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Abstract: Bisphenol A (BPA) and nonylphenol (NP) are
endocrine disrupting chemicals (EDCs) which induce
reproductive abnormalities. While single exposure
studies have been reported, few investigations of the
simultaneous administration of several chemicals to
animals have been conducted. The purpose of this
study was to estimate the effect of gestational exposure
to BPA and NP simultaneously on reproductive function.
Pregnant female ICR mice were given BPA, NP or BPA
plus NP by subcutaneous injection from gestational day
(GD) 5 to delivery. The daily doses of BPA and NP were
1/1,000 or 1/100 the median lethal doses (LDsy; BPA:
2,600 mg/kg, NP: 1,231mg/kg). On postnatal day (PND)
1, the pups (F1) were thinned out to 8. On PND 42, the
body weights of some F1 were recorded and they were
sacrificed; the livers, testes, epididymes, ovaries, and
uteri were then weighed. The remaining F1 mice were
mated with non-treated heterosexual mice. On GD 17,
female mice were dissected to count the total number of
fetuses and dead fetuses. All NP-treated mice exhibited
decreased body and testis weight on PND 42. The
pregnancy rate was 100% in all treated female groups,
although it declined in untreated female mice mated with
male mice from some treatment groups. The average
dead fetus rate changed significantly according to the
dosage combination. This study shows that BPA and
NP can enhance, suppress or be neutral for the effect of
the other in combined exposure to BPA and NP.
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Introduction

Animal reproductive function is regulated by the
endocrine system. Endocrine disrupting chemicals
(EDCs) such as xenoestrogens are released into the
environment and can interfere with the endocrine
system and exert various effects including reproductive
function disorder in vertebrates.

Bisphenol A (BPA) is a high-volume production,
industrial chemical used as a monomer in the
manufacture of polycarbonate and epoxy resin products
including formula bottles, food-can linings and dental
sealants. Trace amounts of BPA have been reported to
leach from these consumer products [1, 2].

Previous reports suggest that BPA has weak
estrogenic activity in yeast-based receptor assays [3].
In uterotrophic assays, BPA also exhibits weak
estrogen-like activity in mature ovariectomized [4] and
immature [5,6] mice. Furthermore, BPA alters the
postnatal growth rate of female mice after in utero
exposure and induces early puberty [7], and fetal
exposure to BPA altered the expression of the estrogen
receptor after birth [8].

Nonylphenol polyethoxylates (NPEs) are non-ionic
surfactants used in detergents, plastic additives, paints,
herbicides, insecticides and many other synthetic
products. Nonylphenol (NP), a major biodegradation
product of NPEs [9], is found in water and river
deposits. NP is also reported to leach from plastics
used in food processing [10].

NP mimics a weak estrogen-like action, and it was
reported that NP stimulated the proliferation of MCF-7
cells (from a human estrogen-sensitive breast cancer
cell line) [11]. In vivo studies have shown that NP
accelerated vaginal opening and increased uterine
weight in female rats [12], and reduced sperm
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production and decreased testis weight in male rats
[13].

The purpose of this study was to estimate the effect
on the reproductive system of the offspring of ICR mice
exposed to BPA and NP during pregnancy. While
single exposure studies have been reported, few
investigations of the simultaneous administration of
several chemicals to mammals have been conducted.
BPA and NP have been detected in river water [14],
which shows that humans may be exposed to them
through the food chain. Furthermore, these chemicals
have been detected in human placenta and/or cord
blood [15], further proof that humans really are exposed
to various chemical substances. Therefore, it is
significant to study the effects of compound exposures.

