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Zearalenone (ZEA) is a mycotoxin commonly found in contami-
nated livestock feed and human food with levels in the range of
ppb and low ppm. It was hypothesized that ZEA, an endocrine
disruptor, could affect puberty and early pregnancy. To test this
hypothesis, newly weaned (3 weeks old) C57BL/6J female mice
were exposed to 0, 0.002, 4, 10, and 40 ppm ZEA and 0.05 ppm
diethylstilbestrol (positive control) in phytoestrogen-free AIN-
93G diet. Females exposed to 10 and 40 ppm ZEA diets showed
earlier onset of vaginal opening. Those treated with 40 ppm ZEA
diet also had earlier first copulation plug and irregular estrous
cyclicity. At 8 weeks old, all females were mated with untreated
stud males on AIN-93G diet during mating. Treatment resumed
upon identification of a vaginal plug on gestation day 0.5 (D0.5).
Embryo implantation was assessed on D4.5. Exposure to 40 ppm
ZEA diet resulted in reduced percentage of plugged mice with
implantation sites, distended uterine appearance, and retained
expression of progesterone receptor in D4.5 uterine epithelium.
To determine the exposure timing and mechanisms of disrupted
embryo implantation, four groups of females were fed with 0 or 40
ppm ZEA diets during premating (weaning to mating) and post-
mating (D0.5-D4.5), respectively. Premating exposure to 40 ppm
ZEA diet reduced fertilization rate, whereas postmating exposure
to 40 ppm ZEA diet delayed embryo transport and preimplanta-
tion embryo development, which subsequently affected embryo
implantation. These data demonstrate that postweaning exposure
to dietary ZEA can promote premature onset of puberty and dis-
rupt early pregnancy events.

Key Word: zearalenone; vaginal opening; fertilization; embryo
transport; embryo development; embryo implantation.

Zearalenone (ZEA) is a mycotoxin produced by several
Fusariam species (Zinedine et al., 2007). It is commonly found
in livestock feed and human food such as corn, rice, oats, and
wheat. Quantifiable ZEA was detected in 15% of 13,075 food
samples and 9877 unprocessed grain samples collected during

2005 and 2010 in Europe. Among them, detectable levels in
processed food groups for human consumption were in the
ppb range with the highest at 823 ppb, and those in unpro-
cessed grains with the highest reaching 3 ppm (EFSA, 2011).
Worldwide, ZEA contamination levels in food are usually in
the range of ppb and low ppm, with the highest reported reach-
ing 600 ppm (EFSA, 2011; Price et al., 1993; Sangare-Tigori
et al., 2006; Zinedine et al., 2007). The tolerable daily intake
(TDI) of ZEA established by the Panel on Contaminants in the
Food Chain in Europe is 0.25 pg/kg body weight (EFSA, 2011).

ZEA is mainly metabolized in the liver to «- and
[-zearalenol by 3a- and 3p-hydroxysteroid dehydrogenases,
respectively. Alpha-zearalenol is the dominant ZEA derivative
in pigs (Kuiper-Goodman et al., 1987), humans (Mirocha
et al., 1981), rats, and mice (Bravin et al., 2009). ZEA and
its metabolites are then glucuronidated by uridine diphospho-
glucuronosyltransferase (EFSA, 2011; Pfeiffer er al., 2010;
Zinedine et al., 2007). Cytochrome P450 may also be involved
in ZEA metabolism (EFSA, 2011). ZEA and its metabolites
have estrogenic effects due to their structural similarity with
17pB-estradiol (E2) (Gromadzka et al., 2009). The order of
estrogenicity is E2 > a-zearalenol > ZEA > [3-zearalenol based
on gene induction assay (Frizzell et al., 2011), uterotrophic
assay (Ueno and Tashiro, 1981), and estrogen receptor binding
assay (Kuiper-Goodman et al., 1987). Different metabolic
pathways and varied estrogenicity of ZEA and its metabolites
may contribute to the variable species susceptibility to ZEA
exposure (Malekinejad et al., 2006).

ZEA has been associated with certain pathological conditions
in females and shown to have adverse effects on embryo and/or
female reproductive function in different species. In humans, die-
tary exposure to ZEA has been associated with precocious puber-
tal development (Deng et al., 2012; Massart and Saggese, 2010).
ZEA and a-zearalenol were also detected in the serum of patients
with endometrial cancer (Gajecki et al., 2004). In pigs, gestational
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exposure to ZEA caused blastocyst degeneration (Long et al.,
1992) and fetal loss (Long and Diekman, 1984); exposure of
sexually immature gilts to ZEA resulted in hyperestrogenism,
including stimulated uterine cell proliferation (Gajecka et al.,
2012), and affected the development and maturation of ovarian
follicles (Zwierzchowski et al., 2005). Immature gilts seem to be
more predisposed to ZEA insult than other age groups of swine
(Jakimiuk er al., 2009). In ewes, premating exposure to ZEA for
10 days reduced ovulation and fertilization, but the same doses
and length of treatment starting 5 days postmating did not affect
pregnancy rate or cause embryonic loss (Smith et al., 1990). In
rats, neonatal exposure to ZEA caused persistent anovulatory
estrous in adulthood (Kumagai and Shimizu, 1982); two-genera-
tion exposure (during mating and gestation only) to dietary ZEA
(10mg/kg/day) decreased pregnancy rate and increased embryo
resorption in the uterus (Becci et al., 1982). In mice, gestational
exposure (gestational day [D]15-D18) or prepubertal exposure
(postnatal day [PND]15-PND18) to ZEA (10 mg/kg/day, sc) for
4 days accelerated the onset of vaginal opening (VO), extended
the estrous phase, and prolonged the period of anovulatory ovary
(Nikaido et al., 2004, 2005), and neonatal exposure (PNDI-
PND10) to ZEA (5-30 pg/mouse) caused delayed VO, persistent
estrous, and sterility (Ito and Ohtsubo, 1994).

