body weight from the age of 1
week to the end of the experimental period (8 weeks) com-
pared with all other groups (P<0.05, respectively). The
body weights of Group 3 were significantly lower than those
of Group 1 from 2 to 5 weeks of age (P<0.05, respectively).
Group 2 showed a significant reduction in the body weight
at 2 weeks of age relative to Group 1 (P<0.05). The body
weight of Group 1 was significantly higher than that of the
control at 2 weeks of age.

Fertility: The fertility rates of each group are summarized
in Table 2. Three of five males in Group 1 and one of four
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Table 1.  Effects of fetal and/or neonatal treatment of DES on the body weights throughout the experimental period (mean
+SD)
Age Body weight (g)
(week) Control (n=10)  Group 1 (n=16) Group 2 (n=15) Group 3 (n=16) Group 4 (n=17)
1 6.28 +£0.51 6.59+0.27 6.47 £ 0.49 6.30 £ 0.64 5.90 £ 0.59% abe
2 10.34 +£0.67 11.30 + 0.60* 10.44 + 0.832 9.75+1.15* 7.51 £ 0.84% abe
3 18.01 £1.55 18.50+ 0.54 18.60 £ 1.50 17.04 £1.52* 14.66 + 1.44%:a.b¢
4 30.58 £ 1.46 31.76 £ 1.08 30.12+1.46 28.85+1.94* 25.59 £2.16%3be
5 36.01 £2.37 37.45+1.85 35.98 £2.03 35.28 £2.20° 31.62 £ 1.88%abe
6 38.60 £2.21 40.01 £2.10 39.56 £2.58 40.01 £2.10 34.89 +3.29% abe
7 39.87+£1.98 42.42+2.58 40.78 £2.54 41.29+£2.95 36.78 £ 3.48% abe
8 41.64 £2.09 4436 +£2.70 42.06 +2.37 41.80£3.33 37.76 + 3.53% ab¢
*: Significantly different from the control group, P<0.05. *: Significantly different from Group 1, P<0.05. °: Significantly
different from Group 2, P<0.05. ©: Significantly different from Group 3, P<0.05. The data were analyzed using Tukey-Kramer
multiple comparison test.
Table 2.  Effects of fetal and/or neonatal treatment with DES on the fertility rate of each group, and the absolute and relative organ
weights of the testis, epididymis and seminal vesicles at 8 weeks of age
Control Group 1 Group 2 Group 3 Group 4
Fertility rate
Delivered/no. tested 77 3/5 1/4* 0/8%# 0/8%##
Absolute organ weights (mg)
Testis 137.5+13.8 140.0 + 18.6 93.0 £ 6.2%* 96.6 + 10.4** 91.5+£5.6%*
Epididymis 478+29 49.4£3.9 38.0 £3.2%* 343 +£1.5%° 35.9+4.0%*
Seminal vesicle 329.5+10.8 300.1 £43.9 288.9+£50.8 257.2+121.1 249.7+90.3
Relative organ weights (%)
Testis 0.343 £ 0.040 0.312+0.046  0.220£0.018** 0.231 £0.014*= 0.238 £ 0.023*=
Epididymis 0.119 +£0.008 0.110+£0.008  0.090 £ 0.005** 0.083 +£0.010%* 0.094 +0.013%*
Seminal vesicle 0.823 +0.038 0.668 +0.106 0.684 +0.139 0.602 +0.273 0.655 +0.248

# ###: Significantly different from the control group, P<0.05, P<0.001, respectively. Fertility rates were analyzed using Fisher’s exact

probability test.

*: Significantly different from the control group, P<0.01. *: Significantly different from Group 1, P<0.01. The data of organ weights were
analyzed using Tukey-Kramer multiple comparison test. The weights of the seminal vesicles include the weight of the coagulating glands.

males in Group 2 mated successfully, with the matings
resulting in the birth of a litter; however, all of the males in
Groups 3 and 4 either were infertile or did not mate. There
was a significant difference between the fertility rate in the
control group and those in each of Group 2 (£<0.05), Group
3 (P<0.001) and Group 4 (P<0.001). Although infertile
males were observed in Group 1, P value did not achieve
statistical significance compared with the controls (P=0.15).
All the DES-exposed males were fertile, as confirmed by the
formation of a vaginal plug in female mice.

Necropsy findings and organ weights: Slightly smaller
testes and accessory reproductive organs were observed in
Groups 2, 3 and 4 compared with the controls at necropsy.
There were no reproductive tract malformations in the DES-
exposed groups.