Materials and Methods

Animals and treatment

ICR mice were purchased from Japan SLC Inc.
(Shizuoka, Japan) and bred in our laboratory. Mice
were housed in polycarbonate cages with autoclaved
chips as bedding and placed in an animal room with a
12h light / dark cycle (light: 06:00-18:00) under
controlled temperature (24+2°C). Food (F1; Funabashi,
Chiba, Japan) and tap water were provided ad libitum.
Eight-week-old female mice were mated with male
mice. Vaginal plug detection was considered day 0 of
pregnancy. The pregnant female mice were separated
from the males and divided into 9 treatment groups
(n=6): (i) control; (ii) low-dose BPA (2.500 mg/kg; LB);
(iii) high-dose BPA (25.00 mg/kg; HB); (iv) low-dose NP
(1.231 mg/kg; LN); (v) high-dose NP (12.31 mg/kg; HN);
(vi) mixture of LB and LN (LBLN); (vii) mixture of HB and
HN (HBHN); (viii) mixture of LB and HN (LBHN); (ix)
mixture of HB and LN (HBLN). The BPA and NP doses
were set at 1/1,000 or 1/100 of the LDs, (BPA: 2,500 mg/
kg, NP: 1,231 mg/kg). We considered LDs(/1,000 and
LDso/100 to be low-dose and high-dose, respectively.
Gestational mice were housed individually. Control
animals received only corn oil (Ajinomoto Co., Inc.,
Tokyo, Japan). Corn oil was also used as the vehicle
for BPA and NP. The dams were treated daily by
subcutaneous injection from gestational day (GD) 5 to
delivery (postnatal day (PND) 0). The amount of
administration was calculated based on the body weight
of the animal on the day of treatment. BPA and/or NP
was dissolved in 0.05 ml corn oil and injected into the
dorsal region of the neck. On PND 1, pups (F1) were
thinned out to 8 per dam. The F1 mice were weaned on
PDN 21 and housed with same-sex littermates.

Litter data

On PND 42, 6 F1 males and females per group were
selected at random and mated with non-treated
heterosexual mice (male: female = 1: 3). On GD 17, the
female mice were dissected and their uteri observed.
The total number of fetuses and dead fetuses (F2) were
counted. The body weights of the remaining F1 were
recorded, then they were sacrificed and their livers,
testes, epididymes, ovaries, and uteri were weighed.

Statistical analysis

The data are expressed as the mean + SD. The
pregnancy rate was analyzed used the chi-squared test.
All other data were analyzed by one-way ANOVA and
Fisher’'s PLSD. In analyses of the mean number of
dead fetuses and the average dead fetus rate, the HN
group (0.00) was excluded. A P value of less than 0.05
was considered statistically significant.

Results

F1 body weight and organ weight

The F1 male and female body and organ weights are
shown in Tables 1 and 2, respectively.

There were significant differences in body weight on
PND 42 among the groups. The body weight of male
(Table 1) and female (Table 2) F1, treated in utero,
decreased in all NP-treated groups (LN, HN, LBLN,
HBLN, LBHN and HBHN) compared to the control.

The absolute liver weights of the LB, LN, HN, LBHN
and HBLN groups in males decreased, although the
relative liver weights of all groups showed no significant
difference compared to the control (Table 1). The
absolute liver weight of LBLN was increased and HBLN
was decreased compared with LN and HB respectively.
The relative liver weights of HBHN, LBHN and HBLN
were increased compared to HN, LB and LN. In
females, LN and HBLN absolute liver weights were
decreased compared to the control (Table 2). The
relative liver weight of the HBHN group, however, was
significantly increased in females. The absolute liver
weight of HBLN in females was decreased compared to
HB. The relative liver weight of HBHN was increased
compared to HB.

The absolute testis weight was decreased in all NP-
treated groups compared to the control, although there
was no significant difference among groups in the
relative testis weights (Table 1). The absolute testis
weights of the compound exposure groups (LBLN,
HBHN, LBHN and HBLN) were significantly decreased
compared to the BPA single exposure groups (LB and
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Table 1. F; Male body weight, liver, testis and epididymis weight on PND 42

Treatment Group Liver

Testis Epididymis

BPA NP
(mg/kg/day)

n Body weight (&) "Apcoiute () Relative (%)

Absolute (mg) Relative (%) Absolute (mg) Relative (%)

35.0£2.1°
343 +1.4°
3524170 1.486+0.14%°
31.7+14%%91.303+0.16°
32.0+2.5%¢ 1.341+0.19%¢
329+1.7°
32.4+£2.3%¢
31.4+2.0%9
30.6+2.1¢

