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Abstract

In utero bisphenol A (BPA) exposure affects reproductive function in the first generation (F1) of 

mice; however, not many studies have examined the reproductive effects of BPA exposure on 

subsequent generations. In this study, pregnant mice (F0) were orally dosed with vehicle, BPA 

(0.5, 20, and 50 µg/kg/day) or diethylstilbestrol (DES; 0.05 µg/kg/day) daily from gestation day 11 

until birth. F1 females were used to generate the F2 generation, and F2 females were used to 

generate the F3 generation. Breeding studies at the ages of 3, 6, and 9 months were conducted to 

evaluate reproductive capacity over time. Further, studies were conducted to evaluate pubertal 

onset, litter size, and percentage of dead pups; and to calculate pregnancy rate, and mating, 

fertility, and gestational indices. The results indicate that BPA exposure (0.5 and 50 μg/kg/day) 

significantly delayed the age at vaginal opening in the F3 generation compared to vehicle control. 

Both DES (0.05 μg/kg/day) and BPA (50 μg/kg/day) significantly delayed the age at first estrus in 

the F3 generation compared to vehicle control. BPA exposure reduced gestational index in the F1 

and F2 generations compared to control. Further, BPA exposure (0.5 μg/kg/day) compromised the 

fertility index in the F3 generation compared to control. Finally, in utero BPA exposure reduced 

the ability of female mice to maintain pregnancies as they aged. Collectively, these data suggest 

that BPA exposure affects reproductive function in female mice and that some effects may be 

transgenerational in nature.
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Introduction

Bisphenol A (BPA) is a chemical commonly used in polycarbonate plastics and epoxy 

resins. As a result, BPA is incorporated in many products including food and drink 
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containers, toys, thermal receipt paper, and dental sealants. Previous studies indicate that 

BPA monomers can leach from products into food and drink consumed by humans 

(Michalowicz, 2014). Moreover, studies show that BPA is present in more than 92% of 

tested human urine samples, suggesting that humans are constantly exposed to BPA (Calafat 

et al., 2008). Further, unconjugated BPA has been measured in human ovarian follicular 

fluid (2.4 ± 0.8 ng/ml) (Ikezuki et al., 2002), placental tissue (1.0-104.9 ng/gr) (Schonfelder 

et al., 2002), and fetal plasma (0.2-9.2 ng/ml) (Schonfelder et al., 2002). The presence of 

BPA in maternal reproductive tissues and fluids is concerning because it suggests that 

exposure to BPA can occur at all developmental stages, including the embryonic stage, and 

thus, it has potential to affect subsequent generations through the germline.

A few recent studies have examined the effects of embryonic BPA exposure on reproductive 

outcomes. These studies show that embryonic BPA exposure (2, 20, and 200 μg/kg/day) 

followed by lactational exposure does not affect the timing of vaginal opening, fertility, or 

body weight gain in the first generation (F1) of Long Evans rats (Ryan et al., 2010). 

Additionally, embryonic BPA exposure (5 μg/kg) followed by lactational and lifelong BPA 

exposure affected maternal behavior in the F1 generation of Wistar rats, but not in the non-

directly exposed second generation (Boudalia et al., 2014). Similarly, low dose (0.2-200 

µg/kg/day) continuous BPA exposure did not affect estrous cyclicity, fertility index, litter 

size, pup weight or viability in either the F1 or F2 generations of IGS rats (Ema et al., 2001). 

In contrast, perinatal exposure to BPA (25 ng - 25 µg/kg/day) reduced pregnancies and the 

cumulative number of pups over time in the F1 generation in a forced breeding study in 

CD-1 mice (Cabaton et al., 2011). Further, embryonic exposure of BPA (0.5, 20, and 50 

µg/kg/day) from gestation day (GD) 11 until birth caused significant effects in the F1 

generation of friend leukemia virus B strain (FVB) mice, including advanced puberty onset, 

altered estrous cyclicity, and increased body weight (Wang et al., 2014). Also, in the same 

study, in utero BPA (0.5 µg/kg/day) exposure significantly reduced fertility in the F1 

generation as the females aged when compared to control (Wang et al., 2014).

Although previous studies indicate that BPA exposure (depending on dose, timing of 

exposure, and species) may affect some, but not all reproductive outcomes, they did not 

examine in detail whether prenatal BPA exposure has transgenerational effects on female 

reproduction. Therefore, the current study was designed to evaluate the potential effects of 

dosing of pregnant dams (F0) from GD 11 until birth on the F2 and F3 generations of mice. 

Specifically, this study tested the hypothesis that in utero BPA exposure affects pubertal 

onset and reproductive capacity (mating, ability to conceive, and maintain pregnancy to 

term) of female mice over several generations.