Absolute and relative (body weight ratio) weights of the
bilateral testes, epididymides and seminal vesicles with
coagulating glands are presented in Table 2. Statistically
significant decreases in both the absolute and relative
weights of the testis and epididymis were noted in Groups 2,
3 and 4 relative to the controls and also relative to Group 1
(P<0.01 for all). Inregard to the weight of the seminal ves-

icles with the coagulating glands, no significant difference
was detected between the controls and the DES-exposed
groups.

Histological and immunohistochemical findings: Follow-
ing DES administration, germ cell layers in the seminiferous
tubules were thinned in Group 4. Hypoplasia of the Leydig
cells, in which the staining intensity of eosin was dimin-
ished, was also observed in Groups 2 and 3, and even more
markedly in Group 4 (Fig. 2). In Groups 3 and 4, there was
hypoplasia of the epididymal ducts of the cauda epididymis
(Fig. 3). The testis and epididymis of Group 1 had a normal
appearance in the general histological analyses.

AR was positive in the nuclei of the Leydig cells and per-
itubular myoid cells in the testis, and in the nuclei of colum-
nar epithelial cells in the epididymal duct (Fig. 4). The AR
immunoexpression in the Leydig cells of Groups 3 and 4
was slightly lower than that in the controls. The AR immu-
noexpression in the epididymal ducts of Groups 2, 3 and 4
was diminished in inverse proportion to the dose of DES,
and the decreases in Group 4 were especially pronounced.

The immunoreactivity for ERa was localized in the
nuclei of the Leydig cells and spermatocytes in the testis,
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Fig. 2. Representative histology of the testis in the adult mice of control (a), Group 1 (b), Group 2 (c), Group 3 (d) and Group 4 (e). The
germ cell layers in the seminiferous tubules of Group 4 were thinned compared with those of the control. Small Leydig cells and low
staining intensity of eosin were observed in Groups 2 and 3, and even more markedly in Group 4 (Bars=100 um). The inset shows
higher magnification of the Leydig cells (Bars=50 um). H&E staining.

Fig. 3.  Representative histology of the cauda epididymis in adult mice of control (a), Group 1 (b), Group 2 (c), Group 3 (d) and Group 4
(e). The decrease in diameter of the epididymal ducts and the increase in connective tissue were observed in Groups 3 and 4 (Bars=400
um). H&E staining.

and in the columnar epithelial cells in the epididymal duct,  ductules between the control and DES-exposed groups.

especially in the efferent ductules (Fig. 5). The ERo immu- Plasma hormone measurement (Fig. 6): The FSH levels
noexpression of the Leydig cells was diminished in Group 3, in the DES-exposed groups decreased in inverse proportion
and even more markedly in Group 4; however, no difference  to the dose, and a significant reduction was seen in Group 3
was detected in the columnar epithelial cells of the efferent ~ (P<0.05) and Group 4 (P<0.01) compared with the controls.
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AR was positive in the nuclei of the Leydig cells and peritubular myoid cells in the testis of control (a), Group 1 (b), Group 2 (c),

Group 3 (d) and Group 4 (e). The AR immunoexpression in the Leydig cells (*) of Groups 3 and 4 was slightly lower than that in the
controls (Bars=50 um). In the epididymis, the AR was positive in the nuclei of columnar epithelial cells in the epididymal duct of con-
trol (f), Group 1 (g), Group 2 (h), Group 3 (i) and Group 4 (j). The AR immunoexpression in the epididymal ducts of Groups 2, 3 and
4 was diminished in inverse proportion to the dose of DES, and the decreases in Group 4 were especially pronounced (Bars=100 zm).
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The immunoreactivity for ERa was localized in the nuclei of the Leydig cells and spermatocytes in the testis of control (a),

Group 1 (b), Group 2 (c), Group 3 (d) and Group 4 (e¢). The ERa immunoexpression of the Leydig cells (*) was diminished in Group
3, and even more markedly in Group 4 (Bars=50 gm). In the epididymis, the ERa was positive in the columnar epithelial cells in the
epididymal duct, especially in the efferent ductules of control (f), Group 1 (g), Group 2 (h), Group 3 (i) and Group 4 (j). No difference
was detected in the columnar epithelial cells of the efferent ductules between the control and DES-exposed groups.

In addition, a significant difference in LH levels was found
in Group 2 (P<0.01), Group 3 (P<0.05) and Group 4
(P<0.01). The testosterone levels in Groups 2, 3 and 4 were
all significantly lower than those in the controls and Group
1, respectively (P<0.01, for all).

RT-PCR (Fig. 7): The AR expression in the testis was not
significantly different among groups. The expression of
ERa in the testis of the DES-exposed groups decreased
compared with the control group, and a significant differ-
ence was noted in Groups 3 and 4 (P<0.05). Although
Groups 1 and 2 showed no significant differences in the

expression of ER« relative to the controls, a tendency of
decrease was shown (P=0.10, P=0.06, respectively). The
StAR expressions in the testis of Groups 3 and 4 were signif-
icantly lower than those of the controls and Group 1, respec-
tively (P<0.01 for all). The St4AR expression in Group 2
tended to decrease compared with that of the controls
(P=0.14).