Control 0 0 18 1.513 £0.20°
LB 2500 0 21
HB 2500 0 18
LN 0 1231 14
HN 0 1231 15
LBLN 2500 1.231 18
HBHN 25.00 1231 16
LBHN 2500 1231 19
HBLN 25.00 1.231 20

1.375+£0.10%¢
1.342 +0.14%¢

4323+047%¢ 227.9+332* 0.652+0.090 61.7+9.07>°
1.406+0.17>%¢ 4,104 + 0.50"
4227 +0.34%%¢ 2231 +£23.7%°0.635+0.065 61.1+5.76%>° 0.174 +0.014*
4.106 + 0.44*

4,184 +0.38%°
1.417+0.09*>¢ 4310+ 0.15%>¢ 201.5+ 14.4° 0.615+0.057 59.8 +4.42%%%40.183 £ 0.018*"
1.443 £0.16>¢ 4.450 + 0.30°

4386 +0.16>¢
4.384+0.29>°

0.177 +0.024°
223.8 £27.4%°0.652+0.073 60.1 £5.10%>° 0.175+0.014

0.181 +£0.011*°
0.197 +0.016°

198.9+23.0° 0.628+0.074 57.3 +£4.00%¢
207.0 +34.8%°0.646 + 0.089 63.0+7.21°

197.2+242° 0.608+0.062 57.7+5.96™* 0.178 +0.016"°
193.9+204° 0.620+0.071 56.0+4.72¢  0.179+0.013*"
197.7+21.6° 0.650+0.088 58.0+6.56™¢ 0.190 +0.023"°

Mean + SD. ““Different superscripts indicate statistically significant differences (P<0.05). There was no significant difference in

the relative testis weights among groups.

Table 2. F; Female body weight, liver, ovary and uterine weight on PND 42

Treatment Group Liver

Ovary Uterus

BPA Np 7 Bodyweight(2) apiue ()  Relative (%) Absolute (mg) Relative (%) Absolute (mg) Relative (%)

(mg/kg/day)
Control 0 0 18 27.6+1.7%° 1.095+0.14*° 3.967+0.42%" 10.4+2.3%" 0.038+0.008 1354+47.9* 0.494+0.180*>°
LB 2500 0 15  263+22%° 1.037+0.16>>¢ 3.925+0.41%" 9.6+2.6%" 0.036+0.009 95.3+23.7° 0.364+0.089"
HB 2500 0 18 285422 1.117+£021%° 3.904+0.63%" 10.6+£2.2° 0.037+0.008 134.3+55.0° 0.470+0.185*>¢
LN 0 1231 21 252+1.7°¢ 0971+£0.10° 3.859+025"  9.2+2.0%" 0.037+0.007 125.0+52.7%" 0.490 + 0.186%"°
HN 0 1231 20 252+22%% 1.052+020>>° 4.165+0.54>° 9.1+£2.7° 0.036+0.011 109.1 £43.4%" 0.434 +0.156>"
LBLN 2500 1231 18 255+23° 1.024+0.13%° 4.012+022%° 98+1.5% 0.039+0.004 127.6+60.0 0.497 +0.218"°¢
HBHN 25.00 1231 18 26.1+2.1° 1.133+£0.12> 4.332+024° 9.9+1.8% 0.038+0.007 97.8+£29.8" 0377+0.119%®
LBHN 2500 1231 17 251+25%% 1.029+0.17%>° 4.090 £ 0.41>>° 9.9+ 1.8" 0.040 +0.006 110.0+52.9%° 0.433 +0.180%°
HBLN 2500 1231 16 23918 0984+0.10° 4.115+0.18>° 99+1.7% 0.042+0.007 140.6+652* 0.599 +0.302¢

Mean + SD. *“Different superscripts indicate statistically significant differences (P<0.05). There was no significant difference in

the relative ovary weights among groups.

