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Summary of Reproductive Toxicity of Phenyltin Compounds

TPTs caused a decrease in male fertility duc to degenerative changes in
testicular tissue, which were associated with a marked decrease in food
consumption. Complete recovery of fertility and impairment of the sper-
matogenesis was noted following withdrawal of treatment. Female repro-
ductive failure induced by TPTs is more prominent. The harmful effects of
TPTs on the ovaries were present after 5 days of treatment, before any
significant effects on body weight gain. TPTCl during early pregnancy
caused implantation failure at relatively low doses, and TPTC] had greater
antiimplantation effects when administered during the preimplantation
period. The implantation failure due to TPTC] might be mediated by sup-
pression of uterine decidualization and correlated with the reduction in
serum progesterone levels. Implantation failure and suppression of uterine
decidualization accompanied with decreased levels of serum progesterone
were also observed in rats given DPT, a major metabolite of TPT.

Giavini et al. (1980)
Noda et al. (1991a)
Tehotzky et al. (1982)
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Developmental Toxicity of Phenyltin Compounds

Table 3.2 presents the developmental toxicity studies on phenyltin com-
pounds given to female animals during pregnancy. Several reports on the
adverse effects of phenyliins on development of offspring following mater-
nal exposurc have been published. Female 5D rats were given TPTA by
gavage at 5, 10, or 15 mg/kg on days 6 to 15 of pregnancy (Giavini ct al.
1980). TPTA caused a decrease in maternal body weight gain at 10 mg/kg
and higher, an increase in postimplantation loss at 15 mg/kg, and a reduction
of fetal ossification at 5 mg/kg and higher. Teratogenic effects of TPTA were
not found even at duses resulting in clear maternal toxicity. Depression of
maternal body weight gain and food intake at 9.0 mg/kg and higher, and
increase in postimplantation embryonic loss and decrease in fetal ossification
at 9.0 mg/kg and higher, but not teratogeriic effects, were observed in Wistar
rats after administration of T:"TA 2¢ 1.5, 3.0, 6.0, 9.0, or 12.0 mg/kg by gavage
on days 7 to 17 of pregnancy (Noda et al. 1991a). Behavioral effects of
prenatal exposure to TPTA were reported. A transient increase in spontane-
ous locomotor activity and increased mortality during the lactation period
were found in pups of CFY rats given TPTA by gavage at 6 mg/kg on days
6 ta 14 of pregnancy {Lehotzky et al. 1582). In this study, maternal rats were
free of any overt signs of toxicity. Disruptions of learning acquisition, as
evidenced by low avoidance rate in the Sidman avoidance test, and pro-
longed swimming time to the goal, and an increased number of errors in a
reversed test in the water E-maze, were observed in postnatal offspring of
Tokai High Avoiders (THA) rats received TPTA by gavage on days 6 to 20
of pregnancy at 4 or 8 mg/kg (Miyake et al. 1991). Maternal deaths and
decreased weight gain were found at 8 mg/kg, no maternal toxicity was
observed at 4 mg/kg, and no malformed offspring appcared in any group.
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Table 3.2 Developmental Toxicity of Phenyltin Compounds
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PTA
TPTA
TPTA
TPTH
TPTH
TPTCl
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Winek et al. (1978) noted that (1) SD rats given Vancide KS (TPTH) by
gavage at 20 mg/kg on days 1 to 7 of pregnancy did not produce pups nor
did they exhibit any resorption sites, {2) that only two of the six rats given
TPTH at 15 mg/kg on days 14 to 20 of pregnancy produced viable pups,
and (3) that four of the six rats given TPTH at 15 mg/kg on days 14 to 20
of pregnancy produced viable pups. Their study was conducted on only a
small number of animals and the design of the study was not described in
detail. Chemoff et al. (1990) obscrved a significant decrease in maternal body
weight gain and an increase in postimplantation embryonic loss, but not
fetal malformations, after administration of TPTH by gavage on days 6 to
15 of pregnancy at 13 mg/kg in SD rats. They stated that there was a
correlation between maternal toxicity and fetal weight and /or lethality.

Following administration of TPTCl by gavage to pregnant Wistar rats,
the maternal body weight gain and food consumption were decreased at 3.1
mg/ kg and higher on days 7 to 9 of pregnancy, and at 6.3 mg/kg and higher
on days 10 to 12 or on days 13 to 15 of pregnancy (Ema et al. 1999¢). An
increase in the incidence of postimplantation embryonic loss was found in
pregnant rats given TPTCI at 6.3 mg/kg and higher on days 7 to 9, and at
9.4 mg/kg and higher on days 10 to 12 and on days 13 to 15. A decreased
fetal weight was observed at 12.5 mg/kg on days 10 to 12 and at 9.4 mg/
kg and higher on days 13 to 15. No increase in the incidence of fetuses with
malformations was dctected after administration of TPTCl regardless of the
days of administration, These results indicate that TPTCl is developmentally
toxic and that TPTCI has greater embryolethal effects when administered
during earlier than later stages of organogenesis.
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Summary of Developmental Toxicity of Phenyltin Compounds

Maternal exposure to TPTs caused embryonic/fetal death and suppression
of fetal growth at maternal toxic doses. TPTs may cause reduction of fetal
ossification at doses that are nontoxic to the mother. TPTs did not induce an
Increased number of fetal malformations even at doses producing overt
maternal toxicity. Behavioral changes were reported in postnatal offspring
of maternal rats that received TPTs during pregnancy at doses that did not
cause overt maternal toxicity.

pseudopregnancy
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Days 0-3 or 4-7 of
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Reproductive Toxicity of Butyltin Compounds

Table 3.3 shows reproductive toxicity studies on butyltins, A decrease in the
sperm head count and vacuolization of Sertoli cells were found in ICR mice
gavaged with TBTO at 2 and 10 mg/kg twice a week for 4 weeks (Kumasaka
et al. 2002). The male reproductive toxicity of tributyltin chioride (TBTCI)
was reported in a two-generation reproductive toxicity study using Wistar
tats (Omura et al. 2001). FO females were fed a diet containing TBTCI at 5,
25, or 125 ppm {(estimated to be 0.4, 2.0, or 10.0 mg/kg) from day 0 of
pregrancy to the day of weaning of ¥l rats, Feeding of TBTCl was contimued

ICR mouse 2-10 mg/kg

Wistar rat
Wistar Tat
Wistar rat
Wistar rat
Wistar rat
Wistar rat
Wistar rat
Wistar rat

Tuable 3.3 Reproductive Toxicity of Butyltin Compounds
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throughout the premating, mating, gestation, and lactation periods, for two
generations. TBTC] affected the male reproductive system. The effects of
TBTCL in the F2 generation were greater than those in the F1 generation.
Body weight gain was consistently suppressed at 125 ppm in Fl and F2
males. The weights of the testis and epididymis were decreased and homog-
enization-resistant spermatid and sperm counts were reduced mainly at 125
ppm. Ventral prostate weight and spermatid count were decreased at 125
ppm in P1 males and at 25 and 125 ppm in F2 males. The scrum 17-estradiol
levels were decreased at 125 ppm in F1 and F2 males, but serum levels of
luteinizing hormone and testosterone were not deercased. Omura et al.
(2001) note that these changes corresponded with those caused by aromatase
inhibitor and suggest that TBTCI might cause a weak aromatase inhibition
in male rats.

Regarding female reproductive toxicity, the resulis with female rats in
the above-mentioned two-generation reproduction study were reported by
Ogata et al. (2001). Decreases in body weight gain during pregnancy, total
number and average body weight of pups, and live birth index were
observed at 125 ppm in FO and F1 dams. Body weight gain was consistently
suppressed at 125 ppm in F1 and F2 females. Delayed vaginal opening and
impaired estrous cyclicity were found at 125 ppm in F1 and F2 females. The
normalized anogenital distance (AGD) was increased at 5 ppm and higher
in F1 females on postnatal day 1, and at 125 ppm in F1 and F2 females on
postnatal days (PNDs) 1 and 4. These results show that a whole-life exposure
to TBTCl affects the sexual development and reproductive function of female
rats. They noted that TBTCl-induced increase in female AGD scems to sug-
gest that it may exert a masculinizing (androgenic) effect on female pups.

Pemale Wistar rats were administered TBTCI by gavage at 8.1, 12.2, or
16.3 mg/kg on days 0 to 7 of pregnancy, and the adverse effects of TBTC]
on implantation and maintenance of pregnancy were determined (Hrazono
et al. 1996). Decreases in maternal body weight gain at 12.2 mg/kg and
higher, and food consumption at 8.1 mg/kg and higher, were found. Implan-
tation failure was found at doses that also produced maternal toxicity. The
pregnancy rate was significantly decreased at 12.2 mg/kg and higher. In
females having implantations, the numbers of corpora lutea, implantations,
and postimplantation loss, were comparable across all groups. To cxamine
whether pregnancy failure was the result of the effects of TBTCI or maternal
malnutriion from reduced food consumption, a pair-feeding study was
performed. The results show that the pregnancy failure abserved in the
TBTCl-treated group is due to the effects of TBTCL, not to the maternal
malnutrition from reduced food consumption (Harazono et al. 1998a). The
adverse effects of TBTCI on implantation and maintenance of pregnancy
after administration during the pre- or periimplantation period were evalu-
ated. Female Wistar rats were given TBTCL by gastric intubation on days 0
to 3 of pregnancy at 4.1, 8.1, 16.3, or 325 mg/kg, or on days 4 to 7 of
pregnancy at 8.1, 16.3, 32.5, or 65.1 mg/kg, and pregnancy outcome was
determined on day 20 of pregnancy (Harazono et al. 1998b). TBTCl on days
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respectively. The doses of DBTCI that caused early embryonic loss were
lower than those of TBTCI (Harazono et al. 1998b). Thus, it is Likely that
DBTCI and/or its metabolites can be considered the agents responsible for
early embryonic loss induced by TBTCL Suppression of uterine decidualiza-
tion accompanied by reduced levels of serum progesterone was found in
pseudopregnant rats given DBTCI at doses that cansed implantation failure
{Harazone and Ema 2003), and administration of progesterone protected, at
least in part, against the DBTCl-induced implantation failure (Ema et al.
2003). These results suggest that the decline in progesterone levels is a
primary mechanism for the implantation failure due to DBTCI. Administra-
tion of butyltin trichloride (MBTCY) on days 0 to 3 or on days 4 to 7 of
pregnancy did not cause pre- or postimplantation loss, even at 903 mg
{equivalent to 3200 pmol)/kg in Wistar rats (Ema and Harazono 2001). It is
unlikely that MBTCl and/or metabolites are actively involved in the early
embryonic loss due to butyltins. The dose levels of DBTCI that suppressed
the DCR were lower than the effective doses of TBTCI on a molar base, The
similarity of effects and equivalent or greater effectiveness of DBTCI may
suggest that DBETC] participates in the inhibition of DCR and in the decrease
in serum progesterone levels associated with TBTCL Although increased
Jevels of serum estradiol on day 9 of pseudopregnancy was observed in rats
given TBTCL on days 0 to 3 (Harazono and Ema 2000), administration of
DBTCI did not affect serum estradjol levels. Thus, the mechanisms of TBTC]
and DBTCI adversely affecting ovarian function might be different, Furiher
studies are needed to determine the effects of TBTC] and DBTCI on the
- maternal endocrine system, including ovarian function.