In regard to the epididymis, there was no significant
change in the AR and ER« expression in any of the groups;
however, the ERa expression showed a tendency to
decrease in the DES-exposed groups (P=0.06).
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Fig. 6. Effect of fetal and/or neonatal treatment with DES

on plasma levels of FSH, LH and testosterone. Each col-
umn is the mean+SD for 3—4 mice/group at 8 weeks of
age. *: P<0.05, **: P<0.01 (compared with respective
value for the control). % P<0.01 (significantly different
from Group 1). The data were analyzed using Tukey-
Kramer multiple comparison test.

DISCUSSION

Endocrine disruptors have been demonstrated to alter the
endocrine system by mimicking the action of the sex hor-
mones, interfering with membrane receptor binding, and
inhibiting intracellular signaling. The hypothesis that exog-
enous estrogenic compounds act as disruptors of male repro-
ductive tract development is well known. Previous reports
have shown that fetuses are extremely sensitive to chemicals
with hormone-like activity [16, 24, 26], and that neonatal
administration of estrogenic agents induces reductions in
testis weight, sperm count and motility in adult male rodents
[11,35].

The purpose of this paper was to elucidate the detail
mechanisms of the estrogenic endocrine disruptors. For that
purpose, we clarified the dose-related effects of fetal and/or
neonatal exposure to estrogenic agents on the fertility rate in
the treated animals, particularly with respect to the gene
expression of St4R. The treatment-induced changes in this
study ranged from significant reproductive disorder in male
mice by the highest dose of DES (IUE+NE 10 pg) to a slight
effect on reproductive function by the lowest dose of DES
(IUE only). Our results indicate that DES had detrimental
dose-related effects on the histology, hormonal secretions
and AR, ERa and StAR gene expressions of the testis and
reproductive tract of adult male mice.

Previous studies have demonstrated that high doses of
potent estrogens, such as DES, are clearly inhibitory to tes-
ticular development over both the short and long term [3,
25]. The results of the present histological analyses in the
groups exposed to DES neonatally showed a thinning of
germ cell layers in the seminiferous tubules, which suggests
a reduction of spermatogenesis, and the hypoplasia of the
Leydig cells and epididymal ducts of the cauda epididymis
at 8 weeks of age; however, the groups exposed to DES in
utero but not treated neonatally showed no histological
changes in the testis or epididymis. This result suggests that
the fetal exposure in mice did not lead to an impaired
response of these organs.

The serum FSH level regulates spermatogenesis [40] and
has been shown to change in parallel with the spermatogenic
changes [2]. LH is known to bind with its own receptors in
Leydig cells, and stimulates the transcription of genes
encoding steroidogenic enzymes. We showed that the
plasma FSH and LH levels in the DES-exposed groups were
lower than those of the controls and decreased in inverse
proportion to the dose. Furthermore, testosterone levels,
which are directly involved in spermatogenesis [4, 27], were
markedly reduced in the groups treated with DES neona-
tally. Primary points of control in steroidogenesis are the
transport of cholesterol from intracellular stores to the inner
mitochondrial membrane, and the subsequent conversion of
cholesterol to pregnenolone by the cholesterol side-chain
cleavage enzyme (P450scc) [6], which initiates the synthe-
sis of all steroid hormones. The StAR protein mediates the
rate-limiting and acutely regulated step in steroidogenesis
[15,29, 30]. LH stimulation is mediated by the LH receptor
at the first step of the signaling pathway, and subsequently
intercellular cAMP increases to stimulate the transcription
of the StAR in mouse MA-10 cells [36]. In the present
study, the LH and testosterone levels decreased significantly
in the groups receiving IUE+NE 0.1-10 pg, whereas there
was a significant reduction of St4R in the testis in the groups
receiving IUE+NE 1-10 ug, in which all the animals were
infertile. This result indicates that infertility in the DES-
exposed male mice was closely correlated with the signifi-
cant decrease in the St4R expression in the testis. The rate-
limiting factor of steroidogenesis in the testis holds
extremely important clues to the presence or absence of fer-
tility. Our results suggest that endocrine disruptors have
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important pronounced effects on the St4R gene expression.
AR immunoexpression is observed in nuclei of Leydig
cells, Sertoli cells and peritubular myoid cells, while ERa
immunoexpression is found in the nuclei of Leydig cell,
spermatocytes and spermatids in testis [22, 37]. The AR
immunoexpression in the testis was slightly reduced in the
groups receiving [IUE+NE 1-10 ug compared with the con-
trols; however, there was no significant difference in the AR
mRNA expression. In contrast, the ERo immunoexpression
in those groups tended to diminish in the testis, concomitant
with a decrease in the ERa mRNA expression. The dimin-
ished immunoexpressions of AR and ERa. were considered
to be due to reductions in the amount or activity of these fac-
tors, and may have been responsible for the observed repro-
ductive dysfunction. In a previous study, in which a daily
subcutaneous administration of DES (0.5, 5 and 50 ug) was
carried out neonatally for 5 days from the day of birth, there
was a decrease of both AR and ERax mRNA at 12 weeks of
age (especially in the animals receiving 5 and 50 ug treat-
ment) [28]. In the present study, the plasma LH and test-
osterone levels in the group receiving IUE+NE 0.1 ug were
significantly lower than those of the control group, whereas
there were no remarkable changes of the AR and ERa