HB). While the absolute epididymis weights were
decreased in the LN and LBHN groups, its relative
weight in the HN and HBLN groups was significantly
increased compared to the control (Table 1). The
absolute and relative epididymis weights in the HBHN
and LBHN groups were decreased compared to HN.

There was no significant difference in the relative
ovary weights among the groups and in the absolute
ovary weights of all treatment groups compared to the
control (Table 2). The absolute uterine weights of the
LB and HBHN groups were significantly decreased,
whereas the relative uterine weight showed no
significant difference compared to the control (Table 2).
The absolute uterus weight of HBHN was decreased
compared to HB. In comparison with LB, the relative
uterus weight of LBLN was increased.

F2 fetus survivability

On PDN 42, 6 F1 males and females per group were
mated with non-treated heterosexual mice. On GD 17,
female mice were dissected and their uteri observed to

count the total number of fetuses and dead fetuses.
Table 3 shows the results of untreated females mated
with treated males. Table 4 shows the results of treated
females mated with untreated males.

The pregnancy rate was 100% in all treated female
groups (Table 4). Although there was no significant
difference, the pregnancy rates of untreated females
tended to decline in mating with male mice from the HN,
LBLN and HBHN groups (Table 3). The number of fetus
per untreated dam decreased significantly after mating
with male mice from the LN, HN, LBLN and HBHN
groups compared with the control (Table 3). Also, the
number of fetus in untreated females mated with male
mice from the HBHN decreased compared to HB, and in
untreated females mated with the male mice from the
HBLN increased compared to LN. There was no
significant difference in the number of fetuses per dam
between any of the treated female groups and the
control, while the LBLN group showed a decrease
compared to LB and HBHN group showed an increase
compared to HN (Table 4). The average dead fetus rate
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Table 3. F, Fetus data (male treated), pregnancy rate, number of fetuses per dam, no. of dead fetuses and average dead fetus rate

Treatment groups Precnancy rate Average

BPA NP n g o y No. of fetus/dam No. of dead fetus/dam dead fetus rate

(mg/kg/day) %) %)
Control 0 0 18  100.0 (18/18) 15.6 + 1.34%° 0.50 + 0.69° 3.08+4.11°
LB 2.500 0 18  100.0 (18/18) 14.8 £1.90%>°¢ 0.39 +0.59° 2.61 +£3.99*
HB 2500 0 18  100.0 (18/18) 16.5+ 1.74° 1.11+0.99%°¢ 6.51 +5.64%"
LN 0 1231 18  100.0(18/18) 13.3+3.21° 1.56 £2.17>¢ 11.11 + 14.72°
HN 0 12.31 18 83.3 (15/18) 12.9 +£3.45¢ 0.60 + 0.80*" 4.00£5.28"
LBLN 2.500 1.231 18 88.9 (16/18) 13.6 +£2.74° 1.69 £ 1.99¢ 11.41+13.05°
HBHN 25.00 12.31 18 88.9 (16/18) 13.1 £3.15° 1.50 + 1.41>° 10.92 +10.27°
LBHN 2,500 1231 18  100.0 (18/18) 142 +£2.74>¢ 0.61+0.83%"° 4.59 +6.08"
HBLN 25.00 1.231 18  100.0 (18/18) 15.6+3.11%° 1.22 + 1.90%5¢ 6.84 = 10.46%°

““Different superscripts indicate statistically significant differences (P<0.05). There was no significant difference in the
pregnancy rates among groups.

Table 4. F), Fetus data (female treated), pregnancy rate, number of fetuses per dam, no. of dead fetuses and average dead fetus rate