Despite extensive reports on the adverse effects of ZEA on
female fertility (EFSA, 2011), it has not been systemically
studied with regard to potential effects of postweaning dietary
ZEA exposure on early pregnancy events in vivo. Because
only minimal amounts of ZEA and its metabolites could be
transmitted to the milk (Prelusky et al., 1990), most mammals,
including humans, start to be exposed to ZEA directly from
food, which is the main route for ZEA exposure, once they are
weaned from mother’s milk prior to puberty. The goal of this
study was to test the hypothesis that postweaning exposure to
ZEA could affect female puberty and early pregnancy events
in newly weaned C57BL/6J females fed with diets containing
environmental relevant levels of ZEA. Various parameters,
including the timing of VO and first copulation plug, estrous
cycle, fertilization, embryo transport, embryo development,
and embryo implantation, were determined. The results could
help risk assessment of ZEA and increase our understanding
of the mechanisms of ZEA action on female fertility.

MATERIALS AND METHODS

Animals. C57BL/6] mice were purchased from Jackson Laboratories
(Bar Harbor, ME) to establish a colony in the Coverdell Rodent Vivarium at
the University of Georgia. All mice were housed in polypropylene cages with
free access to a casein-based phytoestrogen-free AIN-93G diet (Bio-Serv,
Frenchtown, NJ) and water in polypropylene water bottles. The animal facility
was maintained on a 12-h light/dark cycle (0600h to 1800h) at 23+1°C with
30-50% relative humidity. All methods used in this study were approved by
the Animal Subjects Programs of the University of Georgia and conform to
National Institutes of Health guidelines and public law.

Diet preparation. 0, 0.0005, 1, 2.5, and 10mg of ZEA (Fermentek, Israel)
and 0.0125 mg of diethylstilbestrol (DES; Sigma) were first dissolved in 70 ml
100% ethanol (Alcohol 200 Proof; Decon Lab Inc.) and then diluted with 30 ml
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ddH,O to make 100ml 70% ethanol solutions. Each solution was mixed with
250 g AIN-93G powder in a glass bowl to prepare 0, 0.002, 4, 10, and 40 ppm
ZEA diets and 0.05 ppm DES diet. Each diet was well mixed, squeezed by hand
into pellets (about 2cm in diameter and 6¢m in length), and dried for 48h at
room temperature in a dark hood. The diets were prepared fresh every 2 weeks
and kept at 4°C in a dark room until use. The rationale for the dose selection:
0.002 ppm ZEA diet was about the dose of 0.25 pg/kg/day TDI of ZEA in Europe
(EFSA, 2011); 4, 10, and 40 ppm ZEA were based on the levels reported in con-
taminated foods (Zinedine et al., 2007). Taking into account the average food
consumption and body weight, these doses can be expressed approximately as
0.00025, 0.5, 1.25, and 5 mg/kg/day, respectively. The positive control 0.05 ppm
dietary DES in diet was shown to affect pregnancy outcome (Lamb ez al., 1985).

Treatments. Postweaning exposure (Fig. 1A): Newly weaned female pups
(3 weeks old) were randomly assigned into six groups (0, 0.002, 4, 10, and 40
ppm ZEA and 0.05 ppm DES) with littermates separated into different groups.
At 8 weeks old, they were mated with young stud C57BL/6J untreated males
(for all matings, mice were put together during daytime between 1100h and
1700h). The mice were on control AIN-93G diet during mating. Once a vaginal
plug was detected on DO0.5, the original exposure regimen was resumed. Mice
were assessed on D4.5 at 1100h to determine embryo implantation using blue
dye reaction (Ye et al., 2005). If no implantation site was observed, one side of
uterine horn and oviduct was flushed with 1x PBS to determine the presence,
location, and morphology of embryos to indicate pregnancy status. Part of the
other uterine horn was flash-frozen for immunohistochemistry, and the rest was
fixed in 10% formalin solution. During the treatment, body weight, food con-
sumption, and water consumption were measured weekly. Premating exposure
(Fig. 1B): Newly weaned C57BL/6J female mice were exposed to 0 or 40 ppm
ZEA diets. The treatment ended when they were mated with untreated stud
males at 8 weeks old. One set of mice on the 40 ppm ZEA-treated group was
assessed on D4.5 to determine embryo implantation following the same pro-
cedure described in postweaning exposure. Another set of mice were analyzed
on DI1.5 to determine the presence and morphology of oocytes and embryos
in the oviduct. To minimize the potential recovery from ZEA treatment, only
the females plugged on the first night of mating were included in the study
and analyzed on D1.5 in the 40 ppm ZEA-treated group. Both oviducts were
flushed. The oocytes showing no pronuclei or polar body were considered to
be unfertilized oocytes (Viveiros et al., 2003). Postmating exposure (Fig. 1C):
Untreated 8-week-old C57BL/6J female mice were mated with untreated stud
males. Once plugged, the females were exposed to 0 or 40 ppm ZEA diets.
One set of mice on the 40 ppm ZEA-treated group was evaluated on D4.5 to
determine embryo implantation. Another set of females was analyzed on D3.5
at 1100h. Both uterine horns and oviducts were flushed with 1x PBS to deter-
mine the presence, location, and morphology of embryos. Embryo develop-
ment stage was categorized into morula, early blastocyst with small blastocoel
(Baczkowski et al., 2004), and blastocyst. Pregnancy rate was defined as the
percentage of plugged mice with embryo(s) and/or implantation site(s) in the
reproductive tract detected on D1.5-D4.5. The number of mice in each group
was indicated in the Results section and legends of figures.

