substrate-specific components is generally evoked by substrate
modifications™™. However, the recognition and subsequent ubiqui-
tination of sex steroid receptors by AhR requires dioxin-type com-
pounds as ligands but does not require the phosphorylation or ligand
binding of sex steroid receptors. We have therefore shown that fat-
soluble ligands directly control the function of a ubiquitin ligase
complex for targeted protein destruction in animals (see
Supplementary Fig. 81). In plants, auxin was recently found to con-
trol protein destruction through the auxin receptor SCF™® (refs 29,
30). However, whereas SCF ™ is regulated by ligand-dependent
substrate recognition by TIR1, CUL4B*"® is primarily regulated by
the assembly of a ligand-dependent complex as well as substrate
recognition. Considered together, ubiquitin-ligase-based perception
mechanisms of fat-soluble ligands may be diverse in different species.
It is possible that other nuclear receptors and binding proteins for fat-
soluble ligands also serve as key components of ubiquitin ligases to
mediate a non-genomic pathway of fat-soluble ligands to regulate
target-protein-selective destruction.

1

METHODS

More detailed descriptions of all materials and methods are supplied in the
Supplementary Information.

Biochemical purification and separation of AhR-associated complexes. The
nuclear extracts preparation, anti-Flag affinity purification and mass spectro-
metry were performed as described previously™®. For purification of the core
CUL4BAMR complex, thenuclear extracts were first bound to the GST-CUL4B-N
(amino acid residues 1-318) columns before being loaded on anti-Flag col-
umns®.

i vitro ubiquitination assay. The it vitro ubiquitination assay was performed as
described previously™. Purified Flag-AhR (0.2 ug) was incubated either with
3MC (10 uM) or vehicle (dimethylsulphoxide) for 30 min at 25 °C, then mixed
with Flag-CUL4B/DDB1/Rbx1 complex (0.2 pug), and after further incubation
for 30 min at 25 °C the substrate, ER-o. (Calbiochem), was added.

Plasmids, antibodies, immunoprecipitation, in vive ubiquitination, pulse-
chasing, ligand responses in mice, and RNA-mediated interference experi-
ments. Detailed methods used in this study can be found in the Supplementary
Information.
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Abstract

Dibutyltin dichloride (DBTCI) has been shown to be teratogenic in rats. The present study was conducted to determine the teratogenic potential
of DBTCI given to pregnant monkeys during the entire period of organogenesis. Cynomolgus monkeys were dosed once daily by nasogastric
intubation with DBTCI at 0, 2.5 or 3.8 mg/kg on days 20-50 of pregnancy, the whole period of organogenesis. The pregnancy outcome was
determined on day 100 of pregnancy. In both DBTCl-treated groups, a significant increase in the incidence of pregnant females with soft stool
and/or diarrhea, and with yellowish stool was observed. Matemal body weight gain at 3.8 mg/kg and food consumption at 2.5 and 3.8 mg/kg were
decreased during the administration period. The survival rate of fetuses at terminal cesarean sectioning was decreased in the DBTCl-treated groups
and significantly decreased at 2.5 mg/kg. There were no changes in the developmental parameters of surviving fetuses, including fetal body weight,
crown-rump length, tail length, sex ratio, anogenital distance and placental weight, in the DBTCl-treated groups. No extemal, internal or skeletal
malformations were found in the fetuses in any group. Although internal and skeletal variations were found, no difference in the incidence of fetal
variation was noted between the control and DBTCl-treated groups. No effect on skeletal ossification was observed in fetuses in the DBTCl-treated

groups. The data demonstrate that DBTC is embryolethal but not teratogenic in cynomolgus monkeys.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Organotin compounds are widely used in agriculture and
industry. The most important non-pesticidal route of entry of
organotin compounds into the environment is through the leach-
ing of organotin-stabilized polyvinyl chloride (PVC) by water
[1], and its use in antifouling agents, resulting in the entry of
organotin into the aquatic environment [2]. Disubstituted organ-
otin compounds are commercially the most important deriva-
tives, being used as heat and light stabilizers for PVC plastics
to prevent degradation of the polymer during melting and the
forming of the resin into its final products, as catalysts in the
production of polyurethane foams, and as vulcanizing agents for
silicone rubbers [3,4]. The identification of dibutyltin (DBT) and
tributyltin (TBT) in aquatic marine organisms [5,6] and marine

* Corresponding author. Tel.: +81 3 3700 9878; fax: +81 3 3700 1408.
E-mail address: ema@nihs.go.jp (M. Ema).

0890-6238/$ — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.reprotox.2006.09.003

products [7] has been reported. TBT is degraded spontaneously
and biochemically via a debutylation pathway to DBT in the
environment [8,9]. Organotin compounds are introduced into
foods by the use of pesticides and antifoulants and via the migra-
tion of tin from PVC materials [4].

‘We previously demonstrated that tributyltin chloride (TBTC1)
during early pregnancy caused early embryonic loss [10-12],
and TBTCI on days 10-12 and on days 13-15, but not on days
7-9 of pregnancy, produced fetal malformations inrats [13]. The
predominant malformation induced by TBTCI was cleft palate
[13,14]. It has been reported that TBT is metabolized to DBT
and MBT, and DBT was metabolized to monobutyltin (MBT)
[15-17]. DBT is also reported to have toxic effects on reproduc-
tion and development in rats [18]. The oral administration of
dibutyltin dichloride (DBTCI) during early pregnancy caused
early embryonic loss in rats [19-21]. The oral administration of

‘DBTCI to rats throughout the period of organogenesis resulted

in a significant increase in the incidence of fetuses with malfor-
mations [22], and rat embryos were highly susceptible to the
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teratogenic effects of DBTCI when it was administered on day 7
and 8 of pregnancy [23]. Dibutyltin diacetate (DBTA) [24-28],
dibutyltin maleate, dibutyltin oxide, and dibutyltin dilaurate [26]
were teratogenic in rats when administered orally. Developmen-
tal toxicity studies on butyltins suggest that the teratogenicity
of DBT is different from that of tetrabutyltin (TeBT), TBT and
MBT in its mode of action because the period of susceptibility
to teratogenicity and the types of malformations induced by
DBT are different from those induced by TeBT, TBT and MBT
[29,30]. DBTCI had dysmorphogenic effects in rat embryos in a
whole embryo culture system [31,32]. DBT was detected in rat
maternal blood at 100 ng/g and embryos at 720 ng/g at 24 h after
gavage of DBTA at 22 mg/kg on day 8 of pregnancy [27]. The
dysmorphogenic concentrations of DBTCI in cultured embryos
were within the range of levels detected in maternal blood
after the administration of a teratogenic dose of DBT. These
findings suggest that DBT itself is a causative agent in DBT
teratogenesis, which may be due to direct interference with
embryos.

As described above, the teratogenic effects of organotin com-
pounds, including DBT, were extensively investigated in rodents
[18]. No reports on the assessment of the teratogenicity of DBT
in any other species are available. It appears that conclusive evi-
dence in support of the teratogenicity of DBT is still lacking,

because the teratogenicity of DBT only has been reported in a
single animal species. Studies in non-rodents would be of great
value in estimating the teratogenicity of DBT in humans. The
present study was conducted to determine the teratogenic poten-
tial of DBTCI given to pregnant cynomolgus monkeys during
the entire period of organogenesis.

2. Materials and methods
2.1. Animals

Cynomolgus monkeys (Macaca fascicularis) were used in this study. The
monkeys were obtained from Guangxi Primate Center of China (Guangxi,
China) through Guangdong Scientific Instruments and Materials Import/Export
Co. (Guangzhou, China). The monkeys were quarantined for 4 weeks, and con-
firmed to be free from tuberculosis, Salmonella and Shigera. The animals were
maintained in an air-conditioned room at 23.0-29.0 °C, with arelative humidity
of 45-58%, under a controlled 12/12 light/dark cycle, with a ventilation rate of
15 air changes/hour, and were housed individually, except during the mating
period. The monkeys were fed 108 g/day of diet (Teklad global 25% protein pri-
mate diet; Harlan Sprague-Dawley Inc., Madison, USA) and tap water ad libitum
from automatic lixit devices. Healthy male and female monkeys were selected
for use. Only females showing 25-32 days menstrual cycles were used in the
experiment. Each female monkey was paired with a male of proven fertility for
three consecutive days between days 11-15 of the menstrual cycle. The visual
confirmation of copulation and/or the presence of sperm in the vagina were
considered evidence of successful mating. When copulation was confirmed, the