Summary of Reproductive Toxicity of Butyltin Compounds

In a rat two-generation reproductive toxicity study, TBTC) affected the male
and female reproductive system, TBTCI caused decreases in weight of the
testis, cpididymis, and ventral prostate, and spermatid and sperm counts in
male offspring. The serum ee:radioi ievels decreased in male offspring, but
serum levels of luteinizing hormone and testosterone did not decreasc, Total
number and average body weight of pups, and live birth index decreased.
Delayed vaginal opening and impaired estrous cyclicity were found in
female offspring. The AGD increased even at 0.4 mg/kg in female offspring.
TBTC] during early pregnancy caused implantation failure in rats. Implan-
tation failure due to TBTCl may be mediated via the suppression of uterine
decidualization and correlated with the reduction in serum progesterone
levels, Implantation failure was also observed following administration of
DBIC), at lower doses than TBTCl, during early pregnancy. Suppression of
uterine decidualization, accompanied by reduced levels of serum progest-
erone, was also observed in pseudopregnant rats given DBTC] at doses that
induced implantation failure, Administration of progesterone protected, at
least in part, against the DBTCl-induced implantation faifure. Administra-
tion of MBTCl during early pregnancy did not cause pre-~ or postimplantation

38 Metals, Yertility, und Reproductive Toxicity

0 to 3 at 16.3 mg/kg and higher and on days 4 to 7 at 65.1 mg/kg caused a
decrease in pregnancy rate and an increase in preimplantation embryonic
Joss. TBTCI on days 4 to 7 of pregnancy caused a significant increase in the
incidence of postimplantation loss at 16.3 mg/kg and higher. The resulis
show that the manifestation of adverse effects of TBTCl varies with gesta~
tional stage at the time of matemal exposure, and that TBTCI during the
preimplantation period causes implantation failure, while TBTCl during the
periimplantation period adversely affects the viability of implanted embryos.

Fernale Wistar rate were given TBTCL by gavage on days 0 to 3 or on
days 4 to 7 of pseudopregnancy, and the effects of TBTCl on the uterus, as
a cause of implantation failure, were evaluated according to the same pro-
cedures described above, After administration of TBTCL on days 0 to 3 of
pseudopregnancy, 2 decrease in the uterine weight was detected at 16.3 mg/
kg and higher (Harazono and Ema 2000), Decreased levels of serum proges-
terone occurred on day 9 at 16,3 mg/kg and higher and on day 4 at 8.1 mg/
kg and higher, and increased levels of serum estradiol at 32.5 mg/kg were
observed after adminisiration on days @ to 3. Following administration of
TBTCl on days 4 to 7 of pseudopregnancy, uterine weight and serum proges-
terone levels on day 9 decreased at 16.3 mg/kg and higher. The doses that
induced decreases in uterine weight and serum progesterone levels in
pseudopregnant rats are consistent with those that induced pre- and postim-
plantation loss in pregnant rats. These cesults indicate that TBTCl suppresses
uterine decidualization correlated with a reduction in serum progesterone
levels, and suggest that the decline in uterine decidualization and serum
progesterone levels participate in the induction of implantation failure
induced by TBTC).

TBT compound is reported to be metabolized to di- and MBT derivatives,
and DBT was metabolized to MBT in rats (Fish et al. 1976, Kimnmel et al.
1977, Ishizaka et al. 1989, Iwai et al. 1981). The adverse effects of dibutyltin
dichloride (DBTCI) on the implantation and maintenance of pregnancy, and
the role of DBT in the reproductive toxicity of TBT were evaluated after
maternal exposure during the pre- or periimplantation period (Ema and
Harazono 2000). Female Wistar rats were given DBTCl by gastric intubation
at 3.8, 7.6, or 15.2 mg/ kg on days 0 to 3 or on days 4 to 7 of pregnancy. The
pair-feeding study was also performed. After administration of DBTCI on
days 0 to 3, the pregnancy rate in the 7.6 mg/kg group was lower than in
the control group, and that in the 15.2 mg/kg group was lower than in the
control and pair-fed groups. The incidence of postimplantation embryonic
loss in the groups given DBTCl on days 4 to 7 at 7.6 and 15.2 mg/kg was
higher than in the control and pair-fed groups. Early embryonic loss was
considered to be due to the effects of DBTC, not to maternal malnutrition
from reduced feed consumption, and the lowest dose of DBTCI inducing
early embryonic loss was conservatively estimated at 7.6 mg (25 pmol)/kg.
An increase in the incidence of implantation failure was observed after
administration of TBTC], the parent compound of DBTCI, at 16.3 mg (50
pmol)/kg and higher on days 0 to 3 and on days 4 to 7 of pregnancy,
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loss even at 903 mg/kg. These results suggest that DBT may be responsible
for the TBT-induced implantation failure, and that the decrease in serum
progesterone levels may be a primary factor in implantation failure due to
butyltins.

Developmental Toxicity of Butyltin Compounds

In Vivo Developmental Toxic Effects of Butyltin Compounds
Studies on developmental toxicity of butyltins are shown in Table 3.4, Several
studies concerning the developmental toxicity of TBTO have been conducted
in mice and rats, Davis et al. (1987) reported that an increased incidence of
resorptions, reduced fetal weight, and an increased incidence of cleft palate
were accompanied by a marked decrease in maternal weight gain after
administration of TBTO by gavage to NMRI mice on days 6 to 15 of preg-
nancy, TBTO at 11.7 mg/kg was the lowest dose resulting in reduced mater-
nal weight with no indication of decreases in litter size and fetal weight. At
35 mg/ kg, the incidence of resorptions was 59% and fetal weight was mark-
edly lowered. Doses lower than 11.7 mg/kg did not canse clear-cut terato-
genic effects, and the incidences of cleft palate were 7% at 11.7 mg/kg and
48% at 35 mg/kg. They concluded that cleft palate might be a nonspecific
toxic effect and not a teratogenic effect of TBTO. Swiss albino mice received
TBTOby gavage at on days 6 to 15 of pregnancy (Baroncelli et at. 1990, 1995).
In the prenatal study, a decrease in maternal weight gain and fetal weight
were found, along with high embryolethality, but no increased incidence of
fetal malformations were found at 40 mg/kg (Baroncelli et al. 1990). In the
postnatal study, reduced litter size and pup weight at 20 mg/kg and higher,
increased percentage of daras that had not built a nest at 10 mg/kg and
higher, and decreased maternal weight gain and increased number of carly
or late deliveries at 5 mg/kg were detected. No malformations in pups were
observed (Broncelli et al. 1995). Nonspecific alterations of hematological
parameters and thymus or spleen weights were noted in dams and offspring
of Swiss mice after administration of TBTO by gavage at 5,10, or 20 mg/kg
on days 6 to 15 of pregnancy (Karrer et al. 1995). A high incidence of cleft
palate (11.4 percent) was found at 27 mg/kg in Han:NMRI mice given TBTO
by gavage on days 6 to 17 of pregnancy (Faqi et al. 1997). At this dase, two
fetuses exhibited a bent radius, eight fetuses were observed with a short
mandible, and five fetuses showed a fusion of the occipital bones with their
basal parts, In this study, no signs of toxicity in maternal and fetal mice were
detected up to the dose of 13.5 mg/kg. Long Evans rats were given TBTO
by gavage at 2.5, 5, 10, 12, or 16 mg/kg on days 6 to 20 of pregnancy, allowed
to give birth, and pups were examined (Crofton et al. 1989). Maternal body
weight gain, and pup litter size, weight, and viability on PNDs 1 and 3 were
decreased at 10 mg and higher. A 3% incidence of cleft palate was detected
at 12 mg/kg. There were no pups born with malformations at 10 mg/kg
and lower. Vaginal opening was delayed in fernales exposed to 10 mg/kg.
Motor activity was decreased on PND 14 at all doses. Adult brain weight
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was reduced at 10 mg/kg. THA rats were given TBTO by gavage at 5 or 10
mg/kg on days 6 to 20 of pregnancy and allowed to deliver spontaneously,
and pups were examined (Miyake et al. 1990). All pups died by PND 3 at
10mg/ kg In pups at 5 mg/kg, prenatal TBTO disrupted Jeamning acquisition
in the Sidman avoidance test and a reversal test in the water E-maze.

Pregnant Wistar rats were given tributyltin acetate (TBTA) by gavage at
1,2,4,8, or 16 mg/kg on days 7 to 17 of pregnancy (Noda et al. 1991b), An
increase in incidences of intrauterine deaths, cleft palate, and low fetal
weight were found at 16 mg/kg. This dose level also induced severe reduc-
tions jn maternal weight gain and food consumption, and TBTA at 4 mg/
kg and higher lowered maternal thymus weight. Noda et al. (1991b) con-
cluded that the observed teratogenic effects may not be a specific action of
TBTA because their results were similar to those of Davis et al. {1987).

No live fetuses were obtained in Wistar rats treated with TBTCl at 25
myg/kg by gavage on days 7 to 15 of pregnancy (Itami et al. 1990). Maternal
toxicity at 9 mg/kg and higher, and skeleta) retardation in fetuses at 5 mg/
kg and higher were observed, but fetal malformations were not found. An
increase in placental weight was found at 5 mg/kg and higher. To obtain
more precise information on the effects of TBTCl on fetal development,
Wistar rats were given TBTCI by gavage at relatively high doses during a
shorter period, at 25 or 50 mg/kg on days 7 to 9, at 50 or 100 mg/kg on
days 10 to 12, or at 25, 50, or 100 mg/kg on days 13 to 15 of pregnancy (Fma
et al, 1995a). A decrease in maternal weight gain was observed in all groups
regardiess the days of administration. An increase in incidence of postim-~
plantation embryonic loss was found in pregnant rats given TBTCl on days
7 to 9 at 25 mg/kg and higher, and on days 10 to 12 at 100 mg/kg, but not
in pregnant rats given TBTCl on days 13 to 15 at up to 100 mg/kg. A lower
fetal weight was observed in pregnant rats given TBTCI on days 10 to 12 at
50 and 100 mg/kg, and on days 13 to 15 at 100 mg/kg. An increased
incidence of fetuses with malformations was detected after administration
of TBTCI on days 10 to 12 at 100 mg/kg, and on days 13 to 15 at 25 mg/kg
and higher. The most predc.ninant malformation was cleft palate. These
results indicate that the manifestation of abnormal development induced by
TBTCI varies with developmental stage at the time of administration, and
that TBTCI has teratogenic potential with developmental phase specificity.
The most susceptible day to the teratogenicity of TBTC] was determined by
a single administration on one of the days during organogenesis (Ema et al.
1997b). An increase in incidence of fetuses with external malformations was
detected when TBTCl was given an day 8 at 100 and 200 mg/kg, or on day
11, 12, 13, or 14 at 200 mg/kp, and the most pronounced effect was seen
after administeation on day 13 of pregnancy. Cleft palate was mainly
observed after administration of TBTCL These findings indicate that TBTCI
has a biphasic teratogenicity on day 8 and on days 11 to 14 of pregnancy.
Pregnant SD rats were gavaged with TBTCl at 0.25, 2.5, 10, or 20 mg/kg on
days 0 to 19 of pregnancy, or at (.25, 25, or 10 mg/kg on days 8 to 19 of
pregnancy, and pregnancy outcome was assessed (Adeeko et al. 2003). A
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adrenal glan or colon were also found in offspring. Decreased serum levels
of creatinine, triglycerides, and magnesium in female offspring and of thy-
roxine in male offspring were found at 2.5 mg/kg. Decreased weight of the
spleen in male offspring and the thymus in female offspring were observed
at 0.25 mg/kg. Significant cffects on growth profiles in male and female
offspring, and decreased liver weights in female offspring were noted even
at 0.025 mg/kg (Cooke ct al. 2004). Immunotoxic effects of TBTCl were
determined in these rat offspring (Tryphonas et al. 2004), Thymus atrophy,
an increase in the number of natural killer cells and immunoglobulin M
(IgM) levels, a decrease in the Ig(G2a levely at 2.5 mg/kg, and an increase in
the mean percentage immature T lymphocytes and IgG levels at 0.25 mg/
kg and higher were observed in offspring. Significant effects were found
more frequently at 0.25 mg/kg and higher, and minor effects were observed
at 0.025 mg/kg. Tryphonas et al. (2004) concluded that the low levels of
TBTC] affected humoral and cell-mediated immunity, and the number and
function of cells involved in the hosts immunosurveillance mechanisms
against tumors and vital infections in rat offspring,

Postmatal behavioral changes in pups of SD rats that received TBTCl
prenatally on days 6 to 20 of pregnancy, at doses not toxic to the mother,
were also reported (GArdlund et al. 1991). An increase in spontaneous activ-
ity, such as locomotion, rearing, and tota) activity, retarded acquisition in
radial arm maze performance, and potentiation of d-amphetamine-induced
hyperactivity were observed at 1 and 5 mg/kg.1