VO, first copulation plug, and estrous stages. VO was checked daily from
PND22 until PND40. Once VO was detected, the female was mated with a stud
male to determine the timing of the first copulation plug. A vaginal smear was
collected daily between 1500h and 1600h for 21 days starting from 6 weeks
of age to determine estrous stages. A complete cycle would include diestrus/
metestrus, proestrus, and estrous stages (Caligioni, 2009). A total of five mice
were included in each of the 0, 10, and 40 ppm ZEA-treated groups.

Histology. Fixed D4.5 uterine horns were embedded in paraffin and cross-
sectioned (5 pm). Sections were deparaffinized, rehydrated, and stained with
hematoxylin and eosin as previously described (Diao et al., 2011a).

Immunohistochemistry. Frozen uterine cross sections (10 pm) were
immunostained to detect progesterone receptor (PR) expression as previously
described (Xiao et al., 2011).

Statistical analyses. ANOVA-type models were fitted using SigmaStat
3.5 for continuous outcomes. For the data that passed the normality and equal
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variance tests, such as food consumption, water consumption, and duration
days of estrous, one-way ANOVA followed by Student-Neuman-Keuls (SNK)
multiple comparison test was used. For the data that failed the normality and
equal variance tests, such as age at VO, age at first copulation plug, interval
between VO and first copulation plug, number of complete estrous cycles,
number of implantation sites, and number of embryos and oocytes, ANOVA
on ranks followed by Dunn’s method, which does not give precise p values but
> 0.05 or < 0.05, was used. Postweaning body weights were analyzed with a
two-way Repeated-Measures ANOVA (with time and dose as independent fac-
tors) followed by SNK multiple comparison test. Mean + SD was reported for
the continuous outcomes. Chi-squared test and Fisher’s exact test with p value
adjusted based on Holm’s method for comparing multiple groups were used as
appropriate for percentage of plugged mice with implantation sites, fertiliza-
tion rate, embryo location, and embryo development. The significant level was
set at p < 0.05.

RESULTS

Postweaning Exposure to ZEA Diet Accelerated the Timing
of VO and First Copulation Plug

Postweaning dietary exposure to ZEA (Fig. 1A) at 0.002—
40 ppm did not affect food consumption, water consumption,
or body weight of the treated females. However, the females
treated with 0.05 ppm DES diet had significantly increased
water consumption starting from the third week of treatment
and significantly increased body weight after 5 weeks of treat-
ment (data not shown).

VO is an indication of puberty onset (Safranski et al., 1993).
The mean age of VO in the control group (0 ppm ZEA) was

A. Postweaning exposure

Newborn 3-week

Premating

433

33.5+2.1 days old (N=50). Those in 2 ppb ZEA (32.5+ 1.5 days
old, N=11)and 4 ppm ZEA (32.6+2.1 days old, N = 12) groups
were comparable to the control. However, those in the 10 and 40
ppm ZEA-treated groups had significantly younger ages of VO
compared with the control atage 27.1+2.2 (N=30, p <0.05) and
25.6+0.7 (N = 30, p < 0.05) days old, respectively. There was
no significant difference in the age of VO between the 10 and 40
ppm ZEA-treated groups. The age of VO in the positive control
0.05 ppm DES-treated group (25.9+0.8 days old, N = 15) was
comparable to that in both 10 and 40 ppm ZEA-treated groups
but significantly younger than the remaining groups (Fig. 2A).
The time of VO in both 40 ppm ZEA group and 0.05 ppm DES
groups was only 3 days after the start of the treatments.

The first copulation plug is another indication of puberty onset
(Safranski et al., 1993). It was detected at age 40.6+7.2 days
old in the control group (N =9), 32.8+4.8 (N = 6, p > 0.05
compared with the control) days old in the 10 ppm ZEA-treated
group, and 28.7+3.9 (N =19, p < 0.05 compared with the con-
trol) days old in the 40 ppm ZEA-treated group. (Fig. 2B).
Although the average age of the first copulation plug was
reduced by ~8 days in the 10 ppm ZEA-treated group compared
with the control, the difference was not statistically significant.

The average age intervals between VO and first copulation
plug were 6.2+6.3 (N = 9), 6.2+4.8 (N = 6), and 2.7+3.9
(N = 19) days for 0, 10, and 40 ppm ZEA-treated groups,
respectively. This interval was significantly decreased in the 40
ppm ZEA-treated group (p < 0.05) compared with the control.

Mating
8-week DO0.5

Postmating
D4.5

Vaginal opening ’

First copulation plug

B. Premating exposure

C. Postmating exposure

FIG. 1.