Table 1
Maternal findings in monkeys given DBTCI on days 20-50 of pregnancy
Dose (mghkg)
0 (control) 2.5 38
Number of pregnant females 12 12 10
Number of females showing toxicological signs
Death 0 0 0
Soft stool/diasthea 1 12’ 10
Yellowish stool 0 8 8
Vomiting 0 3 3
Initial body weight 3.53+0.59 3.49+043 3.79+036
Body weight gain during pregnancy (g)*
Days 0-20 76114 42+ 160 731142
Days 20-51 574237 —242 +£423 —556+ 526"
Days 51-100 710162 755£174 8481+263
Food consumption during pregnancy (g/day)®
Days 20-21 99418 93423 76+£33
Days 23-24 91+£27 71+£31 55+317
Days 27-28 77428 47+19° 374+34"
Days 30-31 6332 33115 22410
Days 34-35 88425 53+42 23417
Days 37-38 86428 53+42° 2524
Days 41-42 87£27 59+ 59 36429
Days 4445 95422 62+40 414317
Days 4849 98418 70+£48 59+44
Days 51-52 94420 97424 71439
Days 55-56 102412 107+£2 10020
Days 58-59 106+7 108+0 104410
Days 62-63 106+7 108+ 0 106+5
Days 80-81 10840 10840 1080
Days 90-91 1067 10840 1080
Days 99-100 10840 10840 10840

2 Values are given as the mean = S.D.
¥ Significantly different from the control, p <0.05.
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median day of the mating period was regarded as day O of pregnancy. Preg-
nancy was confirmed on day 18 or 19 of pregrancy by ultrasound (SSD-4000,
Aloka Co., Mitaka, Japan) under anesthesia induced by intramuscular injection
of 5% ketamine hydrochloride (Sigma Chemical Co., St. Louis, USA). Pregnant
females, weighing 2.51-4.50kg on day 0 of pregnancy, were allocated randomly
to three groups, each of 1012 monkeys, and housed individually. Animal exper-
iments were performed at Shin Nippon Biomedical Laboratories, Ltd. (SNBL;
Kagoshima, Japan) during 200420035 in compliance with the Guideline for Ani-
mal Experimentation (1987) [33], and in accordance with the Law Concerning
the Protection and Control of Animals (1973) [34] and the Standards Relating to
the Care and Management of Experimental Animals (1980) [35]. This study has
been approved by the Institutional Animal Care and Use Committee of SNBL
and performed in accordance with the ethics criteria contained in the bylaws of
the committee of SNBL.

2.2. Dosing

The monkeys were dosed once daily with DBTCI (lot no. GGO01, 98% pure,
Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan)at 0, 2.5 or 3.8 mg/kg by nasogastric
intubation on days 20-50 of pregnancy, i.e., the entire period of organogenesis
[36]. Dosing was terminated in the dams in which embryonic/fetal loss occurred.
The dosage levels were determined from the results of previous studies in rats,
in which DBTCI administered by gavage at 7.6 or 15.2mg/kg on days 0-3
and days 4-7 of pregnancy caused significant increases in pre- and/or post-
implantation embryonic loss in rats [19-21], and in which DBTCI by gavage
at 5, 7.5 or 10.0mg/kg throughout the period of organogenesis resulted in a
significant increase in the incidence of fetuses with malformations [22]. DBTCI
was dissolved in olive oil (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
The dose volume was adjusted to 0.5 ml/kg of the most recent body weight. The
control monkeys received olive oil only.

2.3. Observations

The pregnant monkeys were observed for clinical signs of toxicity twice aday
during the administration period and once a day during the non-administration

period. The body weight was recorded on days 0, 20,27, 34,41, 51, 60, 70, 80, 90
and 100 of pregnancy. The food consumption wasrecorded on days20,23,27, 30,
34,37,41,44,48,51,55, 58,62, 80 and 90 of pregnancy. Embryonic/fetal heart-
beat and growth were monitored using ultrasound under anesthesia induced by
intramuscular injection of 5% ketamine hydrochloride on days 25, 30, 35, 40, 50,
60, 70, 80, 90 and 99 of pregnancy. In the dams in which embryonic/fetal cardiac
arrest was confirmed by ultrasound, necropsy was performed under anesthesia
induced by intraperitoneal injection of pentobarbital Na (Tokyo Kasei Kogyo
Co.,Ltd., Tokyo, Japan). The uterus, including the embryo/fetus and placentaand
ovaries, was removed from the maternal body and stored in 10% neutral buffered
formalin. Dead or aborted embryos/fetuses were morphologically examined.

Terminal cesarean sectioning was performed on day 100 of pregnancy, under
anesthesia induced by intramuscular injection of 5% ketamine hydrochloride
(0.1-0.2ml/kg) and inhalation of isoflurane (0.5-2.0%, Dainippon Pharma-
ceutical Co. Ltd., Osaka, Japan), and contraction was induced with atropine
(0.01 mg/kg, Tanabe Seiyaku Co. Ltd., Osaka, Japan). The fetus and placenta
were removed from the dams. The placenta was weighed and stored in 10%
neutral buffered formalin. Dams that underwent cesarean sectioning were not
necropsied.

Fetal viability was recorded, and the fetuses were anesthetized by intraperi-
toneal injection of pentobarbital Na and euthanized by submersion in saline for
30-40min at room temperature. Fetuses were sexed and examined for exter-
nal anomalies after confirmation of the arrested heart-beat. Fetal and placental
weights were recorded. The head width, tail length, crown-rump length, chest
circumference, paw and foot length, distance between the eyes, umbilical cord
length, volume of amniotic fluid and diameters of the primary and secondary
placentae were measured. After the completion of external examinations, fetuses
were examined for internal anomalies. The peritoneal cavity was opened and the
organs were grossly examined. The brain, thymus, heart, lung, spleen, liver, kid-
neys, adrenal glands and testes/uterus and ovaries were weighed and stored in
10% neutral buffered formalin. The eyeballs, stomach, small and large intestine,
head skin and auricles were stored in 10% neutral buffered formalin. Fetal car-
casses were fixed in alcohol, stained with alizarin red S [37] and examined for
skeletal anomalies. The number of ossification centers of the vertebral column,
and lengths of the ossified parts of the humerus, radius, ulna, femur, tibia and
fibula were recorded. Histopathological evaluations were performed on single

Table 2
Reproductive and developmental findings in monkeys given DBTCI on days 2050 of pregnancy
Dose (mg/kg) )
0 (control) 2.5 38

Number of pregnant females 12 12 10
Number of females with embryonic/fetal loss 1 ) 4
Number of females with live fetuses until terminal cesarean section 11 4 6
Number of live fetuses at terminal cesarean section 11 4 6
Sex ratio of live fetuses (male/female) 6/5 1/3 3/3
Body weight of live fetuses (g)

Male 133413 125 112424

Female 118412 108+ 20 118+13
Anogenital distance (cm)?

Male 20+02 1.9 1.7+£04

Female 1.0+01 1.0£0.2 1.0£0.1
Crown-rump length (cm)*

Males 128406 12.4 124407

Female 12.6+04 12.3+0.5 126%0.1
Tail length (cm)?

Male 11.8£1.2 11.8 11.4+£07

Female 11.9+£08 11.74£1.7 124+06
Placental weight (g)® 424472 389462 37.5+£9.1
Number of a single placenta 1 1 3

2 Values are given as the mean=+ S.D.
* Significantly different from the control, p <0.05.
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placentas and accessory spleens after fixation, paraffin embedding, sectioning
and staining with hematoxylin and eosin.

2.4. Analysis of plasma steroids hormone levels

Blood samples were collected from the femoral vein on day 51 of preg-
nancy, 24 h after the last administration of DBTCL The plasma was separated
and stored at —80 °C forthe later assay of steroid hormones. Plasma progesterone
and 17B-estradiol were measured by Teizo Medical Co. Ltd. (Kawasaki, Japan)
using liquid chromatography-electrospray ionization Tandem Mass Spectrom-
etry (LC-MS/MS, Applied Biosystems/MDS SCIEX). The detection limits of
plasma progesterone and 17B-estradiol were 10.0 pg/ml and 0.25 pg/ml, respec-
tively. The intra- and inter-assay coefficients of variation for 17B-estradiol were
below 6.4 and 8.9%, respectively. The intra- and inter-assay coefficients of vari-
ation for progesterone were below 9.0 and 7.9%, respectively.

2.5. Data analysis

The data was analyzed by MUSCOT statistical analysis software (Yukums
Co. Ltd., Tokyo, Japan) using the dam or fetus as the experimental unit [38]. Data
were analyzed using Bartlett’s test [39] for the homogeneity of variance. When
the variance was homogeneous, Dunnett’s test [40] was performed to compare
the mean value in the control group with that in each DBTCI group. When the
variance was heterogeneous, the data were rank-converted and a Dunnett-type
test [41] was performed to compare the mean value in the control group with that
in each DBTCI group. The incidences of maternal and embryonic/fetal deaths
and anomalous fetuses were analyzed by Fisher’s exact test. The 0.05 level of
probability was used as the criterion for significance.