The adverse cffects of DBT, a major metabolite of TBT, on embryonic/
fetal development were assessed after maternal administration during orga-
nogenesis; Pregnant Wistar rats were given DBTA by gavage at 1.7, 5, or 15
mg/kg during the whole period, on days 0 to 19, of pregnancy (Neda et al.
1988), At 15 mg/kg, a decrease in body weight gain and thymus weight in
dams, and a low body weight and increased number of fetal malformations
occurred. Administration of DBTA by gavage during the organogenetic
period, on days 7 to 17, of pregnancy at 10 mg/kg and higher also caused
increased fctal malformations, such as cleft mandible, cleft fower lip, anky-
loglossia, schistoglossia, exencephaly, anury, vestigial tail, and deformity of
the ribs and vertebrac (Noda et al. 1992a), Decreases in thymus weight and
fetal weight at 10 mg/kg and higher, and decreases in matemal weight gain
at 15 mg/kg were observed following administration of DBTA on days 7 to
17 of pregnancy. The most susceptible gestational day to teratogenicity of
DBTA in rats was day 8 of pregnancy (Noda et al. 1992b). Occurrences of
similar types of fetal malformations after administration of DBTA on day 8
of pregnancy were also reported in other papers (Node et al. 1993, 1994,
2001). Teratogenic effects of DBTC! were also studied in Wistar rats. Female
rats were given DBTCI by gavage at 2.5, 5.0, or 7.5 mg/kg on days 7 to 15
of pregnancy (Ema et al. 1991). The incidence of fetal malformations was
increased and roughly proportional to the dose of DBTCI administered at
5.0 mg/kg and higher. Cleft jaw, ankyloglossia, omphalocele, anomaly of
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reduced maternal weight gain, decrease in pregnancy rate, inercase in
postimplantation loss, and decrease in feta] weight were found after admin.
istration of TBTCI at 20 mg/kg on days 0 to 19. These findings support the
previous results (Farazono et al. 1996, 1998a, b) in which TBTC] during early
pregnancy at 12.2 mg/kg and higher caused increases in pre- and postim-
plantation loss. The incidence of fetal malformations was not increased in
any TBTCl-treated groups. An increase in normalized AGD of male fetuses
was detected at 0.25 mg/kg and higher on days 0 to 19, but not at any dose
on days 8 to 19, even at the highest dose level. Hormonally active agents are
known to affect mammalian internal and external genitalia when adminis-
tered during sex differentiation (i.e., the perinatal petiod) (Schardein 2000).
It is reported that days 16 to 17 of pregnancy were the most sensitive for
finasteride-induced feminizing effects, including a decrease in AGD in male
rat offspring (Clark et al 1993), and that the period of days 15 1o 17 of
pregnancy was the most susceptible for dibutyl phthalate~induced decrease
in the AGD of male rat offspring (Ema et al. 2000). There are discrepancies
in the effects of TBTCI on the AGD between outcomes after exposure on
days 0 to 19 and on days 8 to 19 of pregnancy, and between this study and
previous reports in which whole-life exposure to TBTCI caused increase in
female AGD in rat two-generation reproductive studies (Ogata et al. 2001),
In vitro studies showed that TPT and TBT had an ability to activate androgen
receptor mediated transcription in mammalian cells (Yamabe et al. 2000).
TPTCl, TBTC, and DBTC! caused aromatase inhibition in the human ade-
nocortical carcinoma cell line (Sanderson et al. 2002). Although TeBT and
MBTC! had no effect on cither human 5-reductase type 1 or type 2, TBTCL
and DBTCl influenced the human 5-reductase isozymes (Doering et al. 2002).
DBTC! specifically inhibited brain 5-reductase type 1 with no effect on pros-
tate 5-reductase type 2. TBTCI inhibited both isoenzymes. Doering et al.
{2002) noted that the inhibition of the TBTC inhibited both isoenzymes. Type
2 could potentially disturb nonnal male physiology. These in vitro findings
may explain the iz ivo reproductive and developmental outcomes induced
by organotins. Adeeko et al. {2003) alse noted that reduced fetal ossification
of the sternebrae was found at 10 mg/kg and higher, for which fetal weights
at 10 mg/kg were in normal range, and TBTCI at 10 mg/kg and higher
during pregnancy decreased maternal circulating thyroid hormone levels
and increased the weight of the placenta. They noted that the TBTCl-induced
disturbances in maternal thyroid hormone homeostasis could contribute to
the reduction in fetal ckeletal ossification.

Pregnant SD rats were gavaged with TBTCI at 0.025, 0.25, or 2.5 mg/kg
from day 8 of pregnancy until weaning, and offspring were gavaged with
the same dose of TBTCI given to their mothers until adulthood (Cooke et
al. 2004, Tryphonas et al. 2004), No effects of TBTCl on body weight, food
consumption, or histopathological findings in the thyroid, liver, adrenal or
colon were observed in maternal rats, No effects of TCBTCI on litter size,
sex ratio, postnatal survival rate, or histopathological findings in the liver,
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the tail, defect of the mandible, deformity of the vertebral column and ribs,
and microphthalmia were frequently observed. In this study, decreascs in
matemnal weight gain and food consumption was observed at 7.5 mg/kg
and higher. These results indicate that DBTCI produce teratogenic effects in
the absence of overt maternal toxicity. However, the thymus weight was not
determined. The susceptible gestational days to teratogenicity of DBTCI was
determined after adiministration of relatively high doses of TBTCl on days
7 to 9, on days 10 to 12, or on days 13 to 15 of pregnancy (Ema et al. 1992).
An increase in fetal malformations and postimplantation loss was detected
after administration of DBTCI at 20 mg/kg on days 7 to 9, but neither was
detected on days 10 to 12 nor on days 13 to 15, The data of the study in
which pregnant rats were given a single dose of DBTCI by gavage showed
that developing offspring were not susceptible to teratogenicity of DBTC1
on day 6, and that day 7 was the earliest susceptible period, day 8 was the
most susceptible period, and day 9 was no longer a susceptible period with
respect to the teratogenicity of DBTCI (Ema et al. 1992). Occurrences of
similar types of fetal malformations after adminigtration of DBTCI on day 8
or on days 7 to 8 of pregnancy were also reported in rats (Noda et al. 1993,
Ema et al. 1995b). Farr et al. (2001) also reported the developmental toxicity
of DBTCI in rats. Wistar rats were administered DBTCI by gavage at 1, 2.5,
5, or 10 mg/kg on days 6 to 15 of pregnancy. Decreases in maternal weight
gain, food consumption, and thymus weight, but not developmental indi-
cators, were observed at the highest dose tested, 10 mg/kg. At this dose,
four fetuses out of 262 fetuses had malformations, including ankyloglossia,
mandible defects, tail anomaly, and deformity of the vertebrae, which were
similar types of malformations to those previously reported after adminis-
tration of DBTA (Noda et al. 1988, 1992a, b, 1993, 1994, 2001) and DBTCI
(Ema et al. 1991, 1992, 1995b, Noda et al. 1993). They concluded that a slightly
increased, but not statistically significant, number of malfarmations was asso-
clated with the onset of maternal toxicity, and thatno increase in developmental
defects was induced at dose levels that did not result in maternal toxicity.
The teratogenic effects of five DBTs with different anions, such as DBTA,
DBTCI, dibutyltin maleate (DBTM), dibutyltin oxide (DBTO), and dibutyltin
dilaurate (DBTL), were determined in Wistar rats given by gavage at 80
umol/kg on the most susceptible day for teratagenicity of DBTA and DBTC!
(Noda et al. 1993). Although the incidences of fetuses with malformations
were different among DBTs, the types of malformations induced by these
DBTs are similar to those in the previous studies with DBTA. Noda et al.
(1993) suggest the importance of the dibuty! group rather than the anionic
group in the production of fetal malormations. They also noted that
butyl(3-hydroxybutyl)tin dilaurate (3-OHDBL), one of the main metabolites
of DBTCI (Ishizaka et al. 1989), was not responsible for the teratogenicity of
DBTCI because of weak potential for production of fetal malformations.
TeBT is metabolized to fri-, di-, and monobutyltin derivatives (Kimmel
et al. 1977), The TBT compound is metabolized to di- and moncbutyltin
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derivatives, and DBT was metabolized to MBT in rats (Iwai et al. 1981). TeBT,
TBTCL, DBTC), and MBTCI were compared for their developmental toxicity
to evaluate these butyltin compounds as potential toxicants in teratogenicity
following administration of relatively high doses of butyltins to pregnant
rats during the susceptible period to teratogenesis of TBTCI or during the
susceptible period to teratogenesis of DBTCL Pregnant rats were given TeBT,
TBTCL, or DBTCI during the period of susceptibility to the teratogenesis of
TBTC], on days 13 to 15 of pregnancy (Fma et al. 1996a). TeBT caused an
increased incidence of cleft palate at 1832 mg (5280pmol)/kg. TBTCl induced
a markedly increased incidence of fetuses with cleft palate at 54 mg (165
umol)/kg and higher, and decreased fetal weight at 108 mg (330 pmol)/kg.
Following administration of DBTCI on days 13 to 15 of pregnancy, fetal
weight was reduced at 54 mg (165 pmol)/kg and higher, but neither increase
in postimplantation Loss nor fetuses with malformations was found even at
100 mg (330 pmol)mg/kg. These results indicate that there are differences
in the manifestation and degree of developmental toxicity among TeBT, TBT,
and DBT. Pregnant rats received TBTCI, DBTCI, or MBTCI during the period
of susceptibility to teratogenesis of DBTC, on days 7 to 8 of pregnancy (Ema
et al. 1995b). TBTCI at 40 and 80 mg/kg caused an increase in postimplan-
tation embryolethality, but no increase in fetal malformations, DBTCI caused
a markedly high incidence of fetal malformations, lower fetal weight, and
higher postimplantation embryonic loss at 10 mg/kg and higher. No increase
in the incidences of postimplantation loss or malformed fetuses was
observed after administration of MBTCl even at 1500 mg/kg. These results
inclicate that the developmental toxicity of DBTCl is different from that of
TBTCI and MBTCI in the level of susceptibility and spectrum of toxicity. A
lack of developmental toxicity of MBTCI was also reported by Noda et al.
(1992a). MBTC! on days 7 to 17 of pregnancy did not affect maternal body
weight and thymus weight, or fetal survival, growth, and morphological
development, even at 400 mg/kg in Wistar vats. Their observations support
the theory that MBTCI cloes not participate in the induction of the develop-
mental toxicity of butyltins.

In Vitra Dysmorphogenic Effects of Butyltin Compounds
Krowke et al. (1986) evaluated the effects of TBTO on limb differentiation.
In the organ culture system using mouse limb buds, TBTO interfered with
morphogenetic differentiation at a concentration of 0.03 pg/ml.. TBTO
affected the differentiation of the paw skeleton and the development of the
scapula. They concluded that the effects of TBTO on mouse limb differenti-
ation should be interpreted as a cylotoxic effect rather than a specific dys-
morphogenic action. Yonemoto et al. (1993) determined the relative terato-
genic potencies of TBTO, TBTC, (3-OH) hydroxybutyl dibutyltin chleride
(3-CHHDBTCL), DBTCI, and MBTCl by comparing developmental hazard
estimates using rat embryo lmb bud cell cultures, The organotin compounds
tested, except for MBTCI, were very strong inhibitors of cell differentiation
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Summary of Developmental Toxicity of Butyltin Compounds

Matemal exposure during pregnancy to TBIs, such as TBTO, TBTA, and
TBTCI, caused embryonic/fetal deaths and suppression of fetal growth at
maternal toxic doses. At severely maternal toxic doses of TBTs, cleft palate
was produced in fetuses. Behavioral changes were also reported in postnatal
offspring of rats that received TBTs during pregnancy at doses that did not
cause overt maternal toxicity. Sigrificant effects on growth profiles in male
and female offspring, and decreased liver weights in female offspring were
noted after administration of TBTCI by gavage from day 8 of pregnancy until
adulthood even at 0.025 mg/kg. Many reports showed that DBT is tcrato-
genic when administered during organogenesis. DBT may increase the inci-
dence of fetal malformations at marginal doses that induced maternal tox-
ieity. Developing embryos were not susceptible to teratogenicity of DBTCH
on day 6; day 7 was the carliest susceptible period, day 8 was the most
susceptible period, and day 9 was no longer a period of susceptibility to the
teratogenicity of DBTCL There were differences in the manifestation and
degree of developmental toxicity among TeBT, TBT, DBT, and MBT. The
developmental toxicity studics on butyltins suggest that the teratogenicity
of BT is different from those of TeBT, TBT, and MBT in its mode of action,
because the susceptible period for teratogenicity and types of malformations
induced by DBT are different from those induced by tetra-, tri-, and mono-
substituted organotins. DBTCI exerts dysmorphogenic effects on postim-
plantation embryos in vitro. The dysmorphogenic concentrations of DBTCL
in embryos cultured were well within the range of levels detected in maternal
blood after the administration of a teratogenic dose of DBT. The phase
specificity for the in vivo teratogenesis of DBTCI may be attributable to a
decline in the susceptibility of embryos to the dysmorphogenesis of DBTCI
with advarcing development. The findings of # vive and in vitre studies
suggest that DBT itself is a cansative agent in DBT teratogenesis.