Materials and Methods

Chemicals

Powder BPA (99%; obtained from the National Institutes of Environmental Health Sciences; 

USA) and diethylstilbestrol (DES; Sigma Chemical Co., USA) were dissolved in 100% 

ethanol. The solutions were further diluted in tocopherol-stripped corn oil (vehicle) to reach 

the planned animal exposures, while maintaining a final concentration of 0.0375% of 

ethanol (non-fetotoxic concentration) for the final oral dosing solutions. Diethylstilbestrol 
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(DES; 0.05 µg/kg/day) was chosen as a positive control to ensure the animals were 

responsive to estrogenic compounds. BPA concentrations were chosen based on previous 

studies and their environmental relevance. Specifically, BPA 0.5 µg/kg/day was used in the 

study by Wang et al. (Wang et al., 2014) and is similar to the in utero BPA exposure level 

that was used in a study by Markey et al., and resulted in abnormalities in reproductive 

organs that appeared as the F1 female mice (CD-1) aged (Markey et al., 2005). BPA 20 

µg/kg/day was selected because it disrupts proper oocyte maturation and function in later 

reproductive life in mice (Susiarjo et al., 2007). BPA 50 µg/kg/day was selected because it is 

the United States Environmental Protection Agency published reference safe dose (Rubin, 

2011).

Animals

FVB female mice and FVB male mice (Charles River; USA) were housed at 25°C in 

conventional polysulfone cages on a 12L: 12D cycle. The mice were given Teklad Rodent 

Diet 8604 (Harlan) and highly purified water (reverse osmosis filtered) provided in glass 

water bottles ad libitum. All animal procedures were approved by the University of Illinois 

Institutional Animal Care and Use Committee.

Study design

A schematic description of the study design is presented in Figure 1. Briefly, female mice 

(F0, 6-7 weeks of age) were weighed and then mated with proven male breeders. Mating 

was confirmed by the presence of a vaginal plug and the day the vaginal plug was observed 

was considered to be GD 1. On GD 1, plugged females were removed from the male, 

weighed, and individually caged. Subsequently, daily weights were recorded as an 

indication of a successful mating/pregnancy. On GD 11 until the birth of the pups, dams 

were orally dosed with either tocopherol stripped corn oil (vehicle control), DES (0.05 

µg/kg/day) or BPA (0.5, 20, and 50 µg/kg/day). This dosing period encompasses the time 

frame in which primordial germ cells have migrated to the genital ridge to colonize the fetal 

ovaries and initial establishment of ovarian reserve begins (Pepling, 2006). This time period 

for treatment also corresponds to a major period of demethylation/methylation in the female 

germ cells that can potentially result with epigenetic changes if altered (Trasler, 2005). The 

doses were administered in a volume of 28-32 µl based on their daily body weight. The 

dams were allowed to deliver naturally and the birth date of the progeny was considered as 

postnatal day (PND) 0. After weaning on PND 21, at least one female from each litter per 

generation (and at least n = 3 per treatment group) was monitored daily for vaginal opening. 

Once vaginal opening was observed, daily vaginal smears were taken to detect the first 

estrus.

At least one female per treatment group per litter from the F1, F2, and F3 generations was 

selected to examine fertility at the age of 3, 6, and 9 months. In each fertility test, the 

selected females were mated with proven male breeders until a vaginal plug was observed. 

Once the plug was observed, females were individually caged, monitored, and weighed 

twice per week until term. The number of pregnant dams and births were recorded. Once the 

females gave birth (mostly on GD 19), the litter sizes and the number of dead pups per litter 

were recorded.
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Pregnancy Rate and Fertility, Mating and Gestational Indices

To examine the effect of in utero BPA exposure on fertility, we calculated the following 

indices: Pregnancy rate: number of pregnant females/ number of breeding pairs × 100;

Mating index: number of females who plugged/ number of breeding pairs × 100;

Fertility index: number of pregnant females/ number of females who plugged × 100; and 

Gestational index: number of females who delivered/ number of pregnant females × 100. 

Mating, fertility, and gestational indices were calculated based on the formulas suggested by 

Tyl et al. (Tyl et al., 2008), with a minor modification in the gestational index in which we 

included all females who delivered, including ones in which all pups were found dead on 

PND 0 (n = 9).

Statistical analyses

Data were expressed as the mean ± SEM from at least three separate biological replicates. 

Differences between vehicle control and the other treatment groups were statistically 

analyzed using SPSS software (SPSS Inc., Chicago, IL). For all comparisons, statistical 

significance was assigned at p ≤ 0.05. For continuous data, when normally distributed and 

homogeneity of variance assumption were met, we used one-way analysis of variance 

followed by a Dunnett’s post hoc test. When continuous data were not normally distributed 

and/or when the homogeneity of variance assumption was not met, we used a Kruskal-

Wallis non-parametric test, followed by a Mann-Whitney test.