3. Results

Table 1 presents maternal findings in monkeys given DBTC]
on days 20-50 of pregnancy. No maternal death occurred in any
group. In both DBTCl-treated groups, a significant increase in
the incidence of females with soft stool and/or diarrhea, and with

15

yellowish stool was observed. Soft stool and/or diarthea were
observed in one of the 12 females in the control group and in
all females of the DBTCl-treated groups. In both groups treated
with DBTCI, yellowish stool was noted in eight females and
vomiting was observed in three females. Body weight gain on
days 0-20, during the pre-administration period, did not signifi-
cantly differ among the groups. Body weight gain on days 20-50,
during the administration period, was lower in the DBTCI-
treated groups, and significantly decreased at 3.8 mg/kg. No
significant decrease in body weight gain on days 51-100, during
the post-administration period, was found in the DBTCI-treated
groups. Food consumption during the administration period was
significantly reduced at 2.5 mg/kg and higher. Relatively marked
decreases in the body weight gain and food consumption were
observed in dams showing abortion or embryonic/fetal death.
The reproductive and developmental findings in monkeys
given DBTCI on days 20-50 of pregnancy are shown in
Table 2. The incidence of females with embryonic/fetal loss
was increased in the DBTCl-treated groups, and a significant
difference was noted at 2.5 mg/kg. Embryonic/fetal loss was
observed in one of the 12 females in the control group, eight
of the 12 females in the 2.5mg/kg group and four of the 10
females in the 3.8 mg/kg group. Abortion occurred on day 30
of pregnancy in the control group, and on day 35, 44, 46, 49 or
60 of pregnancy at 2.5 mg/kg. Embryonic/fetal death was found
on day 35, 40 or 64 of pregnancy at 2.5mg/kg, and on days
38, 40 or 50 (two embryos) of pregnancy at 3.8 mg/kg. External
examinations was performed in five of the eight embryonic/fetal
losses at 2.5 mg/kg and four of the four embryonic/fetal losses at
3.8 mg/kg, and no anomalies were detected. Eleven, four and six
females in the control, 2.5 and 3.8 mg/kg groups, respectively,

Table 3
Morphological findings in fetuses of monkeys given DBTCI on days 20-50 of pregnancy
Dose (mg/ke)
0 (control) 2.5 3.8
Number of fetuses examined 11 4 6
External examination
Number of fetuses with malformations 0 0 0
Internal examination
Number of fetuses with malformations 0 0
Number of fetuses with variations 0 0 1
Accessory spleen 0 0 1
Skeletal examination
Number of fetuses with malformations 0 0
Number of fetuses with variations 0 1 1
Short supernumerary rib 0 1 1
Degree of ossification®
Number of ossified centers of vertebral column 53.6+0.8 53.0+1.2 542+1.0
Skeletal length (mm)®
Humerus 23.64:038 23.3:+1.3 23.6:41.2
Radius 23.0+1.0 223416 23.1+1.7
Ulna 24.6:+1.0 239415 24.3+£2.2
Femur 223412 21.84:1.3 227416
Tibia 215413 2054+1.7 21.7+14
Fibula 19.8+1.0 19.0+1.8 199+1.6

2 Values are given as the mean &+ S.D.
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Fig. 1. Plasma progesterone and 17-estradiol levels in pregnant monkeys given DBTCI on days 20-50 of pregnancy. Blood samples were collected on day 51 of
pregnancy, 24 h after the last administration of DBTCI. Values are given as the mean & S.E.M. of 5-10 monkeys.

had live fetuses at terminal cesarean sectioning. There were no
significant differences between the control and DBTCl-treated
groups in parameters of fetal growth, such as body weight,
crown-rump length and tail length. No significant differences
in the head width, chest circumference, paw and foot length,
distance between the eyes, umbilical cord length, volume of
amniotic fluid and diameters of the primary and secondary pla-
centae were also noted between the control and DBTCl-treated
groups (data not shown). No significant differences between the
control and DBTCI-treated groups were found in the sex ratio
of live fetuses, anogenital distance or placental weight. A single
placenta was observed in one dam in the control group, one dam
in the 2.5mg/kg group and three dams in the 3.8 mg/kg group.

Table 3 shows the morphological changes in fetuses of mon-
keys given DBTCI on days 20-50 of pregnancy. No external,
internal or skeletal malformations were found in fetuses in any
group. Although internal and skeletal examinations revealed one
fetus with an accessory spleen at 3.8 mg/kg, and one fetus with a
short supernumerary rib at both 2.5 and 3.8 mg/kg, no difference
in the incidence of fetuses with variation was noted between the
control and DBTCl-treated groups. There were no differences
between the control and DBTCl-treated groups in the number of
ossified centers of the vertebral column or length of the humerus,
radius, ulna, femur, tibia or fibula.

Although a significant decrease in the absolute weight of
the brain and lung, and increase in the relative weight of the
spleen were observed in male fetuses at 3.8 mg/kg, no signifi-
cant difference in the relative weight of the brain and lung or in
absolute weight of the spleen was detected between the control
and DBTCl-treated groups. There were no differences in abso-
lute and relative weights of the fetal thymus, heart, lung, liver,
kidneys, adrenal glands or testes/uterus and ovaries between the
control and DBTCI-treated groups (data not shown). Histopatho-
logical examinations revealed no abnormalities in single pla-
centa and accessory spleen, and the histological structures of
single placenta and accessory spleen were similar to those of
normal placenta and spleen.

Plasma progesterone and 173-estradiol levels are shown in
Fig. 1. Although higher levels of plasma progesterone were
observed in the DBTCl-treated groups, no statistically signif-
icant difference was noted between the control and DBTCI-

treated groups. There were no significant differences in the
plasma 173-estradiol levels between the control and DBTCI-
treated groups.

4, Discussion

In previous studies, the teratogenic effects of DBT were
investigated in rats. The teratogenicity of DBT should be
studied using other animal species to gain a better understand-
ing of the developmental toxicity of butyltins. Non-human
primates appear to provide an especially appropriate model
for teratogenicity testing because of their high ranking on the
evolutionary scale [42]. The close phylogenetic relatedness of
old world monkeys to humans appears to render them most
desirable as models in teratology studies [43]. The similarities in
placentation and embryonic development indicate considerable
value in the use of monkeys for investigating the developmental
toxicity of chemicals [44]. In the present study, we determined
the developmental toxicity, particularly the teratogenicity, of
DBTCl in monkeys after administration over the entire period of
organogenesis.

The doses of DBTCI set in the present study were expected
to induce maternal toxicity, such as decreases in maternal body
weight gain and food consumption, and were given to monkeys
during organogenesis to characterize the effects of DBTCI on
embryonic/fetal development. Toxicological sign, as evidenced
by the significant increase in the incidence of pregnant females
showing soft stool/diarrhea and yellowish stool, was found at

" 2.5 and 3.8 mg/kg. A significant decrease in the maternal body

weight gain accompanied by significantly reduced food con-
sumption was noted at 3.8mg/kg. A significant decrease in
food consumption was also found at 2.5 mg/kg. These maternal
findings indicate that more severe adverse effects on pregnant
females were noted at 3.8 mg/kg and DBTCI exerts maternal
toxicity at 2.5mg/kg and higher when administered during the
entire period of organogenesis in monkeys.

Embryonic/fetal loss was observed in one dam in the control
group and eightdams in the 2.5 mg/kg group and four dams in the
3.8mg/kg group. The increased incidence of pregnant females
with embryonic/fetal loss was observed at2.5 and 3.8 mg/kg, and
a significantly increased incidence of these females was found

_64_



M. Ema et al. / Reproductive Toxicology 23 (2007) 12~19 17

at 2.5mg/kg. Embryonic/fetal loss occurred on days 35-64 of
pregnancy at 2.5mg/kg, and on days 38-50 of pregnancy at
3.8mg/kg. The embryonic mortality during organogenesis in
cynomolgus monkeys of 2.4-18.2% has been reported [45].
Binkerd et al. [46] also noted that post-implantation embryonic
loss was 5.4% in vehicle control pregnancies in developmental
toxicity studies. Average abortion rate in cynomolgus monkeys
was 26.1% in contro] data from 24 teratogenicity studies, and
most of the abortions (66.7%) occurred during organogenesis
[47]. In the background control data from 1994 to 2004 of
the laboratory that performed this study, the post-implantation
embryonic loss was 8.8% (29 of the 330 pregnancies). Because
the incidence of embryonic/fetal loss in the DBTCl-treated
groups was greater than in the historical control values, it was
considered to be due to the administration of DBTCI. The data
indicate that DBTCl at 2.5 mg/kg was sufficient to induce embry-
onic/fetal loss and the latter half of organogenesis was more
susceptible for DBTCl-induced embryonic loss in cynomolgus
morkeys. ,