Implantation
Estrous cycle
D1.5 D4.5
b
Ovulation / Fertilization  Implantation
/ Embryo development

D3.5 D4.5

Implantation
Embryo transport

/ Embryo development

Treatment regimens. Grey, treatment; white, no treatment; D0.5, D1.5, D3.5, and D4.5, gestation day 0.5, 1.5, 3.5, and 4.5, respectively. (A)

Postweaning exposure. VO, first copulation plug, and estrous cycle were examined during premating exposure. Vaginal plug was checked every morning during
mating. The morning of plug identification was designated as D0.5. Implantation was detected on D4.5. (B) Premating exposure. Oviducts were flushed on D1.5
for oocytes/embryos to determine ovulation, fertilization, and early embryo development. Implantation was detected on D4.5. (C) Postmating exposure. Oviducts
and uterine horns were flushed on D3.5 to assess embryo number, embryo transport, and preimplantation embryo development. Implantation was detected on D4.5.
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In addition, a significantly higher percentage of mice had only
one-day gap in the 40 ppm ZEA-treated group (14/19 =73.7%,
p = 0.0166) than in the control (2/9 = 22.2%) (Fig. 2C).

Postweaning Exposure to 40 ppm ZEA Diet Disrupted
Estrous Cyclicity

Daily recording for 21 days revealed that the duration (days)
in estrous stage per mouse was significantly increased in the
40 ppm ZEA-treated group (11.8+4.0 days, p = 0.008) but not
that in the 10 ppm ZEA-treated group (6.4+1.8 days) com-
pared with the control group (5.4+1.7 days) (Figs. 2D and E).
In addition, the females in 40 ppm ZEA-treated group lacked a
clear proestrus stage (Fig. 2D), thus no complete estrous cycle
during those 21 days monitored (Fig. 2F). These data indicate
that postweaning exposure to 40 ppm ZEA diet can disrupt
estrous cyclicity.

Postweaning Exposure to 40 ppm ZEA Disrupted Embryo
Implantation

The postweaning exposure regimen included three seg-
ments: premating (3-8 weeks), mating (from cohabitation to
identification of a vaginal plug), and postmating (D0.5-D4.5)
(Fig. 1A). During the mating segment, both males and females
were on the control AIN-93G diet to avoid any potential con-
tribution from the males for any adverse implantation outcome.
The duration of mating segment was comparable among all the
groups (data not shown), and the average was about 2.86 days.

Comparable percentages of plugged mice with implan-
tation sites on D4.5 were observed among O ppm (9/12, the
number of mice with implantation sites detected on D4.5 over
the number of plugged mice detected on D0.5), 0.002 ppm
(8/9), 4 ppm (6/10), and 10 ppm (9/11) ZEA-treated groups
(Fig. 3A). A significantly decreased percentage of plugged
mice with implantation sites was observed in 40 ppm ZEA-
treated group (1/11, p = 0.0112) and the positive control 0.05
ppm DES-treated group (0/11, p = 0.0015) (Fig. 3A). There
was no significant difference in the average number of implan-
tation sites per pregnant mouse among 0 ppm (8.2+0.8), 0.002
ppm (8.0£1.0), 4 ppm (7.8 +1.0), and 10 ppm (7.2+2.0) ZEA-
treated groups (Fig. 3B) although there was a decreasing trend
with the increase of ZEA doses. None of the females without
implantation sites in these four groups had embryos in the
reproductive tract, indicating that they were not pregnant, and
all the pregnant ones had embryo implantation. All the uteri
without implantation sites in the 40 ppm ZEA-treated group
(10/11, three with embryos) and 0.05 ppm DES-treated group
(11/11, one with embryos) had a distended appearance that was
not present in the control (Figs. 3C and D and data not shown).

In the postweaning 40 ppm ZEA-treated group, 5 of the
11 treated mice had plugs detected in the first morning after
cohabitation, one of which had seven implantation sites and
the remaining four had neither implantation sites nor embryos
in the reproductive tract detected on D4.5. The pregnancy rate
was 1/5 = 20%, which was marginally different from that in
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the control group (5/6 = 83.3%, p = 0.080). The remaining
six treated mice had plugs detected after the third morning
(between the fourth and eighth mornings). None had implanta-
tion sites, but three of them had embryos in the reproductive
tract. The pregnancy rate was 3/6 = 50%, which was compara-
ble with that in the control group that had plugs detected after
the third morning (4/6 = 66.7%, p = 1.000). Among these three
females with embryos, one had two hatched blastocysts flushed
from one uterine horn, one had a hatched blastocyst and a frag-
mented embryo with intact zona pellucida flushed from one
oviduct, and the third one had two hatched blastocysts and one
hatching blastocyst flushed from one oviduct (data not shown).
These results indicate that postweaning exposure to 40 ppm
ZEA diet affects embryo implantation and might also affect
embryo development and embryo transport.

Postweaning Exposure to 40 ppm ZEA Altered Uterine
Histology and PR Expression in D4.5 Uterus

Uterine histology was examined in D4.5 fixed uterine tissues.
In the control group, a section of an implantation site showed
that implantation had occurred and decidualization was obvi-
ous (Fig. 3E). However, the uteri with distended appearance in
both 40 ppm ZEA (Fig. 3F) and 0.05 ppm DES-treated groups
(data not shown) had enlarged uterine lumen and tall uterine
epithelium (Fig. 3F).

PR expression was detected in D4.5 uterus. In the D4.5
control uteri, PR had disappeared from the uterine luminal
epithelium (LE) and was highly expressed in the stromal com-
partment, especially the primary decidual zone (Fig. 3G). In
the D4.5 uteri without implantation sites from 40 ppm ZEA
and 0.05 ppm DES-treated groups, PR remained expressed in
the LE and highly expressed in the glandular epithelium, but
it was relatively low in the stromal compartment (Fig. 3H and
data not shown). Both uterine histology and PR expression con-
firm estrogenic effect and failed implantation in the 40 ppm
ZEA-treated and positive control 0.05 ppm DES-treated groups
(Figs. 3E-H and data not shown).