Results

Effect of in utero BPA exposure on timing of vaginal opening and first estrus

Starting at PND21, female mice were examined daily for vaginal opening. Then, estrous 

cyclicity was monitored after vaginal opening to detect the timing of the first estrus, as a 

hallmark of pubertal onset. In both the F1 and F2 generations, the average ages at vaginal 

opening in the BPA treatment groups were similar to the average ages of the control groups 

(Figure 2a). In contrast, the age at vaginal opening in F3 generation was significantly 

delayed with 0.5 μg/kg/day BPA exposure (n = 9) and 50 μg/kg/day in utero BPA exposure 

(n = 9) when compared to the control group (Figure 2a; n = 14; p ≤ 0.05).

As previously published by Wang et al. (Wang et al., 2014), the age at first estrus was 

significantly earlier in the DES treatment group (Figure 2b; p ≤ 0.05; n = 11) and trended 

towards significance in the BPA 20 μg/kg/day treatment group (p = 0.1; n = 10) when 

compared to the control group (n = 15). When we expanded these findings by examining the 

age at first estrus in the F2 and F3 generations, we found that in the F2 generation, the age at 

first estrus was similar between all treatment groups (Figure 2b). However, in the F3 

generation, the average age at first estrus was significantly delayed in the DES (n = 8) and 

BPA (50 μg/kg/day) treatment groups (n = 9) when compared to the control group (n = 14; p 

≤ 0.05).
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Effect of BPA on female weights at 3, 6, and 9 months of age

At the beginning of each breeding cycle, females were weighed and the average weights per 

treatment group per generation were calculated, and presented in Figure 3 (a-c). As 

previously shown by Wang et al., in utero BPA exposure significantly increased body 

weight at 6 months (Figure 3a) (Wang et al., 2014). When we expanded these findings by 

examining body weight in the F2 and F3 generations, we found that BPA-induced weight 

differences observed in the F1 generation were not maintained in the F2 and F3 generations 

(Figure 3b-c). Specifically, at 3, 6 and 9 months of age, the average weights per treatment 

group per generation were comparable (p > 0.05).

Effect of in utero BPA exposure on pregnancy rate

To examine the effects of in utero BPA exposure on the ability to get pregnant, we 

calculated a pregnancy rate as described in the methods section. Because we observed 

relatively high variability in weights within the groups as the dams aged, we elected to 

present the data both for the entire cohort (Figure 4a, c, e) and for dams who weighed less 

than 40 grams when each mating cycle was initiated (Figure 4b, d, f). The cut-off weight of 

40 grams was chosen based on the results from the study by Wang et al. (Wang et al., 2014) 

and is typical for reproductive-aged mice (i.e., less than 40 grams). Similar to the data 

published by Wang et al. (Wang et al., 2014), in utero BPA exposure significantly reduced 

pregnancy rates in the F1 generation, with a lower pregnancy rate occurring in the BPA 0.5 

μg /kg/day treatment group, and being the lowest (50%) at 9 months (Figure 4a and b).

When we expanded these findings to examine fertility in the F2 and F3 generations, in utero 

BPA exposure decreased pregnancy rates in the entire F2 cohort, but the most notable BPA-

induced decrease in pregnancy rate started at 6 months instead of 9 months in the 50 

μg/kg/day BPA treatment group (56%), whereas the control and the other BPA treatment 

groups had higher pregnancy rates (71% and above; Figure 4c). At 9 months of age, all BPA 

treatment groups still had a reduced pregnancy rate (60% and less) compared to controls 

(80%; Figure 4c). When dams with a weight less than 40 grams prior to mating were 

examined at 6 months of age, only BPA 50 μg/kg/day still caused a severely reduced 

pregnancy rate (50%) compared to the control group (100%), whereas the other BPA 

treatment groups had pregnancy rates similar to the control group (86% and above). At 9 

months of age, BPA 0.5 μg/kg/day and 50 μg/kg/day still reduced pregnancy rate (67% and 

63% respectively) compared to controls, whereas the other treatment groups had pregnancy 

rates of 71% and above (Figure 4d).

In the F3 generation, in utero BPA exposure did not affect pregnancy rate as females aged 

compared to controls in the whole cohort at 3 months (Figure 4e). As the females aged, the 

control group had a relatively low pregnancy rate (42% and 50% at 6 and 9 months 

respectively; Figure 4e). However, when dams with a weight less than 40 grams prior to 

mating were examined, in utero BPA exposure (0.5 μg/kg/day) reduced pregnancy rate 

(60%) compared to controls (83%) at 6 months (Figure 4f). Similarly, in utero BPA 

exposure (0.5 μg/kg/day) reduced pregnancy rate (33%) compared to controls (100%) at 9 

months (Figure 4f).
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Effect of in utero BPA exposure on mating index

In the F1 generation, the mating index was 100% in all treatment groups at 3 and 6 months 

(Figure 5a). However, both the DES and BPA (0.5 μg/kg/day) treatment groups had a 

slightly lower mating index (72% and 80%, respectively) compared to the control group 

(100%) at 9 months (Figure 5a). In the F2 generation, the mating index was similar (> 80%) 

in all treatment groups at 3 and 6 months of age, but slightly lower in the 50 μg/kg/day BPA 

treatment group (75%) compared to controls at 9 months (Figure 5b). In the F3 generation, 

all treatment groups had a mating rate of 83% and higher at 3, 6, and 9 months (Figure 5c).