‘We previously reported that DBTCI during early pregnancy
caused pre- and post-implantation embryonic loss in pregnant
rats [19,20] and that DBTCI suppressed uterine decidualization
and reduced the levels of serum progesterone in pseudopreg-
nant rats at doses that induced implantation failure [48]. We
also showed that the suppression of uterine decidualization
was reversed by administration of progesterone in pseudopreg-
nant rats [48], and that progesterone protected against DBTCI-
induced implantation failure [21]. Based on these findings, we
hypothesized that the decline in serum progesterone levels was a
primary factor for the implantation failure due to DBTCl in rats.
However, no significant changes in plasma progesterone levels
were noted in monkeys after the administration of DBTCI during
organogenesis. The peripheral serum progesterone levels during
the first 8 days of pseudopregnancy were essentially similar to
those found in pregnant rats, and the serum progesterone levels
rose steadily to a peak on day 4 and remained at a plateau of
approximately 70 ng/m1 until day 8 of pseudopregnancy [49]. In
cynomolgus monkeys, plasma progesterone levels had distinct
two peaks, one about 15 days postbreeding and another at about
days 23-25, the progesterone decline which followed the sec-
ond peak reached minimal levels (12 ng/ml) by about day 45 of
pregnancy, and progesterone levels increased gradually through-
out the rest of pregnancy with average levels of approximately
4 ng/ml [50]. In our previous study [48], rat blood samples were
obtained on day 4 or 9 of pseudopregnancy. At these stages,
progesterone levels could be steadily rising or remained at a
plateau in pseudopregnant rats. In the present study, blood sam-
ples were collected from pregnant monkeys that were carrying
their offspring and had not suffered from miscarriage on day
51 of pregnancy. At this stage, progesterone levels could be
remained at a nadir in pregnant cynomolgus monkeys. The dis-
crepancy in the effect of DBTCI on serum progesterone levels
between rats and monkeys may be explained by the differences
in the status and stage of pregnancy. Further studies are required
to characterize more precisely the relationship between embry-
onic loss and maternal progesterone levels in monkeys given
DBTCI.

Decreases in the absolute weights of the brain and lung, and
an increase in the relative weight of the spleen, which were
observed in male fetuses at 3.8 mg/kg, were not thought to de
due to the toxic effects of DBTCI on fetal development, because
these changes were not found in female fetuses and differences
were not detected in the relative weight of the brain and lung or
the absolute weight of the spleen in male fetuses. Any adverse
effects on the parameters of fetal growth were also not detected
in the surviving fetuses of dams given DBTCI. These findings
indicate that DBTClis not toxic to fetal growth at up to 3.8 mg/kg
when administered over the entire period of organogenesis. Pla-
cental examinations revealed single placenta in all groups. In
the background control data of the laboratory that performed the
present study, the incidencé of single placenta over a period of 10
years was 0-66.7% (mean = 13.0%, 26 of the 213 pregnancies).
Histopathological examinations of single placenta revealed no
changes, and the histological structure of single placenta was
similar to that of normal placenta. These findings indicate that
the single placenta observed in the present study was of no tox-
icological significance.

In the morphological examinations of the fetuses of exposed
dams, a few fetuses with morphological changes were found in
the DBTCl-treated groups. An accessory spleen was observed
in one fetus at 3.8 mg/kg, and a short supernumerary rib was
found in one fetus at both 2.5 and 3.8 mg/kg. In the background
control data of the laboratory that performed the present study,
the accessory spleen over the last 10 years was not observed.
Leemans et al. [51] noted that the exact frequency of acces-
sory spleen is not known, but is estimated to be between 10 and
30% in humans, and the immunohistological structure of the
accessory spleen was similar to that of the normal spleens. In
the present study, histopathological examinations of the acces-
sory spleen revealed no changes, and the histological structure
of accessory spleen was similar to that of the normal spleen.
The accessory spleen observed in the present study contained
only a minute amount of accessory tissue, and it was not consid-
ered to be a malformation. Short supernumerary rib is classified
as skeletal variation [52], and the incidence of this change in
the historical control data of the laboratory that performed the
present study was 13.3% (31 of the 240 fetuses). DBTCI caused
no skeletal retardation, as evidenced by no significant changes
in the number of ossified centers of the vertebral column or the
length of the humerus, radius, ulna, femur, tibia or fibula. Cha-
houd et al. [53] noted that variations are unlikely to adversely
affect survival or health, and might result from a delay in growth
or morphogenesis; the fetuses otherwise following a normal pat-
tern of development. Furthermore, morphological examinations
of aborted or dead embryos/fetuses in the DBTCl-treated groups
revealed no anomalies. Considered collectively, these findings
suggest that the morphological changes observed in the fetuses
in the present study do not indicate a teratogenic response, and
that DBTC] possesses no teratogenic potential in cynomolgus
monkeys.

In conclusion, the administration of DBTCI to pregnant
cynomolgus monkeys throughout organogenesis had an adverse
effect on embryonic/fetal survival, but had no adverse effects
on fetal morphological development, even at a maternal toxic
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dose level. The data from the present study indicate that DBTC]
shows embryonic/fetal lethality in monkeys.
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ABSTRAGT: In this study, we examined the adverse effects of dibutyitin on initiation and maintenance of
pregnancy after maternal administration during early pregnancy in mice. Following successful mating,
fermale ICR mice were given dibutyltin dichloride (DBTCI) at 0, 7.8, 15.2, or 30.4 mg/kg bw/day by gastric
intubation on days 0-3 or days 4~7 of pregnancy. Female mice were sacrificed on day 18 of pregnancy,
and the pregnancy outcome was determined. After administration of DBTC! on days 0-3, the rate of non-
pregnant females and the incidence of preimplantation embryonic loss were significantly increased at
30.4 mg/kg bw/day. The incidences of postimplantation embryonic loss in females given DBTC! on days

0-3 at 15.2 mg/kg and higher and on days 4-7 at 7.6 mg/kg bw/day and higher were increased. No
increase in the incidence of fetuses with external malformations was observed after the administration of
DBTC! on days 0-3 or days 4-7. A decline in the serum progesterone levels was detected in mice given
DBTCI at 30.4 mg/kg bw/day on days 0-3 or days 4-7 of pregnancy. The data show that DBTCI adversely
affects the initiation and maintenance of pregnancy when administered during early pregnancy in mice
and suggest that the decline in serum progesterone levels is responsible for pregnancy failure. © 2007 Wiley

Periodicals, Inc. Environ Toxicol 22: 44-52, 2007.

Keywords: dibutyltin dichloride; organotin; pregnancy failure; early embryonic loss; progesterone

INTRODUCTION

Organotin compounds are chemicals widely used in agri-
cultiire and industry. Disubstituted organotin compounds
are commercially the most important derivatives, being
used as heat and light stabilizers for polyvinyl chloride
(PVC) plastics to prevent degradation of the polymer dur-
ing the melting and forming of the resin into its final prod-
ucts, as catalysts in the production of polyurethane foams,
and as vulcanizing agents for silicone rubbers (Piver, 1973;
WHO, 1980). Wide-spread use of organotin compounds has
caused increasing amounts to be released into environment.

Correspondence to: M. Fma; e-mail: ema@nihs.go.jp

Contract grant sponsor: Ministry of Health, Labor and Welfare, Japan.

Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/tox.20232

© 2007 Wiley Periodicals, Inc.
44

_68_

The most important route of entry of organotin compounds
as nonpesticides into the environment is through the leach-
ing of organotin-stabilized PVC by water (Quevauviller
et al., 1991), and its use in antifouling agents resulting in
the eniry of organotin into the aquatic environment
(Maguire, 1991). The identification of dibutyltin (DBT) and
tributyltin (TBT) in aquatic marine organisms (Sasaki
et al., 1988; Lau, 1991) and marine products (Suzuki et al.,
1992) has been reported. TBT is degraded spontaneously
and biochemically via a debutylation pathway to DBT in
the environment (Seligman et al.,, 1988; Stewart and de
Mora, 1990). Food chain bioaccumulation of butyltin in
oysters (Waldock and Thain, 1983), mud crabs (Evans and
Laughlin, 1984), marine mussels (Laughlin et al., 1986),
Chinook salmon (Short and Thrower, 1986), and dolphin,
tuna, and shark (Kamnan et al., 1996) has been reported.
These findings indicate that butyltins accumulate in the
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food chain and are bioconcentrated, and that humans can be
exposed to butyltins via food. '