Treatment groups Preenancy rate Average

BPA NP n g % )y No. of fetus/dam No. of dead fetus/dam dead fetus rate

(mg/kg/day) (%)
Control 0 0 6 100.0 (6/6) 14.8 £2.03>>cd 0.50 +0.50*° 3.37+3.69
LB 2.500 0 6 100.0 (6/6) 16.7 £ 0.94* 1.50 + 1.50* 9.00 +8.26
HB 25.00 0 6 100.0 (6/6) 15.5+1.80%>¢ 0.83 +0.69%° 5.38 +£4.62
LN 0 1231 6 100.0 (6/6) 14.3 £ 1.60> ¢ 0.67 +0.75%" 4.65+4.96
HN 0 12.31 6 100.0 (6/6) 13.3 £ 1.49%¢ 0.00 + 0.00* 0.00 + 0.00*
LBLN 2.500 1.231 6 100.0 (6/6) 13.0 +2.89¢ 0.67 +0.75° 5.13+5.41
HBHN 25.00 1231 6 100.0 (6/6) 15.8 +1.34*¢ 0.17+0.37° 1.05 +2.48
LBHN 2500 1231 6 100.0 (6/6) 145+ 1.26%%¢ 0.67+1.11%° 4.60 +8.45
HBLN 25.00 1.231 6 100.0 (6/6) 15.5+1.50%%¢ 1.00 £ 1.15%° 6.45+7.50

*dDjifferent superscripts indicate statistically significant differences (P<0.05). *HN was excluded from statistical analy-
sis. There was no significant difference in the pregnancy rates among groups. There was no significant difference in the

average dead fetus rates among groups.

in untreated females mated with males from LN, LBLN
and HBHN group mice was significantly increased, while
in untreated females mated with males from the HB and
HBLN tended to increase (Table 3). The average dead
fetus rate in untreated females mated with males from
the LBLN or HBHN was significantly increased compared
to LB or HN, respectively. There was no significant
difference in the average dead fetus rate between any of
the treated female groups (Table 4).

Discussion

We investigated the effects of BPA, NP, and a mixture
of BPA and NP exposure in utero. In this study, the
body weight of the NP-treated group decreased
significantly. Cunny et al. [16] reported that 2,000 ppm
NP dietary administration for 90 days (approximate

dietary intake of 150 mg/kg/day) induced a small
decrease in body weight gain in rats. In addition, Tyl et
al. [17] showed that 750 and 7,500 ppm BPA dietary
exposure (approximate dietary intake of 50, 500 mg/kg/
day) decreased the liver weight in CD Sprague-Dawley
rats. Benjamin et al. [18] reported that 100 mg/kg BPA
plus 100 mg /kg NP oral administration did not induce
change, but 100 mg/kg BPA administration decreased
liver weight significantly compared with control rats. On
the other hand, the administration of 500, 750, 1,000, or
1,250 mg/kg/day BPA by gastric intubation in mice
increased the relative liver weight [19]. Increases in
relative liver weight with histopathological changes were
observed in a study carried out by Nagao et al. [20],
who administered 50 mg/kg/day NP. In the present
study, the absolute liver weights of male LB, LN, HN,
LBHN and HBLN group mice and female LN and HBLN



group mice were significantly decreased, while the
relative liver weight of HBHN females was significantly
increased compared with the control. This suggests
that the treatment effect on the liver varied according to
the administration dose or interaction with other
chemicals.

Kabuto et al. [21] reported that feeding pregnant/
lactating mothers BPA at 5 or 10 xg/ml of drinking water
reduced the testis weights of their pups. Moreover,
exposure to 100, 250 and 400 mg/kg/day NP reduced
the testis and epididymis weights [22]. In our results,
the absolute testis weight of all NP-treated groups
decreased, although that of groups treated with BPA
alone did not decrease compared to the control. The
relative epididymis weights of all treatment groups were
not significantly different from the control. The absolute
epididymis weights were decreased in the LN and
LBHN groups compared with the control. The relative
epididymis weights of the HN and HBLN groups,
however, were significantly increased when compared
with the control group. The results of this study
contradict those of previous studies, and the reason for
this may be the different route of administration.