Developmental Toxicity of Misceilaneous Organotin Compounds

Table 3.5 presents the developmental toxicity studies on miscellaneous orga-
notin compounds. Behavioral effects were determined in offspring of female
SD rats given trimethyltin chloride (TMTC]) in drinking water at a concen-
tration of 0.2, 0.8, or 1.7 mg/L, or monomethyltin trichloride (MMTCI) in
drinking water at 8 concentration of 24.3, 80,9, or 243 mg/L from 12 days
before mating; to day 21 of lactation, throughout the mating and pregnancy
period (Noland et al. 1982). Only male pups were tested. Leaming deficiency
was detected in organotin-treated pups. Pups from dams exposed to TMTCL
at 1.7 mg/Lor MMTCI at 243 mg/L displayed an increased acquisition time
in a runway learning test on PND 11. A higher escape time in a swim escape
test on PND 21 was also observed in male pups exposed to prenatal MMTCL
at 24 and 243 mg/L. In this study, there was no difference between the
weights of control and experimental animals in suckling pups and their
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and cell proliferation. Fifty percent inhibition concentration for cell prolifer-
ation (IP50) and for cell differentiation (ID50), and the ratio of the former to
the later {P/D ratio) of each compound was determined. Among TBT(O,
TBTC], and its metabolites (i.e., 3-OHHDBTC, DBTC], and MBTCI), DBTC1
showed the lowest ID50 and the highest P/D ratio, therefore the teratogenic
potential of DBTC] was considered to be the highest. They noted that the
proximate toxicant of DBT teratogenicity is DBT itself, TBT is rather embry-
olethal than teratogenic. These findings support the results of in oivo devel-
opmental toxicity studies on butyltins. The embryotoxicity and dysmorpho-
genic potential of DBTCI were determined for gestation day 8.5 rat embryos,
which are highly susceptible to the teratogenic effects of DBTCL when admin-
istered to pregnant rats. Markedly decreased incidences in embryos with
well-developed vascularization in the body and yolk sac, yolk sac diametey,
crown-rump length, and number of somite pairs were found at 30 ng/ml.
(Ema ct al. 1995¢). A concentration-dependent decrease in the morphological
score and increase in incidence of embryos with anomalies were noted, and
the differences were significant for embryos exposed to DBTC at concentra-
tions of 10 and 30 ng/mL. Open anterior neuropore and craniofacial abnor-
malitics were predominantly observed, These results indicate that DBTCL
exerts dysmorphogenic effects on postimplantation embryos in vitro. Noda
et al. (1994) reported that DBT was detected in rat maternal blood at 100 ng/
g, and in embryos at 720 ng/g, at 24 hours after gavage administration of
DBTA at 22 mg/Kg, teratogenic dose, on day 8 of pregnancy. Their results
show that DBT is transferred to embryos, and embryonic levels of DBT
exceed those in maternal blood, suggesting that embryos may be able to
accumulate DBT. The dysmorphogenic coricentrations of IDBTCI in embryos
cultured from gestation day 8.5 were well within the range of levels detected
in maternal blood after the administration of a teratogenic dose of DBT.
These findings indicate that teratogenic effects of DBTC] may be due to a
direct interference with embryos. The toxic effects of DTBCI were examined
in rat embryos during three different stages of organogenesis (i.e,, the prim-
itive streak, neural fold, and early forelimb bud stages), using the rat whole
embryo culture system (Ema et al. 1996b), Rat embryos were explanted on
gestation day 8.5, 9.5, or 11.5 and cultured. Dysmorphogenesis in embryos
cultured from gestation day 8.5, 9.5, or 11.5 was observed at concentrations
of 10 ng/ml and higher, 50 ng/mL and higher, and 300 ng/mL, respectively.
Incomplete turning and craniofacial defects in embryos cultured from ges-
tation day 8.5 and day 9.5, and defects of the forelimb buds and tail in
embryos cultured from gestation day 11.5, were frequently observed. These
results show that iz vitro exposure to DBICI interferes with normal devel-
opment of embryos during three ditferent stages of organogenesis and that
the susceptibility to the embryotoxicity, including dysmorphogenic poten-
tial, of DBTCI varies with developmental stage. These findings suggest that
the phase specificity for the in pivo teratogenesis of DBTCI given to pregnant
rats may be attributable to a decline in the susceptibility of embryos to the
dysmorphogenesis of DBTCI with advancing development.
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dams. Postnatal growth and neuronal alterations were evaluated in pups of
SD rats intraperitoneally injected on either day 7, 12, or 17 of pregnancy with
a single dose of TMTCl at 5, 7, or 9 mg/kg (Paule et al. 1986). Maternal body
weight at term of pregnancy was lower in the TMTCl-treated groups. Pre-
natal TMTCI decreased pup weight at 7 mg/kg and higher. A decreased
number of surviving pups was found only in the group treated TMTCl at 9
mg/kg on day 17 of pregnancy. Generative changes in the hippocampus
were more frequently noted in pups exposed to TMTCL on day 12 or 17 than
on day 7. Paule et al. (1986) concluded that prenatal exposure to TMTCI
causes toxic effects in postnatal offspring, but only in the presence of mater-
nal toxicity. Disruption of learning acquisition was rcporfed in offspring of
‘THA rats intraperitoneally injected with TMTCI at 5 or 7 mg/kg on day 12
of pregnancy (Miyake et al. 1989). No maternal toxicity was found at5 mg/
kg. No effects of TMTCl on body weight, survival, or physical and functional
development of pups were detected. In the Sidman avoidance test, the avoid-
ance rate of the TMTCl-treated offspring rats was lower when compared to
that of the controls.

Postnatal behavioral changes in pups were determined in rats prenatally
administered trihexyltin chloride (THTC]) (G&rdlund et al. 1991), Pregnant
SD rats were gavaged THTCI at 5 mg/kg on days 6 to 20 of pregnancy and
allowed to litter. An increase in spontaneous activity, including locomotion
and total activity, and a marginally increased d-amphetamine-stimulated
rearing behavior were observed in postnatal pups at 5 mg/kg. This dose
level did not induce maternal toxicity.

Dimethyltin chloride (DMTCI) was given to Wistar rats by gavage at 5,
10, 15, or 20 mg/kg on days 7 to 17 of pregnancy (Noda 2001). At 20 mg/
kg, severe clinical signs of toxicity, including death and marked decreases
in body weight gain and food consumption in pregnant rats, and incidence
of cleft palate in fetuses were observed. Decreases in maternal thymus weight
and fetal weight were found at 15 mg/kg and higher. No increase in inci-
dence of fetal malformations was detected following administration of
DMTC] on days 7 to 9, on days 10 to 12, on days 13 to 15, or on days 16 to
17 of pregnancy at 20 or 40 mg/kg. Noda {2001) concluded that DMTCI
produced feral malformations at a severcly maternal toxic dose.

The octyltin stabilizer ZK 30.434, a mixiure of 80% dioctyltin diisooc-
tylthioglycolate and 20% monooctyltin triisooctylthioglycolate (DOTTG/
MOTTIG) was gavaged to Han:NMRI mice at 20, 30, 45, 67, or 100 mg/kg
on days 5 to 16 of pregnancy (Faqi et al. 2001). One death at 100 mg/kg and
a decreased thymus weight at 45 and 100 mg/kg were observed in dams.
An increase in resorptions and low fetal weight were found at 67 mg/kg
and higher. An increase in number of external and skeletal anomalies, such
as forelimb bent, cleft palate, cxencephaly, clavicula bent, femur bent, and
fused ribs, were observed at the highest dose. Incidences of cervical and
lumbar ribs were increased at 20 mg/kg and higher. These results indicate
that DOTTG/MOTIG is developmentally toxic in mice.
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received TPTs during pregnancy at doses that did not cause overt maternal
toxicity. In a rat two-generation reproductive toxicity study, TBTCI at rela-
tively low doses affected male and female reproductive systems, including
decreased weights of the male reproductive argans, decreased counts of
spermatids and sperms, decrease in serum estradiof levels, delayed vaginal
opening, impaired estrous cyclicity, and increased female AGD. TBTC] and
DBTCI during early pregnancy caused implantation failure in rats, Implan-
tation failure due to TBTCI and DBTCY, at lower doses than TBTC, may be
mediated via the suppression of uterine decidualization and correlated with
the reduction in serum progesterone levels. Administration of MBTCL during
carly pregnancy did not cause pre- or postimplantation loss. Matemnal expo-
sure during pregnancy to TBTs caused embryonic/ fetal deaths, suppression
of fetal growth, and cleft palate at maternal toxic doses. Significant effects
on growth profiles and decreased liver weights were reported in offspring
of rats given TBTCl by gavage, even at 0.025 mg/kg from day 8 of pregnancy
until adulthood. Behavieral changes were also shown in postnatal offspring
of rats that received TBTs during pregnancy at doses that did not cause overt
maternal toxicity. Many reports demonstrated that DBT derivatives with
different anions, such as dichloridle, diacetate, maleate, dilaurate, and oxide,
are teratogenic when administered during organogenesis in rats. Rat
embryos are the most susceptible to teratogenic effects of DBT on day 8 of
pregnancy after maternal exposure. The developmental toxicity studies on
butylting suggest that the teratogenic effects of DBT are different from those
of TeBT, TBT, and MBT in its mode of action. DBTCI exerts dysmorphogenic
effects on postimplantation embryos in vitre. The phase specificity for the in
vivo teratogenic effects of DBTC] may be attributable to a decline in the
susceptibility of embryas to the dysmarphogenesis of DBTC! with advancing
development. The findings of in vivo and in vitro studies suggest that DBT
itself is a causative agent in DBT teratogenesis. Becavse the teratogenicity of
DTB has been reported in a single species, studies in additional species
would be of great value in evaluating developmental toxicity of DBT. As for
miscellaneous organotin compounds, several reports on developmental tox-
icity are published. Prenatal and/or postnatal exposure to TMTCL or THTC1
caused behavioral changes in postnatal rat offspring, Behavioral changes in
postoatal pups of sats given organotin prenatally and/or pestnatally may be
a sensitive parameter for reproductive and developmental toxicity. A mixture
of DOTTG and MOTTG is develapmentally toxic and praduces fetal malfor-
mations in mice, An increased nurnber of cleft palates was reported in fetuses
of rats given DMTCI during organogenesis at severely maternal toxic dose.
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Summary of Developmental Toxicity of Miscelluneous
Organotin Compounds

Prenataland/or postnatal exposure to TMTCI possesses developmental neu-
rotoxic effects in postnatal rat offspring, even at doses that induced no
maternal toxicity. The learning deficiency induced by prenatal TMTCl may
be due o hippocampal lesions, Prenatal treatment of materna) toxic doses
of TMTCl adversely affected survival and growth of offspring. Prenatal
treatment of THTCl is also reported to induce behavioral changes in post-
natal offspring. An increased number of cleft palates were observed in fetuses
of rats given DMTCI during organogenesis at a severely maternal toxic dose.
A mixture of DOTTG and MOTTG is developmentally toxic and produces
fetal malformations in mice.