Organotins possesses toxic effects on reproduction and
development in experimental animals (Ema and Hirose,
2006). We previously reported that dibutyltin dichloride
(DBTCI) by gavage throughout the period of organogenesis
resulted in a significant increase in the incidence of fetal
malformations in rats (Ema et al., 1991) and that rat embryos
were highly susceptible to the teratogenic effects of DBTCI
when administered on day 7 and day 8 of pregnancy (Ema
et al., 1992). Tetrabutyltin (TeBT) is metabolized to TBT,
DBT, and .monobutyltin (MBT) derivatives (Fish et al.,
1976; Kimmel et al., 1977). The TBT compound is metabo-
lized to DBT and MBT derivatives and DBT is métabolized
to MBT derivatives (Iwai et al., 1981). The developmental
toxicity studies on butyltins suggest that the teratogenicity
of DBT is different from those of TeBT, TBT, and MBT in
its mode of action, because the susceptible period for tera-
togenicity and types of malformations induced by DBT are
different from those induced by TeBT, TBT, and MBT
(Ema et al.,, 1995, 1996). Tributyltin chloride (TBTC])
(Harazono et al., 1996, 1998ab) and DBTC (Ema and Har-
azono, 2000ab) during early pregnancy produced preg-
nancy failure in rats, In rats, the predominant adverse
effects on reproduction and development of TBTCI and
DBTCI on days 0-3 of pregnancy were a decrease in the
pregnancy rate and an increase in the incidence of preim-
plantation embryonic loss, and TBTCI and DBTCI on days
4-7 of pregnancy mainly caused postimplantation embry-
onic loss (Harazono et al., 1998b; Ema and Harazono,
2000ab). The doses of DBTCI that caused early embryonic
loss were lower than those of TBTCI (Ema and Harazono,
2000b). Thus, the possibility exists that DBTCI and/or
metabolites participate in the induction of early embryonic
loss due to TBTCI.

- The reproductive and developmental effects of organotin
compounds, including DBT, were extensively investigated
in rats (Ema and Hirose, 2006). We are unaware of any
studies in which the adverse effects of DBT on initiation
and maintenance of pregnancy have been assessed in mice.
Studies in mice would be of great value in evaluating the
reproductive and developmental toxicity of DBT. The pres-
ent study was therefore conducted to determine the adverse
effects on the initiation and maintenance of pregnancy of
maternal exposure to DBTCI during early pregnancy in
mice.

MATERIALS AND METHODS

Animal Husbandry and Maintenance

Male and female Crlj:CDI(ICR) mice at 8 weeks of age
were purchased from Atsugi Breeding Center, Charles
River Japan, (Yokohama, Japan). The mice were acclimat-

ized to the laboratory for 11 days prior to the start of the
experiment. Male and female mice found to be in good
health were selected for use. Female mice weére caged with
male mice and checked the following moming for signs of

- successful mating by examining vaginal plugs. The day

when vaginal plugs were detected was considered to be day
0 of pregnancy. Successfully mated females were distrib-
uted into eight groups of 12 mice each and housed individux
ally. Animals were reared on a ~y-iradiated basal diet
(CRF-1; Oriental Yeast, Tokyo, Japan) and filtered tap
water ad libitum, and maintained in an air-conditioned
room at 22°C = 3°C, with a relative humidity of 50% =+
20%, under a controlled 12 h light/dark cycle, and ventila-
tion with 10-15 air changes/hour. This study was per-
formed in 2005 at the Safety Research Institute for Chemi-
cal Compounds. (Sapporo, Japan) in compliance with the
“Law for the Humane Treatment and Management of Ani-
mals” (Ministry of the Environment, Japan, 1973), “Stand-
ards Relating to the Care and Management, etc. of Experi-
mental Animals” (Prime Minister’s Office, Japan, 1980)
and “Guidance for Animal Care and Use of the Safety
Research Institute for Chemical Compounds, Co.”

Chemicals and Dosing

DBTCI was purchased from Tokyo Kasei Kogyo (Tokyo,
Japan). The DBTCI used in this study was 99.5% pure, and
it was kept in a dark and cool place, DBTCI was dissolved
in olive oil (Wako Pure Chemical Industries, Osaka, Japan).
The female mice were dosed once daily by gastric intuba-
tion with DBTCI at a dose of 7.6, 15.2, or 30.4 mg/kg bw
(25, 50 or 100 pmol/kg bw) on days 0-3 of pregnancy or
on days 4~7 of pregnancy. The dosage levels were deter-
mined based on the results of our previous studies, in which
increases in the incidence of pre- and postimplantation em-
bryonic loss were caused in female rats gavaged with
DBTCI at 7.6 mg/kg bw/day and higher on days 0-3 and
days 4-7 of pregnancy, respectively (Ema and Harazono,
2000ab) and our dose-finding study in which no adverse
effects on embryonic survival at 15.2 mg/kg bw/day and
lower, increased embryonic loss at 30.4 mg/kg bw/day, and
one death and three pregnancy failure in four females at
60.8 mg/kg bw/day were found in mice gavaged with
DBTCI on days 0-3 of pregnancy. The volume of each
dose was adjusted to 5 mL/kg of bedy weight based on the
daily body weight. The control mice received olive oil only
on days 0-3 or days 4-7 of pregnancy. All DBTCI solu-
tions were prepared fresh daily. .

Observations

All mice were observed for clinical signs of toxicity twice a
day during the administration period and daily during the
nonadministration period. Females showing a moribund
condition were euthanized under ether anesthesia. Maternal
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TABLE I. Maternal findings in mice given DBTCI by gastric intubation on days 0-3 of pregnancy

DBTCI (mg/kg) 0 (control) 7.6 152 304
No. of females successfully mated 12 12 12 12
No. of females showing clinical signs
Dead 0 1 0 0
Moribund condition (euthanized) 0 1 1 1
Vaginal discharge 0 1 0 0
Jaundice 0 2 7* 10*
Decreased locomotor activity 0 2 1 1
Hypothermia 0 1 i 1
Soil of perigenital for 0 0 o1 0
Initial body weight (g)* 274 =20 272 %21 2712+24 272+21
Body weight gain (g)" :
Days 0-4 17211 06+12 1.2 1.6 0.3 £ 0.9%
Days 4-8 29 %15 25%26 21=%20 1615
Days 8-18 20.1 £9.1 213124 13.6£122 8.6x122
Adjusted weight gain® 89+34 9.9 =38 7.9 =48 5350
Food consumption (g)”
Days 04 182+ 1.8 15.0 = 1.9% 167 3.2 14.8 £ 2.3#%
Days 4-8 229 £49 22027 217 +35 209+ 3.5
Days 8-18 71.7 £ 10.1 710 £ 125 64.6 £13.3 57.8 £ 13.4%

“Values are given as mean * SD.
b Adjusted weight gain refers to body weight gain excluding the uterus.
* Significantly different from the control, £ < 0.05.

body weight was recorded daily, and food consumption
was recorded on days 0, 4, 8, 12, and 18 of pregnancy. The
females were euthanized by exsanguination under ether an-
esthesia on day 18 of pregnancy. The uterus was weighed
and the number of corpora lutea was recorded. The num-
bers of implantations, live and dead fetuses, and of resorp-
tions were counted. The uteri were placed in 10% ammo-
nium sulfide for confirmation of the dam’s pregnancy status
(Salewski, 1964). The live fetuses removed from the uterus
were sexed, weighed, and inspected for external malforma-
tions and malformations within the oral cavity. The placen-
tal weight was, also measured.

Analysis of Serum Steroids Hormone Levels

Blood samples were collected from the abdominal aorta
under ether anesthesia on day 4 or day 8 of pregnancy, 24 h
after the last administration of DBTC! at 0 or 30.4 mg/kg
bw/day on days 0-3 or days 4-7 of pregnancy. The serum
was separated and stored at —80°C for later assay of steroid
hormones. Serum progesterone and 173-estradiol were
measured by Teizo. Medical (Kawasaki, Japan) using the
liquid chromatography-electrospray ionization Tandem Mass
Spectrometry (LC-MS/MS, Applied Biosystems/MDS SCIEX).
The detection limits of serum progesterone and 17(-estra-
diol were 10.0 and 0.25 pg/mL, respectively. The intra- and
interassay coefficients of variation for 173-estradiol were
below 6.4% and 8.9%, respectively. The intra- and interas-
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say coefficients of variation for progesterone were below
9.0% and 7.9%, respectively.