immunoexpression or in the expression of the AR, ER and
StAR genes. Thus, the dose of estrogenic agents necessary
to induce hypothalamo-pituitary functional alteration may
be lower than that required for testicular dysfunction.

The epididymis goes through a phase of relatively slow
growth after birth, followed by rapid growth during and
after puberty because of the onset of differentiation of Ley-
dig cells and increasing testosterone levels [23, 32, 33]. The
neonatal estradiol treatment acts indirectly on testicular
development through an inhibition of gonadotropin secre-
tion, and directly on the development of the sex accessory
glands [5]. Although it is obviously difficult in the present
study to disentangle possible direct effects of DES on the
epididymis due to altered testosterone levels, the AR immu-
noreaction and ERa mRNA expression were slightly
changed. There was no significant difference among groups
in the AR mRNA expression in the epididymis; however, the
AR immunoexpressions were diminished in the groups
exposed to DES neonatally. This data, including the results
of the testosterone levels, indicates that the hypoplasia
found in the general histological analyses of the epididymis
was caused by reductions in both the testosterone level and
AR activity. There was no detectable difference in the ERo
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Table 3.  Outline of this study
[UE IUE+ IUE+ IUE+
NE 0.1 ug NE 1 ug NE 10 ug
Fertility rate 4 4
Testis
Thinning of germ cell layers - - - -+
Hypoplasia of Leydig cells — x t +
Decrease of AR immunoreaction - - * *
Decrease of ERa immunoreaction — — + +
AR mRNA expression _'\/‘ _'>~ _:\/- I_:\/
ERa mRNA expression | ) * *
StAR mRNA expression T;\ 4 * *
Plasma hormone levels
S R VR S 1
A T ¢
Testosterone _.;5 * * *

o> No change.
* : Significant decrease (P<20.01).
—: No change; *: Slight change;
and immunohistochemical analyses.

immunoexpressions in the epididymis between the control
and DES-exposed groups, whereas the expression of ERa
mRNA tended to decline in inverse proportion to the dose
(P=0.06). Further investigations will be needed to deter-
mine the biological significance of these results.

The results of this study are summarized in Table 3. The
IUE group that was exposed to DES before the clinical win-
dow did not show considerably different histological find-
ings compared with the control group; however, a minority
of this group was infertile, and this minority tended to show
lower gonadotropin secretion and ERa mRNA expression
than the controls. The reduction of fertility rate in this group
was likely caused by the decrease in these parameters, or
perhaps DES altered the part of the brain most responsible
for reproductive behavior. In our unpublished data, histo-
logical changes in mouse testis that were induced by neona-
tal administration of DES (100 gg/animal) at PND 3 were
recovered transiently at 8 weeks of age by treatment with
both activin and PMSG from 6 to 8 weeks of age; however,
this was a short-lived effect. This result implies that estro-
genic agents target the neuroendocrine system more effec-
tively than the lower reproductive organs, because the testis
maintains their ability to recover from dysfunction induced
by DES.

In conclusion, in utero and/or neonatal exposure to DES
in the male mice results in sustained hypoproduction of
FSH, LH and testosterone and alteration of gene expressions
in steroid hormone receptors and St4R gene, and leads to
long-term dysfunction of the hypothalamo-pituitary-testicu-
lar axis. The hypothalamo-pituitary control of gonadotropin

% : Tendency to decrease (0.05 = P=0.20). -'_' Significant decrease (P< 0.05).

+: Remarkable change in the results of the histological

secretion may be affected by the smaller doses of estrogenic
agents than the reproductive organs. These findings suggest
that dose-related progressive effect differs between hypo-
thalamo-pituitary and reproductive organs of male mice,
and estrogenic endocrine disruptors have an important pro-
nounced effect on St4AR gene expression.
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