DES (0.05 ppm) was included as a positive control in the
postweaning study to determine any potential effects of ZEA
on VO (Fig. 2A) and embryo implantation (Fig. 3A). Because
postweaning study had established the positive effects of ZEA
on promoting VO and blocking embryo implantation, which
were similar as the effects of DES, DES was not included in the
following premating study and postmating study.

Premating Exposure to 40 ppm ZEA Reduced Fertilization
Rate and Disrupted Early Embryo Development

Postweaning ZEA exposure (Fig. 1A) included premating
and postmating exposure (D0.5-D4.5). Multiple early preg-
nancy events, such as ovulation, fertilization, embryo develop-
ment, and embryo transport, can subsequently affect embryo
implantation. Hence, further experiments were done to deter-
mine the critical exposure period(s) that could affect embryo
implantation and the potential mechanisms that could account
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FIG. 3. Effects of postweaning ZEA exposure on embryo implantation detected on D4.5. (A) The percentage of plugged mice with implantation sites in each
group. N = 9-12. *p = 0.0112; **p = 0.0015 compared with 0 ppm ZEA control group. (B) Average number of implantation sites per pregnant mouse. N = 6-9.
Error bars: SD. (C) A representative D4.5 uterus in control group. Red arrows, implantation sites. (D) A representative D4.5 uterus in 40 ppm ZEA-treated group.
(E) Histology of an implantation site in C. (F) Histology of the uterus in D. (G) Immunohistochemistry of PR in a section from an implantation site in C. (H)
Immunohistochemistry of PR in a section from D, E, & F. Hematoxylin and eosin staining of fixed uterine section (5 pm). (G and H) Brown staining indicating PR
expression in frozen uterine sections (10 pm). No specific staining in the negative control (data not shown). Black star, embryo; LE, uterine luminal epithelium;
Lu, uterine lumen; Dec, decidual zone; Str, stroma; GE, glandular epithelium; Myo, myometrium. Scale bar: 100 pm. Figure available in color online.

for the disrupted embryo implantation upon postweaning expo-
sure to 40 ppm ZEA diet (Fig. 3). Newly weaned females were
exposed to 40 ppm ZEA diet until mating day (8 weeks old)
and then placed on the control diet (premating) (Fig. 1B), or
the mice were on control diet until a vaginal plug was identified
and then placed on 40 ppm ZEA diet (postmating) (Fig. 1C),
and the early pregnancy events were analyzed. The control
group (0 ppm ZEA) implantation data from D4.5 postweaning
study (Figs. 1A and 3) were also used in these premating and
postmating studies.

Premating exposure to 40 ppm ZEA did not seem to
have a significant effect on the percentage of plugged mice

with implantation sites detected on D4.5 (8/19 = 42% vs.
9/12 = 75% in the control, p = 0.1378). However, an interest-
ing observation was made between the time a vaginal plug was
detected and the percentage of plugged mice with implanta-
tion sites detected on D4.5. Out of the 19 plugged females in
the 40 ppm ZEA-treated group, eight were detected in the first
morning after cohabitation with two of them having implan-
tation sites on D4.5 (2/8 = 25.0%), four were detected in the
second and third mornings with one having implantation sites
(1/4 =25.0%), and the remaining seven were detected after the
third morning (between the 5th and 12th mornings) with four
of them having implantation sites (4/7 = 57.1%). If the data
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from the mice with plugs detected between first and third morn-
ings were combined, 3 out of 12 plugged mice (25.0%) had
implantation sites on D4.5, which was significantly lower than
that in the control group (5/6 = 83.3%, p = 0.043). However,
no significant difference was observed in the mice with plugs
detected after the third morning (40 ppm ZEA-treated group:
4/7 = 57.1%; control group: 4/6 = 66.7%, p = 1.000) (Fig. 4A).
Although no significant difference was observed between 0 and
40 ppm ZEA-treated groups in the average number of implan-
tation sites per pregnant mouse on D4.5, a trend of increased
number of implantation sites was observed in the 40 ppm ZEA-
treated group if the plugs were detected after the third morning
(Fig. 4B). These data (Figs. 4A and B) suggest that premat-
ing ZEA treatment affects embryo implantation, but the effect
diminishes after the treatment ends.