Statistical Analysis

The statistical analysis of fetses was carried out using the
litter as the experimental unit. Maternal body weight, body
weight gain, adjusted weight gain, food consumption, num-
bers of corpora lutea, implantations, embryonic/fetal loss
and live fetuses, fetal weight, and placental weight were an-
alyzed for statistical significance as follows. Bartlett’s test
of homogeneity of variance was used to determine if the
groups had equivalent variances at the 5% level of signifi-
cance. If the variances were equivalent, the groups were
compared by one-way analysis of variance. If significant
differences were found, Dunnett’s multiple comparison test
was performed. If the groups were not equivalent, the Krus-
kal-Wallis test was used to assess the overall effects.
Whenever significant differences were noted, pair-wise
comparisons were made using the Mann-Whitney U test.
The incidences of pre- and postimplantation embryonic loss
and fetuses with external malformations were analyzed
using Wilcoxon’s rank sum test. The incidence of clinical
signs in dams, pregnancy, nonpregnancy, and litters with
fetal malformations, and the sex ratio of live fetuses were
analyzed using Fisher’s exact test. The levels of serum pro-
gesterone and 17f-estradiol were analyzed by Student’s /-
test. The 0.05 level of probability was used as the criterion
for significance.
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TABLE Il. Reproductive and developmental findings in mice given DBTCI by gastric intubation

on days 0-3 of pregnancy
DBTCI (mg/kg) 0 (control) 7.6 152 304
No. of females successfully mated 12 12 12 12
No. of nonpregnant females 1 3 4 7*
No. of pregnant females 11 9 8 5%
No. of implantations per female®® 95=%51 9871 83x70 54x67
Pre-implantation loss per female (%)™° 9.7 29.7° 34.0 58.3%
No. of pregnant females surviving until scheduled sacrifice 11 8 7 4
No. of litters totally resorbed 0 0 1 1
No. of corpora lutea per litter™® 105 =43 13.1+49 124 £ 44 133+ 1.3
No. of implantations per litrer™ 104 =43 126 £ 49 123+ 44 13313
Pre-implantation loss per litter (%)% 15 33 1.1 0
No. of post-implantation loss per litter™d 1.0+10 1.1x15 4.1+£32 40*+54
Post-implantation loss per litter (%)™ 10.1 14.1 41.3% 322
No. of live fetuses per litter™? 9442 11.5%53 81x50 9.3+ 6.2
Sex ratio of live fetuses (male / female) 50/53 47/45 30/27 21/16
Body weight of live fetuses (g)*

Male 1.54 £ 0.19 130 £ 0.12% 1.14 = 0.22% 1.12 + 0.10%*

Female 142 = 0.15 1.28 = 0.20 1.08 = 0.26% 1.01 £ 0.11%
Extemnal examinations of fetuses

No. of fetuses (litters) examined 103 (11) 92 (8) 57 (6) 37(3)

No. of fetuses (litters) with anomalies 1(1) 0 1(1) 0

Cleft palate 1 0 1 0

Kinked tail 0 0 1 0
Placental weight (mg)® 125 + 56 116 £ 15 120+ 17 119+ 16

“Values are given as mean =+ SD,
bValues obtained from females successfully mated,

“Value obtained from 11 females, because corpora lutea were indistinguishable in one femnale.

“Values obtained from pregnant females surviving until scheduled sacrifice.
*[(No. of corpora lutea—no. of implantations)/no. of corpora lutea) x 100.

fNo. of resorptions and dead fetuses/no. of implantations) x 100.
* Significantly different from the control, P < 0.05.

RESULTS

Administration of DBTCI on Days 0-3
of Pregnancy

Table I shows the maternal findings in mice given DBTCI
on days 0-3 of pregnancy. One death was observed at 7.6
mg/kg bw/day, and one female each showed a moribund
condition at 7.6, 15.2, and 30.4 mg/kg bw/day, and was en-
thanized., The female mice in the DBTCl-treated groups
showed vagina discharge, jaundice, decreased locomotor
activity, hypothermia and/or soiled perigenital fur, and the
incidence of females showing jaundice was significantly
increased at 15.2 mg/kg bw/day and higher. A significantly
decreased body weight gain on days 0—4 was noted at 30.4
mg/kg bw/day. Food consumption on days 0-4, days 4-8,
and days 8-18 in the DBTCl-treated groups were reduced,
and significantly decreased food consumptions on days 0-4
at 7.6 and 30.4 mg/kg bw/day and on days 8-18 at 30.4 mg/
kg bw/day were observed. :
The reproductive and developmental findings in mice
given DBTCI on days 0-3 of pregnancy are shown in

Table II. The total absence of any implantation site, i.e.,
nonpregnancy, was found in one, three, four, and seven
of the 12 females in the control, 7.6, 15.2, and 30.4 mg/
kg bw/day groups, respectively. In the successfully
mated females, the pregnancy rate was significantly de-
creased, and the incidence of preimplantation embryonic
loss per females was significantly increased at 30.4 mg/
kg bw/day. In the pregnant females that survived until
the scheduled sacrifice, the number of corpora lutea per
litter, implantations per litter, live fetuses per litter, the
incidence of litters totally resorbed and of preimplanta-
tion loss per litter, and the sex ratio of live fetuses were
not significantly different between the control and
DBTCl-treated groups. The incidence of postimplanta-
tion loss per litter was increased in the DBTCl-treated
groups, and a significant increase was observed at 15.2 mg/
kg bw/day. A significantly lower fetal weight was found
in males at 7.6 mg/kg bw/day and in both sexes at 15.2
and 30.4 mg/kg bw/day. One fetus with cleft palate in
the control group and one fetus with a cleft palate and
kinked tail in the 15.2 mg/kg bw/day group were
observed. The placental weight in the DBTCl-treated
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TABLE Hl. Maternal findings in mice given DBTCI by gastric intubation on days 4-7 of pregnancy

DBTCI (mg/kg) 0 (control) 7.6 152 304
No. of females successfully mated 12 12 12 12
No. of females showing clinical signs
Dead 0 0 1 0
Moribund condition (euthanized) 0 0 0 1
Vaginal discharge 0 0 4 4
Jaundice 0 0 2 6*
Decreased locomotor activity 0 0 0 1
Hypothermia 0 0 0 1
Initial body weight (g)* 28.1 1.8 28.1+ 1.8 281+ 1.8 282 % 1.7
Body weight gain (g)°
Days 0~4 1.6 £1.0 1.9+ 0.8 12212 1.6 £09
Days 4-8 31=x11 19+ 1.6 0.5 = 1.8* ~-03x2.1*
Days 8-18 249 =9.1 14.9 = 8.9% 2.9 6.3* 24 x2.4*
Adjusted weight gain® 83=x35 8143 32£53*% 3.8 £3.2%
Food consumption (g)*
Days 04 185 £ 1.9 18924 184 £2.7 188 1.3
Days 4-8 218 1.9 192+ 26 16.4 + 3.3* 15.6 = 3.5*%
Days 8-18 745 £ 12.1 67799 55.2 = 12.6* 572 £ 6.2*%

#Values are given as mean * SD.
b Adjusted weight gain refers to body weight gain excluding the uterus.
* Significantly different from the control, £ < 0.05.

groups was not significantly different from that in the
control group.

Administration of DBTC! on Days 4-7
of Pregnancy

Table III shows the maternal findings in mice given DBTCI
on days 4-7 of pregnancy. One death was observed at 15.2
mg/kg bw/day, and one female that showed a moribund con-
dition at 30.4 mg/kg bw/day was euthanized. The female
mice in the DBTCl-treated groups showed vaginal discharge,
jaundice, decreased locomotor activity, and/or hypothermia,
and the incidence of females with jaundice was significantly
increased at 30.4 mg/kg bw/day. The body weight gain on
days 4-8 and adjusted weight gain, which indicates the net
weight gain of female mice, at 15.2 mg/kg bw/day and
higher, and on days 8-18 at 7.6 mg/kg bw/day and higher
were significantly decreased. Food consumption on days 4-8
-and days 8-18 was significantly lowered at 15.2 mg/kg bw/
day and higher. '

The reproductive and developmental findings in mice
given DBTCI on days 4-7 of pregnancy are presented in
Table IV. Although nonpregnancy was found in one, two, and
one of the 12 females in the control, 7.6, 15.2, and 30.4 mg/kg
bw/day groups, respectively, no significant decrease in the
pregnancy rate was noted in the DBTCl-treated groups. In the
successfully mated females, the number of implantations per
fernale was significantly decreased at 15.2 mg/kg bw/day. In
the pregnant females that survived until the scheduled sacri-
fice, totally resorbed litters were found in 2 of the 11 females
at 7.6 mg/kg bw/day, 8 of the 9 females at 15.2 mg/kg bw/day,
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and 10 of the 10 females at 30.4 mg/kg bw/day. At 30.4 mg/
kg bw/day, no live fetuses were obtained. The numbers of
corpora lutea per litter, implantations per litter, and preim-
plantation loss per litter, and the sex ratio of live fetuses in
the DBTCl-treated groups were not significantly different
from those in the control group. A significant increase in the
number and incidence of postimplantation loss per litter, and
a decrease in the number of live fetuses were found in the
DBTCl-treated groups. The weights of male and female
fetuses were significantly lowered at 7.6 mg/kg bw/day. One
fetus with omphalocele, and one fetus with exencephaly and
open eyelids were observed at 7.6 mg/kg bw/day. The placen-
tal weight was not significantly different between the control
and the DBTCl-treated groups.

Serum Progesterone and 17p-Estradiol Levels

The serum progesterone and 175-estradiol levels are shown
in Figure 1. A significant reduction in the serum progester-
one levels was noted in female mice given DBTCI on days
0-3 or days 4-7 of pregnancy. Although higher levels of
serum 17-estradiol were observed after the administration
of DBTCI on days 4-7 of pregnancy, no statistically signifi-
cant difference in 17B-estradiol levels were detected
between the control and DBTCl-treated groups.