Conclusions

Many studies on toxic effects of phenyltins and butyliins in aquatic organ-
isms have been conducted. TBT or TPT causes the imposition of male sex
argans (termed imnposex) on female mud snails above the concentration of
about 1 ng/L (Sn) in seawater, but DBT or MPT does not induce imposex.
The intensity is characterized by a classification system based on the VDS
index, and in advanced phases of imposex and sterilization with gross mor-
phological changes would be irreversible, The biochemical mechanism stud-
ics suggested that the induction of either neurotropic hormone or androgen
titers would lead to imposex induction at extremely low doses of TBT. Also
TBT or TPT exposure in eatly life stages of fish causes aliered embryonic
development, impaired morphological development, and delayed or inhib-
ited hatching, and induces reduced fecundity and sperm counts as repro-
ductive effects. Such reproductive and developmental defects were also
found in other species. The impaired reproduction and subsequent popula-
tion decline in a variety of aquatic organisms by organotins are important
issucs in the aquatic ecosystem.

Many reports on reproductive and developmental toxic effects of phe-
nyltins and butylting in experimental animals have been published. While
TPTs caused decreases in male fertility due to degenerative changes in tes-
ticular tissue; the female reproductive failure induced by TPTs is more prom-
inent and the harmful effects of TPTs on the ovaries were presented after
five days of reatment. TPTC] during early pregnancy caused implantation
failure. Implantation failure due to TPTCl might be mediated by the sup-
pression of uterine decidualization and correlated with the reduction n
serum progesterone levels. These findings were also shown in rats given
DPT, a major metabolite of TPT. Maternal exposure to TPTs during organo-
genesis caused embryonic/fetal death and suppression of fetal growth at
maternal toxic doses. TPTs did not induce an increased number of fetal
malformations, even at doses that produced overt maternal toxicity. Behav-
joral changes were reported in postnatal offspring of maternal rats that
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Abstract

Genotoxicity is one of the important endpoints for risk assessment of environmental chemicals. Many short-term assays to evaluate
genotoxicity have been developed and some of them are being used routinely. Although these assays can generally be completed
within a short period, their throughput is not sufficient to assess the huge number of chemicals, which exist in our living environment
without information on their safety. We have evaluated three commercially available in silico systems, i.e., DEREK, MultiCASE,
and ADMEWorks, to assess chemical genotoxicity. We applied these systems to the 703 chemicals that had been evaluated by
the Salmonella/microsome assay from CGX database published by Kirkland et al. [1]. We also applied these systems to the 206
existing chemicals in Japan that were recently evaluated using the Salmonella/microsome assay under GLP compliance (ECJ
database). Sensitivity (the proportion of the positive in Salmonella/microsome assay correctly identified by the in silico system),
specificity (the proportion of the negative in Salmonella/microsome assay correctly identified) and concordance (the proportion
of correct identifications of the positive and the negative in Salmonella/microsome assay) were increased when we combined the
three in silico systems to make a final decision in mutagenicity, and accordingly we concluded that in silico evaluation could be
optimized by combining the evaluations from different systems. We also investigated whether there was any correlation between the
Salmonella/microsome assay result and the molecular weight of the chemicals: high molecular weight (>3000) chemicals tended to
give negative results. We propose a decision tree to assess chemical genotoxicity using a combination of the three in silico systems
after pre-selection according to their molecular weight.
© 2005 Elsevier B.V. All rights reserved.

Keywords: In silico; (Quantitative) structure-activity relationship; (Q)SAR; Chemical genotoxicity; Decision tree

1. Introduction
It is said that more than 20,000 chemicals are in use

in Japan. Among them, only approximately 10% are
thought to have been assessed for human hazard based

* Corresponding author.
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on data from in vitro and in vivo bioassays. Accord-
ing to the “Law Concerning the Evaluation of Chemical
Substances and Regulation of Their Manufacture, etc.”
[2], the Salmonella/microsome (Ames) assay, in vitro
chromosomal aberration assay (or alternatively mouse
lymphoma TK assay), and 28-day repeat dose toxicity
test in rodents are obligatory to notify new chemicals for
production/import at a level of more than 10t per year.
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To screen the remaining 18,000 chemicals for human
hazard by application of this three-test battery is not
realistic from the time and economical point of view.
We need a much higher-throughput system to assess
these chemicals, at least for prioritization of those chem-
icals that should be submitted to biological testing. To
assess human hazard for regulatory purposes, in silico
systems are now beginning to be used [3]. Here, we
evaluated three commercially available in silico (quanti-
tative) structure-activity relationship ((Q)SAR) systems
and tried to construct a decision tree for prioritization
of which chemicals need in vitro and/or in vivo testing.
Also, within the drug discovery process, integrated com-
putational analysis has been proposed to be incorporated
as a toxicity prediction tool [4]. '

Kirkland et al. [1] published a database (CGX data-
base, see http://www.lhasalimited.org/cgx) for nearly
1000 carcinogens and non-carcinogens with results
of representative in vitro genotoxicity assays, i.e.,
Salmonella/microsome assay (Ames), mouse lymphoma
TK assay using L5178Y cells (MLA), and in vitro chro-
mosomal aberration assay or in vitro micronucleus assay
(CA/MN). We used 703 chemicals that had been assessed
in the Ames assay for evaluation of the three in sil-
ico systems, i.e., DEREK, MultiCASE (MCase), and
ADMEWorks (AWorks). We also used a database (the
ECJ database) that we constructed from chemicals exist-
ing in Japan that had recently been assessed in the Ames
assay, in vitro chromosomal aberration assay, and 28 day
repeat dose rodent toxicity test and/or reproductive and
developmental toxicity test for their safety evaluation
under GLP compliance. The ECJ database consisted of
206 chemicals but only 26 chemicals were positive by the
Ames assay. Initially we evaluated both sensitivity and
specificity of these three systems using the ECJ database
of 206 chemicals [5].

We selected these three in silico systems because
of their different modes of analysis. DEREK is a rule-
based system [6], MCase [7] is a database/substructure
based system, and AWorks is a QSAR. We applied these
systems individually to assess gene-mutation induction
on the 703 and 206 chemical sets described above and
evaluated their sensitivity, specificity, concordance, and
applicability (how many chemicals could be assessed),
independently.

It is known that high molecular weight polymers tend
not to induce gene mutation and chromosomal aberra-
tions mainly because they cannot enter the target cells
to react with DNA, or other bio-molecules necessary for
genetic stability. We analyzed 194 Ames positive chem-
icals (confidential source) for the effect of molecular

weight.

2. Materials and methods
2.1, Data sources for chemicals assessed

Of about 1000 chemicals, 703 that had been assessed in
the Ames test were chosen from the CGX database published
by Kirkland et al. [1]. All chemical structures were re-drawn
using Chemdraw Ultra (Cambridge Soft Corporation, USA)
and converted to MOL files before application to each sys-
tem. We also used the database of 206 chemicals evaluated in
the MHLW project “Safety Examination of Existing Chem-
icals and Safety Programmes in Japan” (ECJ database). The
test summary for each of these chemicals can be seen at
hitp://wwwdb.mhlw.go.jp/ginc/html/db1 html. In addition, we
collected 194 Ames positive chemicals from a confidential
source and investigated the relationship between gene muta-
tion induction and molecular weight, with identification of any
active side chain that might have contributed to the positive
result in the Ames assay.

2.2. Insilico systems used and definition of positive and
negative responses

We used DEREK (Lhasa Ltd., UK) version 8.0.1.When the
system gave an evaluation as “certain”, “probable” or “plausi-
ble” we considered this as “positive”, and when the system gave
“equivocal”, “doubted”, “improbable”, “impossible”, or “no
alert” we considered this as “negative”. We used MCase (Mul-
ticase Co. Ltd.) version me4pc. When the system gave “active”
or “marginal” we considered this as “positive”, and when the
system gave “Inactive” we considered this as “negative”. In
the case of AWorks (Fujitsu Kitakyushu, Co. Ltd., version 2.0),
we considered as “positive” when system evaluation was “posi-
tive”, and considered as “negative” when the system evaluation
was “negative”. We excluded chemicals from further analysis
when DEREK or AWorks gave no answer, or the evaluation

was “inconclusive” by MCase.

2.3. Definition of sensitivity, specificity, concordance, and
applicability

We calculated sensitivity, specificity, concordance, and
applicability as follows:

N . Nas-

sensitivity=—2t2% x 100,  specificity = ——= x 100,
A+ Na-

Naist+ + Na_s-

x 100,
Neval

concordance =

applicability = Newl . 100

Nay
where N4+ is number of chemicals revealing positive in Ames
assay; Na- is number of chemicals negative in Ames assay;
Nas+s+ is number of chemicals revealing positive by both Ames
assay and in silico evaluation; Na_g_ is number of chemicals
negative in both Ames assay and in silico evaluation; Ny is
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Table 1
Performance of in silico systems
Ames result + - Total Sensitivity Specificity Concordance Applicability
(%) (%) %) %)
CGX database
DEREK + 288 64 352
— 69 267 336 81.8 79.5 80.7 97.9
Total 357 331 688
MCase + 235 32 267
- 6 249 255 88.0 97.6 92.7 743
Total 241 281 522
AWorks + 267 89 356
- 149 187 336 75.0 55.7 65.6 98.4
Total 416 276 692
ECJ database
DEREK + 19 7 26
- 21 159 180 73.1 88.3 86.4 100.0
Total 40 166 206
MCase + 13 7 20
- 13 133 146 65.0 91.1 88.0 80.6
Total 26 140 166
AWorks + 19 7 26
- 54 124 178 73.1 69.7 70.1 99.0
Total 73 131 204

MCase: MultiCASE; AWorks: ADME Works.

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

3. Results

Among the set of 703 CGX chemicals with published
Ames data, 358 were positive and 345 were negative.
The results of the in silico evaluation are summarized in
Table 1. The highest sensitivity, specificity, and concor-
dance with Ames assay results was provided by MCase,
then followed by DEREK. However, the systems that
showed the best applicability were AWorks and (almost
the same) DEREK, then followed by MCase. For the
database of 206 ECJ chemicals, 26 were positive and 180
were negative. The outcomes of the in silico analyses are
summarized in Table 1. The pattern of performance was
very similar to that with the 703 chemicals in the CGX
database.

Fig. 1 shows the cumulative percent of Ames positive
chemicals against molecular weight. It can be seen that
87.1% of'those positive chemicals had molecular weights
less than 1000, and 96.4% had molecular weights less
than 3000; in other words, only 3.6% of the chemicals
with a molecular weight >3000 gave a positive response
inthe Ames assay. Seven of 194 Ames positive chemicals

had a molecular weight >3000 and four of these seven
polymers had epoxy groups.