To determine the potential cause for the reduced percentage
of mice with implantation sites in the 40 ppm ZEA-treated group
(Fig. 4A), another set of newly weaned females underwent
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premating exposure to 0 and 40 ppm ZEA diets. Only the mice
with a plug detected in the first morning after cohabitation with
untreated stud males were included in the study to minimize the
potential recovery from premating ZEA treatment. On D1.5, the
percentage of mice having ovulated, indicated by the presence
of unfertilized oocytes and/or embryos detected in the oviduct,
was similar between 0 ppm ZEA-treated group (7/8 = 87.5%)
and 40 ppm ZEA-treated group (14/16 = 87.5%, p = 1.0). The
total number of both unfertilized oocytes and embryos was
comparable between 0 ppm ZEA-treated group (8.2+1.6,
N = 6, excluding the first mouse, which had four 2-cell embryos
but the number of unfertilized oocytes was not recorded) and 40
ppm ZEA-treated group (9.7+4.6, N = 13, excluding the first
mouse, which had unfertilized oocytes only but the number was
not recorded; p = 0.478) (Fig. 4C). These data demonstrate that
premating exposure to 40 ppm ZEA diet did not affect the num-
ber of oocytes that were ovulated. However, the percentage of
ovulated mice with embryos was significantly reduced in the 40
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FIG. 4. Effects of premating exposure to 40 ppm ZEA diet on embryo implantation detected on D4.5 and oocytes/embryos detected on D1.5. (A) The per-
centage of plugged mice with implantation sites detected on D4.5. *p = 0.043. (B) The average number of implantation sites per pregnant mouse detected on
D4.5. Error bars: SD. (A and B) All, combined data for each groups; first to third (1¥-3") morning and after third (>3™) morning, the time when a vaginal plug was
detected after cohabitation. (C) Average number of oocytes and embryos per mouse. N = 6 and N = 13 for 0 and 40 ppm ZEA-treated groups, respectively. Error
bars: SD. (D) Percentage of mice with embryos on D1.5. *p = 0.047. N=7 and N = 14 for 0 and 40 ppm ZEA-treated groups, respectively. (E) Relative percent-
age of unfertilized oocytes, two-cell stage embryos, and four- to eight-cell stage embryos from mice with embryos (0 ppm ZEA, N = 49; 40 ppm ZEA, N = 87).
*p < 0.0001, percentage of unfertilized oocytes compared with 0 ppm ZEA-treated group. (F, G, and H) Representative images of an unfertilized oocyte (F), a
two-cell stage embryo (G), and a four- to eight-cell stage embryo (H), respectively.
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ppm ZEA-treated group (7/14 = 50% vs. 7/7 = 100% in the con-
trol; p = 0.047) (Fig. 4D). Among the mice with embryos, the
percentage of unfertilized oocytes was significantly higher in
the 40 ppm ZEA-treated group (53/87 =60.9% vs. 7/49 = 14.3%
in the control; p < 0.0001) (Figs. 4E and F). Interestingly, all
embryos in the control group (42/42) were at two-cell stage
(Fig. 4G), but 67.5% (23/34, p < 0.0001) of the embryos in the
40 ppm ZEA-treated group were at four- to eight-cell stages
(Fig. 4H). Collectively, these data demonstrated that premating
exposure to 40 ppm ZEA diet did not affect the percentage of
mice that ovulated or the number of oocytes ovulated (Fig. 4C).
However, it adversely affected fertilization (Figs. 4D and E) and
possibly early embryo development (Figs. 4E-H), which could
subsequently affect embryo implantation (Fig. 4A).

Postmating Exposure to 40 ppm ZEA Delayed Embryo
Transport and Development

Postmating exposure (D0.5-D4.5) to 40 ppm ZEA diet did
not affect the pregnancy rate (9/10 vs. 9/12 in the control;
p = 0.59) detected on D4.5. This was expected because post-
mating exposure did not affect ovulation and fertilization, both
of which normally occur during the dark cycle before 0500 h of
the mating night in mice (Nagy et al., 2003), before ZEA expo-
sure. All nine pregnant mice in the control group had more than
six implantation sites (Figs. 3C and 5A). Among the nine preg-
nant mice in the 40 ppm ZEA-treated group, three had more
than six implantation sites; three had less than four implanta-
tion sites (Fig. 5B), with some showing faint blue bands, an
indication of delayed implantation (Diao et al., 2011b); and
three had no implantation sites, indicating that postmating
exposure to 40 ppm ZEA diet also adversely affected embryo
implantation. In the three mice without implantation sites, 11
embryos were flushed from the oviducts; in the three mice with
< four implantation sites, 5 embryos were flushed from the ovi-
ducts of two mice, and the reproductive tract of one mouse was
not flushed at the time of dissection. Among these 16 embryos
recovered from the oviducts, 7 appeared normal D4.5 embryos
without zona pellucida (Fig. 5C), but the other 9 embryos were
underdeveloped and still surrounded by the zona pellucida
(Fig. 5D), suggesting that embryo transport and embryo devel-
opment were also affected by postmating exposure to 40 ppm
ZEA diet.

To further demonstrate the effects of postmating exposure to
ZEA on embryo transport and preimplantation embryo develop-
ment, the location and morphology of embryos were examined
in the D3.5 reproductive tract. There was no significant differ-
ence in the pregnancy rate (based on the presence of embryos)
between the control group (7/8) and 40 ppm ZEA-treated group
(7/11, p = 0.34) and the number of embryos per pregnant mouse
(41/7 = 5.9 vs. 42/7 = 6.0). All the embryos from the control
group were flushed from the uterus. Among the seven pregnant
mice in the 40 ppm ZEA-treated group, three had embryos in
the oviduct only, two had embryos in both oviduct and uterus,
and the remaining two had embryos in the uterus only. The
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percentage of pregnant mice with embryos in the oviduct
was significantly increased in the 40 ppm ZEA-treated group
(p =0.021) (Fig. SE). Among all flushed embryos in this group,
54.8% were from the oviduct (p < 0.0001) (Fig. 5F), indicat-
ing delayed embryo transport upon postmating 40 ppm ZEA
treatment.