DISCUSSION

The present study was designed to evaluate the adverse
effects of DBTC] on the initiation and maintenance of
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TABLE V. Reproductive and developmental findings in mice given DBTCI by gastric intubation
on days 4-7 of pregnancy

DBTCI (mg/kg) 0 (control) 7.6 152 304
No. of females successfully mated 12 12 12 12
No. of nonpregnant females 1 1 2 1
No. of pregnant females 11 11 10 11
No. of implantations per female®® 12,6 = 44 13246 7.5 £ 5.7* 11.1£54
Pre-implantation loss per female (%)>" 8.9 89 24.7 18.3°
No. of pregnant females surviving until scheduled sacrifice 11 i1 S 10
No. of litters totally resorbed 0 2 8* 10*
No. of corpora lutea per litter™® 13.8 2.1 145+23 10652 13928
No. of implantations per litter™ 137 %21 14422 9.4+ 51 127 £ 4.1
Pre-implantation loss per litter (%)% 0.6 0.6 10.7 10.2
No. of postimplantation loss per litter™® 0.6 = 1.0 72*6.1* 8.7 = 4.8* 12.7 = 4.1*
. Post-implantation loss per litter (%)™ 4.3 48.3% 94.4% 100*

No. of live fetuses per litrer™? 13120 7.2 £ 5.6% 0.8 £ 2.3% 0
Sex ratio of live fetuses (male/female) 82/62 50/29 4/3
Body weight of live fetuses (g)*

Male 1.45 = 0.10 123 + 0.10* 1.27

Female. 1.39 £ 0.10 1.18 £ 0.14* 1.18
External examinations of fetuses

No. of fetuses (litters) examined 144 (11) 79 (9) 7

No. of fetuses (litters) with anomalies 0 2(2) 0

Omphalocele 0 1 0

Exencephaly and open eyelids 0 1 0
Placental weight (mg)® 102+ 10 99+ 12 114

“Values are given as mean * SD,

®Values obtained from females successfully mated.

“Value obtained from 11 females, because corpora lutea were indistinguishable in one female.
“Values obtained from pregnant females surviving until scheduled sacrifice.

“[MNo. of corpora lutea—no. of implantations)/no. of corpora lutea] x 100,

f(No. of resorptions and dead fetuses/no. of implantations) x 100.

*Significantly different from the confrol, P <0.05.

pregnancy following maternal exposure during early preg-
nancy in mice. The most striking finding in the present
stady is pregnancy failure, decrease in the pregnancy rate,
and litters totally resorbed, in females given DBTCI during
early pregnancy.

Death and/or moribund condition were observed after
the administration of DBTCI at 7.6 mg/kg bw/day and
higher on days 0-3 of pregnancy and at 15.2 mg/kg bw/day
and higher on days 4-7 of pregnancy, and significant
increased incidence of females showing clinical signs of
toxicity were found after the administration of DBTCI at
15.2 mg/kg bw/day and higher on days 0-3 of pregnancy
and at 30.4 mg/kg bw/day on days 4-7 of pregnancy. These
findings indicate that more severe general toxicity was
induced by DBTCI on days 0~3 of pregnancy than that on
days 4-7 of pregnancy. However, adverse effects on body
weight gain were detected after the administration of
DBTCI at 304 mg/kg bw/day on days 0-3 of pregnancy
and at 7.6 mg/kg bw/day and higher on days 4-7 of preg-
nancy. Although the recovery of body weight gain was
observed after the administration of DBTCI on days 0-3 of

pregnancy, recovery by the end of the study was not found
in females given DBTCI at 7.6 mg/kg bw/day and higher
after the administration on days 4~7 of pregnancy. Follow-
ing the administration on days 4-7 of pregnancy, a signifi-
cantly lower adjusted weight gain was also noted in females
given DBTCI at 15.2 mg/kg/day and higher. These findings
indicate that more severe adverse effects on body weight
gain were induced by DBTCI on days 4-7 of pregnancy
than that on days 0-3 of pregnancy. More severe effects of
DBTCI on body weight gain following the administration
on days 4-7 may be attributable to the significant decrease
in the number of live fetuses.

The earlier administration period, days 0-3 of pregnancy,
corresponds to the period before implantation, and the later
administration period, days 4-7 of pregnancy, corresponds to
the period when implantation is in progress and the period
shortly after implantation in mice (Rugh, 1968). We expected
that DBTCI insult on days 0-3 of pregnancy might result in
preimplantation loss of embryos; i.e., the absence or decrease
of implantation sites, and DBTC} insult on days 4-7 of preg-
nancy might result in postimplantation loss of embryos; ie.,
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Fig. 1. Serum progesterone and 173-estradiol levels in female mice given DBTCI on days
0-3 or days 47 of pregnancy. Blood samples were collected on day 4 or day 8 of preg-
nancy, 24 h after the last administration of DBTCL. Values are given as the mean = SEM of
seven or eight mice. *Significantly different from the control group, P < 0.05.

the resorption of implantation sites. The most striking adverse
effects of DBTCI on reproduction and development were a
decrease in pregnancy rate, complete-implantation failure,
when DBTCI was given to mice on days 0-3 of pregnancy.
The findings of an increased incidence of preimplantation
embryonic loss in successfully mated females, and an
increased incidence of postimplantation embryonic loss and
low fetal weight in pregnant females survived until scheduled
sacrifice after the administration of DBTCI on days 0-3 of
pregnancy may suggest that DBTCI adversely affects preim-
plantation embryos and also the later survival and growth of
embryos/fetuses when administered during the preimplanta-
tion period. On the other hand, the predominant adverse
effects of DBTCI on reproduction and development were
postimplantation loss, complete litter loss, when DBTCI was
given to mice on days 4-7 of pregnancy. The findings of an
increase in the incidence of postimplantation embryonic Joss
and a decrease in the fetal weight after administration of
DBTCI on days 4-7 of pregnancy may suggest that DBTC]
has effects on the later survival and growth of embryos/
fetuses when administered during the peri-implantation pe-
riod. Considered collectively, these findings indicate that the
manifestation of adverse effects of DBTCI on reproduction
and development varies with the stages of pregnancy at the
time of maternal exposure.

The corpora lutea are essential up to the end of pregnancy
in mice (Deansely, 1966). The embryo transport process in
mice is triggered by progesterone and requires progesterone
activity for its maintenance (Kendle and Lee, 1980). In mice,
24 h of progesterone priming is not only adequate for implan-
tation, but this priming has a long-term effect on implantation
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(Huet-Hudson and Dey, 1990). In our previous studies in rats,
increases in the incidences of early embryonic loss were
observed after the administration of DBTC! during early
pregnancy (Ema and Harazono, 2000ab). The suppression of
uterine decidualization and reduced levels of serum proges-
terone were found in female rats given DBTCI on days 0-3
or days 4-7 of pseudopregnancy (Harazono and Ema, 2003),
and lowered reproductive parameters in female rats given
DBTCI were recovered by the administration of progesterone
(Ema et al., 2003). Based on these findings, we hypothesized

" that the decline in serum progesterone levels in pregnant ani-

mals was a primary mechanism for the implantation failure
due to DBTCI in rats. In the present study in mice, a decline
in serum progesterone levels was detected after the adminis-
tration of DBTCI during early pregnancy. These findings are
in good agreement with previous findings that DBTCI
induced early embryonic loss and decreased serum progester-
one levels in pregnant rats. There is a similarity in the effects
of DBTCI on progesterone levels in early pregnancy in rats
and mice, and these suggest that the decline in the serum pro-
gesterone levels is also the factor responsible for the DBTCI-
induced pregnancy failure in mice. Early pregnancy failure
was also caused by systemic activation of the CD-40 immune
costimulatory pathway in mice (Erlebacher et al., 2004).
They noted that pregnancy failure resulted from impaired
progesterone synthesis by the corpus luteum of the ovary, an
endocrine defect in turn associated with ovarian resistance to
the gonadotropic effects of prolactin and that pregnancy fail-
ure also required the proinflammatory cytokine TNF-a and
correlated with the luteal induction of the prolactin receptor
signaling inhibitors suppressor of cytokine signaling 1
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(Socs1) and Socs3. Our results of the present study may sup-
port their argument. To further evaluate the adverse effects of
DBTCI during early pregnancy, determination of the gene
expression profile in the uterus of mice and rats is currently
in progress.