When we combined the in silico systems, the
performance was different from that when assessed
individually (Table 2). If we considered the in silico
mutagenicity as positive (or negative) when two or more
systems gave positive (or negative) evaluations, 87.8

Total 194 chemicals
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Fig. 1. Cumulative percentage of chemicals based on their molecular
weight. 194 Ames positive chemicals were analyzed. 7/194 chemicals
were more than 3000 molecular weight and Ames positive and 4/7
contained epoxy groups.
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Table 2
Performance of in silico systems after combined
CGX database
an siieo 4 o+ +a —-or--- Total  Sensitivity (%)  Specificity (%) Concordance (%)  Applicability (%)
£S5
T 319
- 291 86.7 86.8
Total 610
+ 167
- 130 98.7 422
Total 129 297
ECT dutabase
\mcsl" silico ~or--- Total  Sensitivity (%)  Specificity (%) Concordance (%)  Applicubility (%)
y
Y 26
- 170 84.7 951"
Total 196
+ 15
. 99 93.9 583
Total 114
Table 3
Performances of DEREK and MCase in several published papers.
Target compounds In silico system Sensitivity Specificity Concordance  Applicability Reference
(%) (%) (%) (%)
394 Drugs DEREK 52 75 74 942 [11]
MCase 48 93 90 912
217 Non-drugs DEREK 86 50 81 1002 [10]
MCase 91 62 83 1002
520 Drug candidates DEREK 28 80 72 100 [131
MCase 50 86 81 41
DEREK +MCase 29 95 88 29
DEREK + Mcase + TOPKAT 75 96 95 15
123 Drug candidates DEREK gb 31¢ 61 1009 [4]
MCase (A2H) 13b 15° 72 97d
Topcat (Ames Mut) 180 15¢ 67 9gd
DEREK + MCase b 19¢ 75 97¢
DEREK + Mcase + TOPKAT 50 9° 86 464
94 Non-drugs DEREK 63 81 76 100 [13]
MCase 40 90 76 75
DEREK +MCase 47 100 85 56
DEREK + Mcase + TOPKAT 55 100 86 37
516 Non-drugs DEREK 6b 24¢ 70 1004 [4]
MCase (A2ZH) 7° 12¢ 81 984
Topcat (Ames Mut) 25b 19° 56 974
DEREK +MCase 2b 16 82 9gd
DEREK + Mcase + TOPKAT i 10¢ 83 434

2 Calculated by us
b 9 False negative.
¢ % False positive.
4 (1-Indeterminate).
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and 73.1% sensitivity, 85.6 and 86.5% specificity, 86.7
and 84.7% concordance, and 86.8 and 95.1% applica-
bility were obtained for the CGX and ECJ databases,
respectively. If we considered the in silico mutagenicity
as positive (or negative) only when all three systems
gave positive (or negative) evaluations, all performance
measures (sensitivity, specificity, etc.) increased up to
98.7 and 93.9%. However, applicability decreased to
42.2 and 55.3%, which meant only about half of the
chemicals in the CGX and ECJ databases could be
evaluated. One chemical, o-phenylphenol [90-43-7],
was positive in the Ames test but negative by all three
in silico systems and three chemicals, carboxymethyl-
nitrosourea [60391-92-6], methidathion [950-37-8],
1-nitroso-3,5-dimethyl-4-benzoylpiperazine  [61034-

40-0], were negative in the Ames test although all

three in silico system gave positive evaluation for
mutagenicity in the CGX database. When we used
the ECJ database, 2-amino-1-naphthalenesulfonic acid
[81-16-3] and 2-vinylpyridine [100-69-6] were positive
in the Ames test but negative by all three in silico
systems and there was no chemical that was negative
in the Ames assay and all positive in in silico system.
These exceptional chemicals are listed in Table 3
together with such chemicals taken from literatures.

4. Discussion

It is important to construct a strategy for efficient
evaluation of the toxicity of a large number of existing
chemicals. Even so-called short-term assays, e.g., Ames
assay and in vitro chromosomal aberration assay, can
practically assess only 100 chemicals per year according
to our experiences in Japan. In this case, it will take 180
years to assess the outstanding 18,000 existing chemicals
for genotoxicity, and it will take even longer when repeat
dose toxicity tests are also performed, as these are not
short-term assays. We therefore need higher-throughput
systems to assess chemical safety, or at least to set prior-
ities for those chemicals that should be tested in in vitro
and/or in vivo tests. In silico systems have the capability
for high throughput but have not yet been well validated
for assessment of human hazard, although some regula-
tory bodies have started to use these methods.

Correlation between the Ames assay result and
molecular weight could be explained by the lack of
membrane permeability of high molecular weight chem-
icals, making it more difficult for them to reach target
molecules such as DNA and proteins that contribute
to the fidelity of cell division. Therefore, only a few
chemicals with molecular weight >3000 gave positive
responses in the Ames assay. This phenomenon is also

true for induction of chromosomal aberrations in vitro
(data not shown). The other important issue is the
confribution of epoxy group in the polymer. Although
of molecular weight >3000, some polymers with an
epoxy group gave positive results in both the Ames
and chromosomal aberration assays. Epoxy embedding
reagents employed in electron microscopy (e.g., epon
and araldite) have been reported as mutagenic in the
Ames assay [8]. According to these findings, we should
include a step to evaluate molecular weight and existence
of any epoxy groups in the molecule.

In the present study, we used the CGX database
recently published by Kirkland et al. [1] for micro-
bial mutagenicity data on 358 carcinogens and 345
non-carcinogens for- validation of three commercially
available in silico (Q)SAR systems. When applied indi-
vidually, MCase gave high sensitivity, specificity, and
concordance compared to other two systems. One of the
reasons may be because the CGX database contained
many results from the U.S. National Toxicology Pro-
gram (NTP), and the learning dataset of MCase would
have used many of the same results. Therefore, some
of them were evaluated by direct matching. Moreover,
the applicability of MCase was relatively low compared
with the other systems in this study (Table 1). MCase
Jjudged 119 chemicals as inconclusive and one chemical
as marginal, and could not evaluate 67 chemicals. Such
selectivity in MCase may contribute to the high concor-
dance. On the other hand, the other systems were not
influenced directly by the NTP data. We applied the in
silico systems to another dataset, the ECJ database, that
does not contain the NTP data and we obtained similar
patterns of sensitivity, specificity, etc.

Each in silico system showed different outcomes on
some chemicals complimentary by some extent. These
different evaluation patterns were mainly due to the
different evaluation rules. The DEREK is a rule-based
system, AWorks is a discriminant-based system mainly
depending on physicochemical descriptors, and MCase
is a hybrid system based on a database. Therefore, we
concluded that in silico evaluation could be optimized
by combining the evaluations from the three systems.
Sensitivity, specificity and concordance were increased
when we combined the three in silico systems to make a
final conclusion of mutagenicity (Table 1). Concordance
was much higher after combining but the applicability
became poor (42.2%). When two of the in silico systems
gave the same evaluations, the applicability (86.8%) was
good but the concordance was lower (86.7%) than when
all three were combined (98.7).

Recently, several in silico studies for prediction of
mutagenicity have been conducted on drugs or non-
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Table 4
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Exceptional chemicals that showed Ames test gave positive but all three in silico systems (DEREK, MCase, TOPK AT/AWorks) gave negative and

Ames test gave negative but all three systems gave positive

Compound CAS Ames test DEREK MCase TOPKAT/Aworks Source?
Bupropion 34911-55-2 + - - - 1
Citalopram 59729-33-8 + - - -~ 1
Naloxone 465-65-6 + - - - 1
Oxcarbazepime 28721-07-5 + - - - 1
Quetiapine 111976-69-7 + - - - 1
Rabeprazole 117976-89-3 + - - - 1
Zolmitriptan 139264-17-8 + - - - 1
2-(2-Methylpropyl) thiazole 18640-74-9 + - — — 2
2-Chloropyridine 109-09-1 + - - - 2
Pyrogaliol 87-66-1 + - - - 2
o-Phenylphenol 90-43-7 + - - — 3
2-Amino-1-naphthalenesulfonic acid 81-16-3 + - - - 3
2-Vinylpyridine ) 100-69-6 + - - - 3
Fosfomycin 23155-02-4 - + + + 1
Toremifene 89778-26-7 - + + + i
Poly (2-hydroxypropy! methacrylate) 25703-79-1 -~ + + + 2
Carboxymethylnitrosourea 60391-92-6 -~ + + + 3
Methidathion 950-37-8 - + + + 3
1-Nitroso-3,5-dimethyl-4-benzoylpiperazine - + + + 3

2 1: Synder et al. [11] (with TOPKAT), 2: White et al. [13] (with TOPKAT), 3: this study (with AWorks).

drug chemicals with commercially available programs,
e.g., DEREK, MCase or TOPKAT, or newly developed
computational approaches [4,9—12]. The performances
of DEREK and MCase in several of these studies are
summarized in Table 4. Generally, similar performance
in sensitivity, specificity, concordance, and applicabil-
ity were shown between DEREK and MCase but with
some exceptions, e.g., sensitivity in 520 drug candi-
dates [13], specificity in 516 non-drugs [4], and appli-
cability in 520 pharmaceutical drug candidates and 94
non-drugs [13]. These differences might be due to the
chemical class of target compounds in each database.
However, there was no remarkable difference in perfor-
mance whether the chemical was intended for use as
a pharmaceutical, agricultural, or industrial agent. Our
results on performance of in silico systems showed sim-
ilarity with the published analyses. With respect to the
combination of in silico prediction systems, White et
al. [13] reported that combination improved the over-
all accuracy and specificity, but sensitivity was barely
above the 50% level (Table 4). On the other hand, their
analysis showed quite low applicability in the combina-
tion of three prediction systems, DEREK, MCase and
TOPKAT. Our analysis of the combination of DEREK,
MCase and AWorks showed good improvements in
sensitivity, specificity and concordance, but applica-
bility was low, especially in the 3-system combina-
tion.

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

Considering these outcomes, we propose a decision
tree (Fig. 2), in order to evaluate chemical induction of
gene mutation. We may use the decision tree to priori-
tize chemicals to be assayed by in vitro and/or in vivo
tests. A final goal being that eventually, chemical muta-
genicity will be evaluated by in silico systems alone for
regulatory use. The decision tree consists of three steps;
namely to assess the molecular weight, the existence of
epoxy groups, and the in silico evaluation for genotox-
icity. Based on the purpose of the in silico evaluation,
the tree might be altered by the different final call of the
in silico evaluation, i.e., regarding as positive (negative)
all three systems show positive (negative). The choice
of definition for final call applying to the decision tree
should be based on the balance between accuracy of eval-
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’aemical to be analyzed l

No

Yes

ﬁ’ositive ] [Negative]

2 or more
Negatives

2 or more Positives

further testing

Fig. 2. Decision tree. In in silico evaluation, when two or more give
positive then the final call is “positive” and two or more negative then
call “negative”.

uation and applicability, which are especially important
for regulatory purpose. The decision should be made on
a case-by-case basis depending upon the purpose of the
decisions to be made.
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Elevated susceptibility of newborn as compared with young rats to
2-tert-butylphenol and 2,4-di-fert-butylphenol toxicity
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ABSTRACT  In order to determine the susceptibility of
newborn rats to 2-fert-butylphenol (2TBP) and 2,4-di-tert-
butylphenol (DTBP) toxicity, studies were conducted with oral
administration from postnatal days (PND) 4 to 21 and the find-
ings were compared with results for young rats exposed from 5
or 6 weeks of age for 28 days. In the newborn rats, specific
effects on physical and sexual development and reflex ontogeny
were not observed. While there were no clear differences in
toxicological profiles between newborn and young rats, the no-
observed-adverse-effect levels (NOAELs) differed markedly.
For 2TBP, clinical signs such as ataxic gait, decrease in locomo-
tor activity and effects on liver, such as increase in organ
weight, were observed and the NOAELs were concluded to be
20 and 100 mg/kg/day in newborn and young rats, respectively.
Based on hepatic and renal toxicity (histopathological changes
and increase in' organ weight with blood biochemical changes),
the respective NOAELs for DTBP were concluded to be 5 and
20 mg/kg/day. Therefore, the susceptibility of newborn rats to
2TBP and DTBP was found te be 4-5 times higher than that of
young rats.

Key Words: 2, 4-di-rert-butylphenol, 2-tert-butylphenol, suscepti-
bility of newborn rats

INTRODUCTION

Protection of humans against disease and injury caused by chemi-
cals in the environment is the ultimate goal of risk assessment and
risk management (Landrigan ef al. 2004). However, the focus has
long been solely on adult exposure and toxicity and the fetus via
maternal transfer, with little consideration given to early childhood.
In the past decade, stimnlated especially by the 1993 US National
Research Council (NRC) report Pesticides in the Diets of Infants
and Children (NAS 1993), recognition that special consideration is
required for children in risk assessment has grown. The NRC report
noted that ‘children are not little adults’, because of their unique
patterns of exposures to environmental hazards and their particular
vulnerability.