The stage of development was also examined for embryos
flushed from uteri and oviducts on D3.5 (Fig. 5G). Among the
41 embryos recovered in the control group, 3 were at the morula
stage (7.3%) (Fig. 5H), 1 was an early blastocyst (2.4%) (Fig. 5I),
and 37 were expanded blastocysts (90.2%) (Fig. 5J). Among the
42 embryos recovered from the 40 ppm ZEA-treated group, 11
were at the morula stage (26.2%) (Fig. SH), 9 were early blas-
tocysts (30.9%) (Fig. 5I), and 18 were expanded blastocysts
(42.9%) (Fig. 5J). These ratios were significantly different from
those in the control (p < 0.0001; 2 x 3 Fisher’s exact test). The per-
centage of early blastocyst and morula was significantly higher
in the 40 ppm ZEA-treated group than that in the control (57.1
vs. 9.7%, p < 0.0001), indicating delayed embryo development.
These data demonstrated that postmating exposure to 40 ppm
ZEA diet delayed embryo transport and embryo development,
subsequently affecting embryo implantation (Figs. SA and B).

DISCUSSION

Postweaning exposure to ZEA accelerates VO (Fig. 2A). VO
is an early sign of puberty that can be affected by endocrine
disruptors in rodents (Ojeda et al., 1980; Rollerova et al., 2011;
Stoker et al., 2004, 2010; Walters et al., 1993). ZEA is an endo-
crine disruptor with estrogenic effects (Frizzell et al., 2011;
Kuiper et al., 1998; Le Guevel and Pakdel, 2001; Yamasaki
etal.,2002). Late gestational exposure (D15-D18) to ZEA (0.5
or 10mg/kg/day, sc injection) accelerated VO in CD-1 mouse
offspring for more than 1 day (Nikaido ez al., 2004). Our study
indicates that postweaning exposure to 40 ppm ZEA diet for
an average of 3—4 days can accelerate VO age by an average
of about 8 days (Fig. 2A). Different exposure periods, doses,
exposure routes, and mouse strains could all potentially con-
tribute to the varied effects seen in the above two studies. VO
is under neuroendocrine control (Hamm ez al., 2004; Ojeda
et al., 1980). However, the molecular mechanisms for VO and
the effects of endocrine disruptors, e.g., ZEA, on VO, are still
largely unknown.

Postweaning exposure to ZEA also disrupts estrous cyclic-
ity (Figs. 2D-F). Many endocrine disruptors can affect estrous
cyclicity, such as bisphenol A (Monje et al., 2010), chlorotria-
zine simazine (Zorrilla et al., 2010), estradiol valerate (Seidman
et al., 2009), and genistein (Jefferson ez al., 2007). Although it
has not been investigated about the molecular mechanism of
how the ZEA treatment regimen in this study affects estrous
cyclicity, based on the literature, it is possible that ZEA and
its derivatives may affect estrous cyclicity via hypothalamus-
pituitary-ovarian axis. ZEA could alter the concentration of



EFFECTS OF ZEA ON PUBERTY AND EARLY PREGNANCY 439

>

120

100 A e »
o0 1s ‘

ion

o]

o
1

-
B

m<4 18 7§

| implantat

ice wi
S
o
~
e

m>6 IS %

sites (IS) (D4.5)
3

n
o
1

b

% m

o
I

Dose 0 40 40 ppm ZEA
(ppm) ZEA

m
M

120

—
N
o

| %

100 A 100

0]
o
1

O W/ embryos

in oviduct @ Oviduct

F-s
o
i

m\W/ embryos in

uterus only m Uterus

% mice w/ embryos
(D3.5)
S 3

Embryo localization (%)
(D3.5)

n F3 [o}] o]
o o o o o
L i i b 4

Dose 0 40 Dose 0 40
(ppm) ZEA (ppm) ZEA

@

120

100 OMorula

[=2]
o
i

60 - mEarly
blastocyst
40 -

m Blastocyst

stages (%) (D3.5)

Embryo development
[he]
o

0 .
Dose 0 40
(ppm) ZEA

FIG. 5. Effects of postmating exposure to 40 ppm ZEA on embryo implantation, embryo transport, and embryo development. (A) Percentage of pregnant
mice with different numbers of implantation sites (IS). N =9 for both 0 and 40 ppm ZEA-treated groups. (B) Two representative D4.5 uteri of pregnant mice in
40 ppm ZEA-treated group showing delayed implantation and no implantation, respectively. Red arrowheads, faint blue bands indicating delayed implantation
compared with control in Figure 3C. (C) A representative image of a normal-looking embryo recovered from a D4.5 oviduct exposed to 40 ppm ZEA. (D) A rep-
resentative image of an underdeveloped embryo with retained zona pellucida recovered from a D4.5 oviduct exposed to 40 ppm ZEA. (E) Percentage of pregnant
females with embryos localized in the oviduct or in the uterus only. N = 7 for both 0 and 40 ppm ZEA-treated groups. *p = 0.021. (F) Percentage of embryos in
the uterus or the oviduct. *p < 0.0001. (G) Percentage of embryos in morula stage, early blastocyst, and blastocyst stages. *p < 0.0001. (F and G) N = 41 from
seven mice in 0 ppm ZEA-treated group; N = 42 from seven mice in 40 ppm ZEA-treated group. (H, L, and J) Representative images of embryos at morula (H),
early blastocyst (I), and blastocyst (J) stages from 40 ppm ZEA-treated group. Figure available in color online.



440

neuronal progestin receptors, which are neuroendocrine inte-
grators (Levine et al., 2001), in ventromedial hypothalamus
(Turcotte et al., 2005). Neonatal exposure to ZEA early in
development alters postpubertal pituitary response to gonad-
otropin-releasing hormone in rats (Faber and Hughes, 1991).
Zeranol (a-zearalanol), a synthetic derivative of ZEA and a
growth promoter in livestock production (Leffers et al., 2001),
can increase pituitary volume in Suffolk wethers (Carroll ez al.,
2007). ZEA could also alter levels of gonadotropins and sex
steroids (Collins et al., 2006).