In conclusion, DBTCI adversely affects the initiation
and maintenance of pregnancy when administered during
early pregnancy in mice, and the present data suggest that
the decline in progesterone is the responsible factor for the

arly pregnancy failure in mice.
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Abstract

The Ah receptor (AhR) is a ligand-activated transcription factor. Five amino acids as candidate amino acids necessary for ligand
binding within or near the ligand-binding domain were selected based on their evolutional conservation and their aromatic nature that
could interact with xenobiotic ligands. These amino acids were changed to Ala, and the mutated AhRs were subjected to a test of their
transactivation activity in HeLa cells. Mutation of Phe318 completely lost its activity whereas other mutations only weakly impaired
activity. The Leu-substituted mutant, AhR(Phe318Leu), activated the luciferase activity to the level comparable to wild type in the cells
treated with 3-methylcholanthrene (MC) but not at all with B-naphthoflavone (B-NF). Ligand-binding activity of mutants was examined
with [PHMC i vitro. AhR(Phe318Ala) could not bind to PHMC. PHJMC bound by AhR(Phe318Leu) was competed with unlabeled

MC but not with B-NF. A structural model of the ligand-binding domain was constructed.
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and B-naphthoflavone (B-NF) into experimental animals
induces several drug-metabolizing enzymes such as
CYP1ALl in the liver. These inducers act as ligands for
the Ah receptor (AhR), and subsequently, the ligand-acti-
vated AhR activates transcription of genes encoding the
enzymes [1]. Numerous environmental pollutants, agricul-
tural chemicals, and drugs are known to serve as ligands
for the AhR. Polyhalogenated aromatic hydrocarbons such
as TCDD and coplanar polychlorinated biphenyls, polycy-
clic aromatic hydrocarbons such as 3-MC, benzo[a]pyrene
and formylindolo[3,2-blcarbazoles, and flavonoids such as
B-NF are representative potent ligands [1,2]. The most
noticeable characteristic of the ligands is that they are
organic molecules with planar aromatic rings. In resting
cells, the AhR is associated with Hsp90 in the cytoplasm
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as a soluble receptor. Owing to their lipophilic nature, it is
presumed that ligands enter into cells by simple diffusion,
and bind to the AhR. Ligand-induced conformation
change of the AhR is believed to cause exposure of its
nuclear localization signal and succeeding nuclear translo-
cation of the liganded AhR. In the nucleus, the AhR forms
a heterodimer with the Ah receptor nuclear translocator
(Arnt), and then the heterodimer binds to a specific
enhancer termed XRE (DRE or AhRE) localized in the
upstream region of target genes [1]. The AhR and Armnt
belong to the basic HLH-PAS domain protein family, Ver-
tebrate PAS domains were generally composed of two
imperfect repeated regions of about 110 amino acids
named PAS-A and PAS-B domains. PAS and HLH
domains serve as domains for dimerization with partner
PAS proteins. In addition to the dimerization function,
some PAS domains contain small organic compounds such
as heme, probably for its sensing function [3]. The PAS-B
domain of the AhR has the function of binding xenobiotic
ligands [4]. The AhR homolog is also distributed in inver-
tebrate species. Interestingly, recent studies demonstrate
that Drosophila AhR (spineless) and Caenorhabditis elegans
AhR (AhR-1) have no activity to bind foreign or endoge-
nous chemicals as ligands. Although the protein has no
ligand-binding activity, these AhRs heterodimerize with
Arnt, binding to the DNA of which sequence is the same
as XRE, and activating transcription [5,6].

In this study, we identified amino acids that play a key
role in ligand binding of the AhR by several site-directed
mutagenesis experiments. Furthermore, a three-dimension-
al model of the ligand-binding domain was constructed,
which demonstrated good agreement with the results of
the mutagenesis experiments.

Materials and methods

Construction of plasmids. pBOSFlag-mAhR-HA was constructed as
follows. Oligonucleotides, 5'-CCACCGCCCATGGACTACAAAGACG
ATGACGATAAAGGCATGGGCTGCA and 5-GCCCATGCCTTTA
TCGTCATCGTCTTTGTAGTCCATGGGCGGTGGAGCT for Flag
peptide were inserted into the Sacl and Psil site of pBluescript II. Full-
length mouse AhR c¢DNA was inserted into the HindIII site of the
generated plasmid. Using the plasmid as a template, a fragment of Flag-
mAhR-HA was generated by PCR using primers, 5-CCACCGCC
CATGGACTACAAAGACGATGACGATAAAGGCATGGGCTGCA
(forward) and 5-CTCGAGCTAGGCGTAGGTCGGGCACGTCGAG
GTCGACACACTCTGCACCTTGCTTAGGAATGCC (reverse), and
the fragment was inserted into the Xbal site of the pEFBOS vector.
Expression plasmids for mutated AhRs were produced by site- directed
mutagenesis using PCR. Construction of XRE4tkLuc was described
previously [7]. Chimeric plasmids for pFlag-mAhR-YFP were constructed
as follows. A DNA fragment containing the Flag-AhR part of pBOSFlag-
mAbR-HA was amplified by PCR, digested by BamHI and Sall and
inserted into the Nhel and Xhol sites of pEYFPN1 (Clonetech). The
resultant plasmid was digested with EcoRI and BamHI, treated with
Klenow fragment and self-ligated to make the sequence in-frame.

DNA transfection and Western blotting. Hela cells were grown in
MEM supplemented with 10% fetal bovine serum. DNA transfection into
Hela cells (grown in a 60 mm dish) was carried out by the calcium phos-
phate method using 2 pg reporter plasmid XREs-tkLuc, 1 ug pBOSFlag-
mAhR-HA, 1 pg pPBOSmArnt, and 1 pg pBOSLacZ for internal control as
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described [7]. Western blotting was performed using whole cell extracts
from COS-7 cells transfected with pBOSFlag-mAhR-HA or its AhR
mutants and a monoclonal anti-HA antibody (Roche, 12CAS5). Because of
low expression levels of the overexpressed proteins in Hela cells,
HEK293T cells were used to compare the expression levels of various
mutants of the AhR, and it was found that they were relatively evenly
expressed (data not shown).

Fluorescence observation of cells. CHO-KI cells were provided by the
Cell Resource Center for Biomedical Research, Institute of Development,
Aging and Cancer, Tohoku University. Cells grown on the cover glass
were transfected with 0.25 ug AhR-YFP fusion plasmids using FuGENE6
transfection reagent (Roche). After incubation for 40 h, cells were treated
with MC or B-NF at a given concentration for 2 or 4 h, respectively.
Imaging was performed with an Olympus BX50 fluorescence microscope
equipped with a filter set (Olympus U-MYFPHQ) and an Olympus DP70
digital camera.

In vitro binding assay. Cytosolic extracts (1 mg protein/ml) from COS-
7 cells transfected with expression plasmids for AhRs were prepared as
described [8] and [*H}-abeled MC (1 uCi, 1.2 Ci/fmmol, Moravek Bio-
chemicals) was added to 450 pl of the extracts. The mixture was incubated
at 4 °C for 2 h with or without unlabeled competitors, treated with dex-
tran-coated charcoal and subjected to fractionation by 10-30% (v/v)
glycerol gradient centrifugation at 50,000 rpm at 1 °C for 14 h.

Modeling the structure of PAS-B domain. The multiple alignment in the
homology modeling procedure was performed based on the predicted and
the observed secondary structures of the reference proteins, FixL [9],
HERG [10], PHY3 [11,12], EC DOS [13], HIF-2a [14], and PAS kinase
{15], while taking into consideration the sequence and structure conset-
vation in their families. A homology model of the mAhR PAS-B domain
was generated by means of the modeling module in Insight 2000 (Accelrys
Inc.). The docking process was performed using the docking module of the
Cerius? system (Accelrys Inc.).

Results
Transactivation activity of mutated AhR

Candidate amino acids for ligand recognition and bind-
ing were selected on the basis of the following two assump-
tions. (1) Amino acids are conserved among vertebrate
species whose AhRs exhibit ligand-binding activity, but
are not conserved in the Drosophila and C. elegans AhRs
that are deficient in binding activity. (2) Interactions
between ligands and amino acids include the stacking force
between aromatic side chains and aromatic rings of ligands
because all ligands have hydrophobic aromatic rings. There
were a number of amino acids that satisfied the first crite-
rion. Accordingly, the second criterion was placed on the
amino acids. Selection of amino acids satisfying the two
criteria revealed five aromatic amino acids within and near
the PAS-B domain as shown in Fig. 1A, The amino acids
were mutated to Ala, and the transactivation activity of
the corresponding mutated AhR was assayed. As shown
in Fig. 1B, activity decreased to the basal level in the pres-
ence of MC by mutation of Phe318 to Ala. This loss of
activity was also seen with other inducers including TCDD
and B-NF. Other mutations caused a slight decrease in the
transactivation activity. The Phe318 was changed to other
amino acids as shown in Fig. 1C, and the transactivation
activity of the mutated AhRs was assayed. Substitution
to aromatic amino acids, Tyr or Trp, showed an inducible
luciferase activity by the stimulus of MC and B-NF,