For the susceptibility of children to environrental chemicals, the
early postnatal period (the suckling period) is of particular note.
During this period, the infant could be exposed to various chem-
icals not only through mothers’ milk, but also directly, by having
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chemical-contaminated baby food, mouthing toys or household
materials, and so on; however, current risk assessment gives
no consideration to toxic effects resulting from direct exposure to
chemicals. An approach that adequately takes into account the
susceptibility of infancy is vrgently required. However, because
there is no standard testing protocol intended for direct exposure
of preweaning animals (newbom animals) to chemicals, and toxic-
ity studies using newborn animals are complicated by practical
difficulties regarding grouping, direct dosing, and general and func-
tional observation, there is only limited information on susceptibil-
ity of the newbom at the present.

We therefore have established a new protocol for repeated dose
toxicity studies using newborn rats (newborn rat studies) (Koizumi
et al. 2001) for systematic application. Results have been compared
with those of 28-day repeated dose toxicity studies using young
rats (young rat studies) to provide a basis of analyzing susceptibil-
ity. Since young rat studies are routinely conducted as one of a
battery of minimum toxicity testS and data are stored for many
chemicals, comparative analyzes should provide important-infor-
mation for considering effects of direct exposure to chemicals dur-
ing the suckling period.

We have already reported analytical results for eight chemicals
(4-nitrophenol, 2,4-dinitrophenol, 3-aminophenol, 3-methylphenol,
1,3-dibromopropane, 1,1,2,2-tetrabromoethane, 2,4,6-trinitrophe-
no), and tetrabromobisphenol A} (Koizumi er al. 2001, 2002, 2003;
Fukuda et al. 2004; Takahashi et al. 2004; Hirata-Koizumi e? al.
2005). The susceptibility of newborn rats to the toxicity of the first
four agents was four times higher than that of their young counter-
parts at a maximum. For 1,3-dibromopropane and 1,1,2,2-tetrabro-
moethane, while the doses causing clear toxicity were lower in
newborn rats, doses at which toxic signs began to appear were
paradoxically higher in the newborn case. These six chemicals had
no impact on development in the newbom period and showed
similar toxicity profiles in both age groups. For the other two
chemicals, there were marked differences in toxicity profile
between the newborn and young rats. Especially, in the case of
tetrabromobisphenol A, a specific rather than enhanced renal tox-
icity was observed in newborn case.

In the present investigation, two tfert-butylphenols, 2:tert-
butylphenol (2TBP), and 2,4-di-tert-butylphenol (DTBP), were
chosen for comparative toxicity analysis. 2TBP has been used in
the production of agricultural chemicals, aroma chemicals, and
resins (New Chemical Index 2001), and DTBP in the production
of antioxidants and ultraviolet absorbers (Chemical Products’
Handbook 2004). For either chemical, there is no available toxicity
information on human. Regarding toxicity to experimental animals,
results from young rat studies of both chemicals are available in
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Toxicity Testing Reports of Environmental Chemicals of the Japa-
nese government (MHLW 2001a, 2001b), but no other data have
been reported regarding repeated dose toxicity. Since the young rats
were only evaluated for toxicity profiles and no-observed-effect
levels, we re-evaluated the results for a more practical evaluation
index, the no-observed-adverse-effect level (NOAEL), which could
serve as the basis for determining ‘tolerable daily intake (TDT) or
acceptable daily intake (ADI) for risk assessment, and conducted
comparative analyzes with newborn rats.

MATERIALS

2-tert-Butylphenol 2TBP, CAS no. 88-18-6, purity: 99.97%) and
2,4-di-tert-butylphenol (DTBP, CAS no. 96-76-4, purity: 99.67%),
obtained from Dainippon Ink and Chemicals, Incorporated (Tokyo,
Japan), were dissolved in olive oil and corn oil, respectively. The
test solutions were prepared once a week as stability for eight days
had been confirmed. All other reagents used in this study were
specific purity grade.

METHODS

All studies were performed under Good Laboratory Practice con-
ditions and in accordance with ‘Guidance for Animal Care and Use’
of Panapharm Laboratories Co., Ltd, Research Institute for Animal
Science in Biochemistry and Toxicology, or Mitsubishi Chemical
Safety Institute Ltd.

Animals

In the newbomn rat studies of 2TBP and DTBP, pregnant SPF
Sprague-Dawley rats [Crj:CD(SD)IGS] were purchased at gesta-
tion days 13-15 from Charles River Japan Inc. (Yokohama, Japan),
and allowed to deliver spontaneously. All newbom were separated
from dams at postnatal day (PND) 3 (the date of birth was defined
as PND 0), and pooled according to sex. At the same time, 12 foster
mothers were selected among dams, based on the nursing condi-
tion. Each foster mother suckled four male and four female new-
born, assigned to each of the four dose groups, including the
controls, up to weaning on PND 21 (termination of dosing). After
weaning, the animals of the recovery-maintenance group (see Study
Design) were individually maintained for nine weeks.

In the young rat studies, 45 week-old males and females of the
same strain were obtained from the same supplier as for the pew-
born rat studies, and used at ages of 5-6 weeks after acclimation.

All animals were maintained in an environmentally controlled
room at 20-26°C with a relative humidity of 40-70%, a ventilation
rate of more than ten times per hour, and a 12:12 h light/dark cycle.
They were allowed free access to a basal diet (MF: Oriental Yeast
Co. Ltd, Tokyo, Japan, or LABO MR Stock: Nihon Nosan Kogyo
Inc., Yokohama, Japan) and water (sterile tap water or well water
treated with sodium hypochlorite) throughout.

Study design

1. 18-day repeated dose toxicity study in newborn rats

(newborn rat study)

Newborn rats (12/sex/dose) were administered the test substances
by gastric intubation on PNDs 4-21. On PND 22, six males and
six females in each treated group were sacrificed for autopsy (the
scheduled-sacrifice group). The remaining animals in all groups (6
rats/sex/dose) were maintained for nine weeks without chemical
treatment and then sacrificed at 12 weeks of age (the recovery-
maintenance group).

Based on the results of dose-finding studies conducted prior to
the main study, the dose, which would show clear toxicity, was
selected as the top dose, that without potentially toxic effects as the
lowest dose, and the medium dose was set between them. In the
dose-finding study for 2TBP (oral administration from PNDs 4—
21), some clinical signs and suppressed body weight gain were
observed at 200 mg/kg and an increase in relative liver weight at
60 mg/kg and more. For DBTP (oral administration from PNDs 4-
17), all of the four males and four females died at 500 mg/kg, and
the death of one of the four males, an increase in serum total
cholesterol and phospholipid, and increase in relative liver weight
were noted in the 100 mg/kg group. Therefore, the doses were
set at 0, 20, 60, or 200 mg/kg/day for 2TBP and at 0, 3, 40, or
300 mg/kg/day for DTBP.

During the study, the rats’ general condition was observed at
least once a day (details of clinical signs noted in this study are
described in ‘Glossary of terms for toxicity testing’ [NIHS
1994]). Body weight and food consumption (only the recovery-
maintenance period) was examined once or more a week. As devel-
opmental parameters, fur appearance, incisor eruption, pinna
detachment and eye opening were assessed for physical develop-
ment, and testes descent or preputial separation and vaginal open-
ing for sexual development (OECD 2004). In addition, reflex
ontogeny, such as visual placing reflex, and surface and mid-air
righting reflexes, were also examined (Adams 1986; Jensh & Brent
1988). Urinalysis (color, occult blood, pH, protein, glucose, ketone
bodies, bilirubin, urobilinogen, sediment, specific gravity, and vol-
ume of the urine) was conducted in the last week of the recovery-
maintenance period.

At PNDs 22 and 85, blood was collected from the abdominal
aorta under ether anesthesia (for 2TBP) or from the postcaval vein
under pentobarbital sodium anesthesia (for DTBP) after overnight
starvation for the scheduled-sacrifice and recovery-mainténance
groups, respectively. One portion was treated with EDTA-2K and
examined for hematological parameters, such as the red blood cell
count, hemoglobin, hematocrit, mean corpuscular volume, mean
corpuscular hemoglobin, mean corpuscular hemoglobin concentra-
tion, white blood cell count, platelet count, reticulocyte count and
differential leukocyte count. In the recovery-maintenance group,
part of the blood was treated with 3.8% sodium citrate, and blood
clotting parameters such as prothrombin time (PT) and activated
partial thromboplastin time (APTT) were examined. Serum from
the remaining portions of blood for both the scheduled-sacrifice and
recovery-maintenance groups were analyzed for blood biochemis-
try (total protein, albumin, albumin-globulin ratio [A/G ratio], glu-
cose, total cholesterol, triglycerides, phospholipid, total bilirubin,
urea nitrogen [BUN], creatinine, glutamate oxaloacetate transami-
nase, glutamate pyruvate transaminase, alkaline phosphatase, -
glutamyl transpeptidase [y-GTP], calcium, inorganic phosphorus,
sodium, potassium, and chlorine). Following collection of blood,
all animals were sacrificed by exsanguination, and all organs and
tissues were macroscopically examined. Then, the brain, pituitary
gland, thymus, thyroids, heart, lungs, liver, spleen, kidneys,
adrenals, testes, epididymides, and ovaries were removed and
weighed. Histopathological examination was conducted for the
control and the highest dose groups. The above-listed organs were
fixed in 10% buffered formalin-phosphate (following Bouin's fix-
ation for testes and epididymides), and paraffin sections were
routinely prepared and stained with Hematoxylin-Eosin for
microscopy. For other groups, organs with macroscopically abnor-
mal findings or in which chemical-related effects were evident on
microscopic examination for the highest dose group, were similarly
investigated.
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2. 28-day repeated dose foxicity study in young rats

(young rat study)

Five to six week old rats were given the test substances by gastric
intubation daily for 28 days and sacrificed following the last treat-
ment (the scheduled-sacrifice group). Recovery groups were main-
tained for two weeks without chemical treatment and sacrificed at
11 or 12 weeks of age. The number of animals was six for each
sex/dose for bath scheduled-sacrificed and recovery cases.

The doses were selected in the same way as the newbOrm rat
studies. In the 12-day dose-finding study for 2TBP, ataxic gait was
observed at 300 mg/kg and more, and increase in relative liver and
kidney weight at 500 mg/kg. For DTBP, with 14-day administra-
tion, the death of one of the four females, various changes in some
blood biochemical parameters, increase in relative liver weights and
light gray macules on kidneys were found at 500 mg/kg. Increase
in serum phospholipid and relative liver weights were also demon-
strated in the 100 mg/kg group. Based on the results, the doses were
determined at 0, 4, 20, 100, or 500 mg/kg/day for 2TBP and at 0,
5, 20, 75, or 300 mg/kg/day for DTBP. Recovery groups were set
at 0, 100, 500 mg/kg/day for 2TBP and 0, 300 mg/kg/day for
DTBP.

During the study, rats were examined for general condition, body
weight, food consumption, urinalysis, hematology and blood bio-
chemistry, necropsy findings, organ weights, and histopathological
findings in compliance with the Test Guideline in the Japanese
Chemical Control Act (Official Name: Law Concerning the
Examination and Regulation of Manufacture, etc. of Chemical
Substances).

Statistical analysis

Data for body weights, food consumption, urinalysis findings
(except for the results of qualitative analysis), hematological, blood
biochemical findings (except for differential leukocyte count), and
organ weights were analyzed by the Bartlett’s test (Bartlett 1937)
for homogeneity of distribution. When homogeneity was recog-
nized, Dunnett’s test (Dunnett 1964) was conducted for comparison
between control and individual treatment groups (P < 0.01 or 0.05).
If not homogeneous or for gualitative urinalysis data and differen-
tial leukocyte count, the data were analyzed using Steel’s multiple
comparison tests (Steel 1959), or tests of the Dunnett type (Hol-
lander & Wolfe 1973) (P < 0.01 or 0.05). For reflex ontogeny, and
physical and sexual development parameters in the newborn rat
studies, the y*-test (Fisher 1922) was conducted (P < 0.01 or 0.05).