Postweaning exposure to ZEA could also disrupt embryo
implantation. Postweaning ZEA exposure seemed to yield two
sets of data on embryo implantation: those with plugs detected
in the first morning after cohabitation appeared to mimic the
premating data from overnight mating, and those with plugs
detected after the third morning had phenotypes more similar to
those from postmating exposure. The late set of data suggests
recovery from premating exposure during extended mating
interval. Premating and postmating exposure regimens helped
dissect the contributing factors, including reduced fertilization,
delayed embryo transport, and delayed preimplantation embryo
development, for the disrupted embryo implantation observed
upon postweaning exposure to 40 ppm ZEA diet.

Premating exposure to 40 ppm ZEA diet significantly
reduces the percentage of plugged mice with implantation sites
if the mice are mated within 3 days of cohabitation (Fig. 4A).
A reduced fertilization rate (Fig. 4D) could be a main mecha-
nism. Fertilization involves both oocytes and sperms. Our pilot
experiment indicated that untreated females mated with males
treated with 40 ppm ZEA diet for 3 weeks produced compara-
ble litter size as those untreated females mated with untreated
males (data not shown). This result suggests that the sperms,
which were only exposed to residual ZEA and its metabolites
in the ZEA-treated female reproductive tract between mating
and fertilization, is not a significant contributing factor for the
reduced fertilization rate. This observation led us to speculate
that the oocyte quality and/or the oviductal environment might
be affected by 40 ppm dietary ZEA treatment. Studies have
shown that over half of primordial follicles formed by postna-
tal day 6 are eliminated by the time of puberty (Tingen et al.,
2009). The accelerated onset of puberty by ~8 days in 40 ppm
ZEA-treated group (Fig. 2A) may disrupt this normal follicle
elimination process and lead to the development and ovula-
tion of immature or poor quality oocytes that were not compe-
tent to be fertilized (Figs. 4D and E). Alternatively, ZEA may
directly affect oocyte quality. Reports indicate that ZEA and
its derivatives can inhibit oocyte maturation and induce chro-
matin abnormalities in cultured oocytes (Malekinejad et al.,
2007; Minervini et al., 2001). Because fertilization occurs in
the oviduct, it is also possible that the estrogenic ZEA may
alter the oviductal environment that is less conducible for
fertilization.

Postmating exposure to 40 ppm ZEA diet delays embryo
transport (Figs. SE and F). This adverse effect of ZEA on
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embryo transport in the oviduct is most likely attributed to
its estrogenicity. It has been documented that estrogen and
estrogenic chemicals can delay oviductal oocyte or embryo
transport in cows (Wijayagunawardane et al., 1998), rabbits
(El-Banna and Sacher, 1977), mice, guinea pigs, and ham-
sters (Greenwald, 1967; Xiao et al., 2011), but accelerate ovi-
ductal oocyte or embryo transport in rats (Akira et al., 1993;
Greenwald, 1967; Ortiz et al., 1979). The molecular mecha-
nism of estrogen and estrogenic compounds on oviductal trans-
port is largely unknown.

Postmating exposure to 40 ppm ZEA diet also delays pre-
implantation embryo development (Fig. 5G). Delayed embryo
development seemed to be associated with delayed embryo
transport. Correlation analysis showed that the embryos
retained in the oviduct were less developed than those in the
uterus of 40 ppm ZEA-treated mice (p = 0.0003). This seem-
ing correlation may reflect the varied sensitivity of individual
mice to ZEA treatment, e.g., both embryo transport and embryo
development are more affected in mice that are potentially more
sensitive to ZEA exposure. Because estrogen can influence the
expression of oviductal glycoprotein(s) that could interact with
the gametes and early embryo and could affect litter size (Bhatt
et al., 2004; Niu et al., 2000), it is possible that the estrogenic
ZEA may affect preimplantation development via altered ovi-
ductal environment.

Our data appeared to show that premating ZEA exposure
accelerated early embryo development (Fig. 4E), whereas
postmating ZEA exposure delayed preimplantation embryo
development (Fig. 5G). Here is one possible explanation:
Premating ZEA exposure to 40 ppm ZEA diet increased dura-
tion of estrous and disrupted estrous cyclicity (Figs. 2D-F),
thus influenced the mating time. Because the females in the
premating study (Fig. 4E) were put with stud males between
1100h and 1700h and removed the next morning, it was pos-
sible that the ZEA-treated females were plugged much ear-
lier than the control females, which normally mated during
the night. We did one quick pilot experiment to support this
hypothesis. We treated 24 adult female mice (2-4 months
old) with 40 ppm ZEA diet for ~2 weeks. The females were
cohabitated with fertile males ~1100h, and a vaginal plug
was detected in nine females within 2.5h. Seven of these
nine plugged females were dissected on D1.5 (real D2.0);
three females had four- to eight-cell stage embryos, and the
other four females did not have embryos in the oviduct. This
pilot experiment supports that dys-synchronized estrous cycle
caused by ZEA treatment could lead to early mating time.
Subsequently, ovulation, fertilization, and early embryonic
cell division occurred earlier and led to seemingly accelerated
embryo development (Fig. 4E).

In summary, peripubertal and early pregnancy are two sensi-
tive periods that can be influenced by ZEA exposure, which
affects not only puberty and estrous cyclicity but also early
pregnancy events, including fertilization, embryo development,
embryo transport, and embryo implantation.
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