The results of fetus survivability indicate that males
were affected by treatment more than females. For
instance, in the average dead fetus rate, there was a
significant difference among untreated females mated
with males from the treated groups, although treated
females showed no significant differences. This may be
explained by differences in hormone sensitivity. In the
present study, the pregnancy rate of untreated females
mated with males from the HN, LBLN and HBHN groups
tended to decrease. Additionally, the average dead
fetus rate was increased in untreated females mated
with males from the LN, LBLN and HBHN groups by
more than 10%. Kabuto et al. [21] reported that BPA
administration increased dose-dependently the
thiobarbituric acid-reactive substances (TBARS) levels
in testis and showed that exposure to 10 xg/ml BPA in
drinking water significantly increased TBARS, although
5 ug/ml exposure did not lead to a significant increase.
They concluded that 10 xg/ml BPA administration was
too severe to up-regulate catalase activity in the testis,
and a decrease in its activity caused an increase in the
TBARS level. In the present study, the dead fetus rate
in untreated females mated with HB group males, but
not LB, tended to increase probably because testis cells
were damaged by hyperoxidation. NP also induces
hyperoxidation. Chitra’s study [23] showed that lipid
peroxidation increased significantly in the epididymal
sperm of male rats. Han et al. [24] observed that NP
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treatment induced the apoptosis of testis cells. Testis
dysfunction and/or reduced motility of sperm, caused by
hyperoxidation, might have induced a high fetal death
rate, such as those shown by untreated females mated
with LN, LBLN and HBHN group mice in the present
study.

In the study of EDCs, there are many cases in which
low-dose exposure shows a greater effect than high-
dose exposure. This differs from general toxicity which
acts dose dependently. EDCs are well-known to an
effect of inverted-U shape. This phenomenon might
explain the increase in the average dead fetus rate seen
in untreated females mated with male LN mice
compared to male HN mice.

The effect of postnatal exposure to estrogen on the
development of male reproductive organs is to
decrease spermatogonia and spermatocytes causing
morphological abnormality of seminiferous tubules
without tubular lumen [25]. The estrogen-like action of
BPA and/or NP might be reason for the decreases in
absolute testis or epididymis weights and mean number
of fetuses in untreated females mated with treated
males and their increase in dead fetus rate.

The absolute testis weights of compound exposure
groups (LBLN, HBHN, LBHN and HBLN) were
significantly decreased in comparison with BPA single
exposure groups (LB and HB), though compound
exposure groups showed no significant differences from
LN and HN. These results indicate that the effect of
BPA is neutral, or that BPA is neither an enhancer nor a
suppressor. On the other hand, the decline in the
absolute liver weight of male HBLN mice compared to
HB indicates that high-dose BPA suppresses the effect
of low-dose NP. The absolute uterus weight of female
HBHN mice was decreased compared to HB. This
suggests that high-dose BPA enhanced the effect of HN
tending to decrease the uterus weight compared to the
control. The absolute epididymis weights in HBHN and
LBHN mice were significantly decreased compared to
HN, and tended to be decreased compared to LB and
HB. This indicates that a mixture of BPA and NP can
induce effects which do not show in individual
exposures. The average dead fetus rate of untreated
female mice mated with treated male HBHN (10.92%)
mice was approximately equal to the sum of that
attributable to male HB (6.51%) and HN (4.00%) mice,
whereas the average dead fetus rate attributable to
male HBLN (6.84%) mice was lower than that observed
following independent exposure to NP (LN; 11.11%).
The average dead fetus rates attributable to male LBLN
(11.41%) and LBHN (4.59%) mice were similar those
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attributable to male LN (11.11%) and HN (4.00%) mice,
respectively. These suggest that BPA and NP act as
enhancers, suppressers or are neutral when the
combination quantity changes.

The effects of various EDCs have been investigated.
While studies of single chemical exposure have been
conducted, few investigations, such as the
administration of several chemicals to animals, have
been conducted. We investigated the effects of BPA,
NP, and a mixture of BPA and NP on mice. This study
shows that BPA and NP can enhance, suppress or be
neutral for the effect of the other, and the effect
following compound administration can be a summation
of individual exposure effects of BPA and NP. Our
study indicates that the effect of EDCs significantly
varies with their interaction with other compounds,
including other EDCs. |If future studies elucidate the
mechanism of individual EDCs, it may become possible
to predict the effects of compound exposures.
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