M. Hirata-Koizumi et al.

RESULTS
2-tert-butylphenol (2TBP)

Newborn rat study

Various clinical signs such as decrease in locomotor activity, ataxic
gait, deep respiration, and muscle weakness were observed
throughout the dosing period in the 200 mg/kg group, as shown in
Table 1. With 60 mg/kg, transient decrease in locomotor activity
was noted on the first dosing day limited to only one of 12 males.
Body weights were lowered by 8-17% from dosing day 7 through
to the end of the dosing period in males and to recovery-mainte-
nance day 14 in females given 200 mg/kg. At the scheduled sacri-
fice, there were no hematological changes at any dose, but blood
biochemical examination of the 200 mg/kg group showed increases
in y-GTP in both sexes and total protein in males. In addition,
significant increase in relative liver weights was noted in 9% of the
females in the 60 mg/kg group and in 21-23% of both males and
females in the 200 mg/kg group. On histopathological examination,
slight hypertrophy of centrilobular hepatocytes was found in one
female of the 60 mg/kg group, and in four males and three females
from the 200 mg/kg group. During the recovery-maintenance
period, no clinical signs were observed and the lowered body
weights showed a tendency for recovery. In parameters for physical
and sexual development and refiex ontogeny, no definitive changes
were detected. At the end of the recovery-maintenance period, no
chemical-related changes, also in urinalysis data, were found in any
dose group.

The results of the newborn rat study of 2TBP are summarized in
Table 2. Since clinical signs and histopathological changes in the
liver were observed-in the 60 mg/kg group, the NOAEL was con-
cluded to be 20 mg/kg/day.

Young rat study

Ataxic gajt were observed sporadically during the dosing period in
nine males and 12 females, and decrease in locomotor activity in
two females from the 500 mg/kg group. During the dosing period,
there were no changes in body weight, food consumption, and
urinalysis data. At the scheduled sacrifice, hematological and blood
biochemical examination also showed no changes. Eighteen to 19%
increases were found in relative liver-weights of both sexes receiv-
ing 500 mg/kg, but no histopatholegical changes in liver were
observed at any dose. No chemical-related changes were noted
during and at the end of the recovery period.

Table 1 Clinical signs observed during the dosing period in the newborn rat study of 2-fert-butylphenol

Dose (mg/kg/day)

0 20 60 200
No. animals (Male/Female) 12/12 12/12 12/12 12/12
No. animals with clinjcal signs
Decrease in locomotor activity 070 0/0 17/0 12/12
Ataxic gait 0/0 0/0 . 0/0 4/6
Deep respiration 0/0 0/0 0/0 12/12
Tremors 0/0 0/0 0/0 2/4
Muscle weakness 0/0 0/0 0/0 12712
Emaciation 0/0 0/0 o0 272
Pale skin 0/0 0/0 /0 4/2

TObserved only on the first dosing day.
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Table 2 Summary of the results of the newborn and young rat study of 2-tert-butylphenol

Newborn rat study

Dose (mg/kg/day) 20 60 200

Clinical signs ~  M: Decrease in Varioust
locomotor activity

Body weight changes - - 8-17%1

Blood biochemical changes - - GTPT, M: TPT

Changes in relative organ weights

1

Histopathological findings in liver
— Slight centrilobular hypertrophy of hepatocytes -

F: Liver 9% T

M: 0/6, F: 1/6

Liver 21-23%T

M: 4/6, F: 3/6

Young rat study

Dose (mg/kg/day) 4
Clinical signs -

Body weight changes -
Blood biochemical changes -
Changes in relative organ weights -
Histopathological findings n.d.

20 100 500
Ataxic gait
F: Decrease in locomotor activity

Liver 18-19%T
n.d. n.d. -

Statistically ignificant increases (P < 0.05) in body weights, blood biochemical parameters and relative organ weights are shown as T,
while decreases are shown as |. Data on histopathological findings are given as no. of animals with the findings/no. of animals examined,
according to sex. Changes observed only in males or females are shown as ‘M’ or ‘F", respectively, while neither ‘M’ nor ‘F’ is mentioned
in the case of changes noted in both sexes. No chemical-related changes were observed in developmental parameters (conducted only in
newborn rat study), urinalysis (only in young rat stady), and hematological parameters. tDecrease in Jocomotor activity, ataxic gait, deep
respiration, tremors, muscle weakness, emaciation, and pale skin were observed, as shown in Table 1. GTF, y-GTP; TP, total protein; —, no

change; n.d., not determined.

A summary of the results of the young rat study of 2TBP is given
in Table 2. The NOAEL was concluded to be 100 mg/kg/day, at
which no changes were observed.

2,-di-fert-butylphenol (DTBP)

Newborn rat study

Two males and one female of the 300 mg/kg group were found dead
on dosing days 3, 4, and 7. In this group, decrease in locomotor
activity (12 males and 12 females), bradypnea (10 males and 10
females), and hypothermia (one male) were observed from the first
dosing day, but then the incidence decreased, with disappearance
after dosing day 7. Body weights of the 300 mg/kg group were
lowered by 15-25% in males and by 9-20% in females during the
dosing period, compared with the control values. There were no
definitive changes in parameters for physical development and
reflex ontogeny in any dose group. At the scheduled sacrifice, blood
biochemical examination showed an increase in total bilirubin and
a decrease in the A/G ratio in both sexes, an increase in y-GTP in
males, and an increase in total protein and BUN in females of the
300 mg/kg group. In the 300 mg/kg group, there was a 39-51%
increase in relative liver weights, a 37—41% increase in relative
kidney weights in both sexes, and a 24% decrease in relative spleen
weights in males. In the 40 mg/kg group, 14% increases in relative
weight of liver were found in females. On histopathological exam-
ination, various changes were observed in livers and kidneys in the
300 mg/kg group, as shown in Table 3. Furthermore, periportal
fatty degeneration of hepatocytes was evident in one female given
40 mg/kg, and basophilic tubules in kidneys in one animal of each
sex receiving 40 mg/kg and one control group male. Regarding

parameters of sexual development, a slight delay in preputial sep-
aration was noted in the 300 mg/kg group (the incidences were 0/
5, compared with 2/6 in the control group at PND 42 [recovery-
maintenance day 21]; 0/5, 3/6 at PND 43; 2/5, 5/6 at PND 44; 2/5,
6/6 at PND 46; 4/5, 6/6 at PND 47, and 5/5, 6/6 at PND 48). During
this observation period, body weights were lowered by approxi-
mately 10% in males given 300 mg/kg than control levels, which
was not statistically significant. In the last week of the recovery-
maintenance period, there were no chemical-related changes on
urinalysis in any dose group. At the end of the recovery period,
changes noted in the scheduled-sacrifice group were not observed
except for histopathological changes in the kidneys, significant in
the 300 mg/kg group (Table 3).

. A summary of the results of the newborn rat study of DTBP is
shown in Table 4. Since fatty degeneration of hepatocytes and
increase in liver weight were demonstrated at 40 mg/kg, the
NOAEL was concluded to be 5 mg/kg/day.

Young rat study

No chemical-related changes were found in general condition, body
weight, and food consumption at any dose. On urinalysis at the
fourth week of dosing, an increase in urine volume, and a decrease
in specific gravity and osmotic pressure were noted in both sexes
of the 300 mg/kg group. At the scheduled sacrifice, hematological
examination showed a decrease in hemoglobin and hematocrit, an
increase in segmented neutrophils in females, and prolongation of
PT and APTT in males at 300 mg/kg. On blood biochemical exam-
ination, there was an increase in total bilirubin in males given
300 mg/kg, and an increase in total cholesterol and phospholipid in
females given 75 mg/kg and above. For organ weights, there were
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Table 3 Histopathological findings for the newborn rat study of 2,4-di-tert-butylphenol

Recovery-
maintenance
Scheduled-sacrifice group group
Dose (mg/kg/day) Grade 0 5 40 300 0 300
No. of animals examined (Male/Female) 6/6 6/6 6/6 5/6 6/6 5/5
Liver
— Fatty degeneration of periportal hepatocytes + 0/0 0/0 0/1 0/0 0/0 0/0
++ 0/0 0/0 0/0 3/4 0/0 0/0
+++ 0/0 0/0 0/0 22 0/0 0/0
Kidneys
— Basophilic tubules + 1/0 nd. 11 4/4 0/0 3/0
~ Granular casts + 0/0 nd. 0/0 472 0/0 0/0
— Cystic dilatation of collecting tubules + 0/0 nd 0/0 0/0 0/0 5/4
++ 0/0 n.d. 0/0 3/4 0/0 0/0
+++ 0/0 n.d. 0/0 22 0/0 0/0
~ Cellular infiltration of neutrophils + 0/0 n.d. 0/0 2/1 0/0 1/0
++ 0/0 n.d. 0/0 1 0/0 1/0
+++ 0/0 n.d. 0/0 /1 0/0 0/0

1No histopathological examination was conducted at 5 and 40 mg/kg in the recovery-maintenance group. +, mild; ++, moderate; +++,

marked; n.d., not determined.

increases in relative liver weights by 40-43% in both sexes given
300 mg/kg, and by 13% in females receiving 75 mg/kg. On histo-
pathological examination, mild to marked changes in livers and
kidneys were observed in both sexes from the 300 mg/kg group, as
shown in Table 5. At the end of the recovery period, the increase
in total cholesterol and phospholipid and renal histopathological
changes observed in the scheduled-sacrifice group remained signif-
icant in the highest-dose group (Table 5).

The results of the young rat study are summarized in Table 4.
Based on increase in the relative liver weights with some changes
in blood biochemical parameters in females given 75 mg/kg, the
NOAEL was concluded to be 20 mg/kg/day.

DISCUSSION

During development, many rapid and complex biological changes
occur, which can have profound consequences on sensitivity to the
effects of exogenous chemicals (Scheuplein ef al. 2002). Although
the neonatal body at birth is reasonably well prepared for the abrupt
changes associated with parturition, and most functional systems
possess a significant portion of their adult capacity (Dourson et al.

2002}, it is known that the various functions remain immature in

early postnatal period and that some organs and tissues, especially
in the nervous, immune and reproductive systems, continue to
develop after birth (NAS 1993). Therefore, it is important to
evaluate toxic effects by exposure to chemicals during the early
postnatal period as well as the fetal period for comprehensive
risk assessment. However, economic issues and lack of human
resources, arising from practical difficulties regarding protocols,
have hindered routine implementation of toxicity studies using
newborn animals. Our series of comparative analyzes on suscepti-
bility of the newborn are therefore of particular importance for risk
assessment.

In the present study on 2TBP and DTBP, there were no clear
differences in toxicity profiles between the newborn and young rats
in either case. For 2TBP, clinical signs such as a decrease in loco-
motor activity and ataxic gait, and effects on liver such- as an
increase in organ weight wers observed. In the DTBP case, hepatic
and renal toxicity (histopathological changes, increase in organ
weight, etc.) were noted. As a characteristic effect of DTBP on male
sexual development, slight delay in preputial separation was also
observed in the newborn rat study. Preputial separation, an
androgen-dependent process which is an early marker of puberty,
represents a reliable mon-invasive indicator of chemical-induced
perturbation of male pubertal development in-the rat (Gaytan et al.
1988). However, it is known that decreased body weights can result
in non-specific delay in puberty (Ashby & Lefevre 2000). Since
DTBP lowered body weights in the period of observation of prepu-
tial separation and there were no DTBP-related changes in weights
or histopathology of the testes and epididymides, well known to be
essentially androgen-dependent, no specific effect on male sexual
development could be concluded in the present study. As for
NOAELs of both chemicals, clear differences were observed
between newborn and young rats, with values of 20 and 5 mg/kg/
day in newborn rats, and 100 and 20 mg/kg/day in young rats for
2TBP and DTBP, respectively. Therefore, the susceptibility was
four- to five-fold higher in newborn than in young rats.

Our previous analysis of I,3-dibromopropane and 1,1,2,2-
tetrabromoethane (Hirata-Koizumi et al. 2005) showed dose—
Tesponse curves to be very different between newbom and young
rats. The same was recently reported for the widely used organo-
phosphorus insecticide, chlorpyrifos (Zheng et al. 2000), as well as
pyrethroid insecticides (Shafer ez al. 2005). These data showed the
importance of estimating unequivocally toxic levels (UETLs),
defined for our comparative toxicity analysis as equivalent toxic
doses inducing clear toxicity, including death, clinical toxic signs,