Effect of in utero BPA exposure on fertility index

In the F1 generation, all females who plugged also got pregnant at 3 and 6 months of age 

(Figure 6a). However, only 63% of the females got pregnant in the 0.5 μg/kg/day BPA 

treatment group at 9 months (Figure 6a). In the F2 generation, all females got pregnant at 3 

months of age. Females in the 50 μg/kg/day treatment group only had a 50% fertility index 

compared to 86% and above in the other treatment groups at 6 months of age (Figure 6b). 

Females in the DES treatment group had a fertility index of 71% compared to 80% and 

higher in the other treatment groups at 9 months (Figure 6b).

In the F3 generation, all treatment groups had a fertility index greater than 92% at 3 months 

of age (Figure 6c). Females in the control, DES, and BPA (20 and 50 μg/kg/day) treatment 

groups had a relatively high fertility index (>83%), whereas the 0.5 μg/kg/day BPA 

treatment group had a fertility index of 75% at 6 months of age (Figure 6c). Lastly, the 

fertility indices of all treatment groups were similar to the ones calculated at 6 months of age 

(i.e. >80%), except in the 0.5 μg /kg/day BPA treatment group, which had a much lower 

index (33%) at 9 months of age (Figure 6c).

Effect of in utero BPA exposure on gestational index

In the F1 generation, all groups had 100% success in maintaining their pregnancy at 3 

months of age (Figure 7a). All treatment groups had a relatively high gestational index of 

80% and above at 6 months. All BPA treatment groups had a relatively low gestational 

index compared to controls, with the lowest index in the 0.5 μg/kg/day (40%) and 50 

μg/kg/day (46%) BPA treatments at 9 months (Figure 7a).

In the F2 generation, all treatment groups had 89% and higher gestational indices at 3 

months of age (Figure 7b). All treatment groups had 80% and above except in the DES 

treatment group (71%) at 6 months. However, only the control, DES and 50 μg/kg/day BPA 

treatment groups maintained a relatively high gestation index (>80%), whereas the BPA 0.5 

μg/kg/day and BPA 20 μg/kg/day treatment groups had a sharp decrease in the gestation 

index (25% and 40% respectively) at 9 months (Figure 7b).

In the F3 generation, most treatment groups exhibited a high gestational index (> 80%), 

except in 20 μg/kg/day (71%) BPA treatment group at 3 months (Figure 7c). Similarly, a 

lower percentage of females was able to maintain their pregnancies in the 20 μg/kg/day 

(71%) and 50 μg/kg/day (75%) BPA treatment groups compared to the other treatment 
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groups (100%) at 6 months (Figure 7c). In contrast, all treatment groups have a gestation 

index of 80% and above at 9 months (Figure 7c).

Effect of BPA on average litter size and percentage of dead pups

Previously Wang et al. (Wang et al., 2014) showed that in utero BPA exposure affects 

average litter size (0.5 and 50 μg/kg/day) and increases the percentage of dead pups (0.5 

μg/kg/day) in the F1 generation. We expanded these findings by monitoring the number of 

live and dead pups in the F2 and F3 generations. For consistency purposes, we present the 

data from the dams that weighed less than 40 grams at the time of mating though there were 

no major differences when examining the entire cohort. We found that in the F2 generation, 

BPA and DES treatments did not affect litter size compared to control at any time points 

(Figure 8a). However, similar to the F1 results, only one of the seven dams in the 0.5 

μg/kg/day BPA treatment group gave birth at 9 months, and only one pup out of the 5 that 

were born remained alive in the F2 generation. Also, the 20 μg/kg/day BPA treatment group 

exhibited a very low percentage of dead pups compared to control at 9 months, however, our 

sample size was too low for statistical analysis (n = 2; Figure 8c).

In the F3 generation, BPA and DES did not affect the average litter size compared to control 

at any time points (Figure 8b). However, the DES, 20 μg/kg/day BPA, and 50 μg/kg/day 

BPA treatment groups significantly lowered the percentage of dead pups compared to the 

control group at 6 months (p ≤ 0.05), whereas a similar percentage of dead pups to controls 

was observed in 0.5 μg/kg/day BPA group (p > 0.05).

Discussion

Previously, Wang et al. examined the effects of in utero BPA exposure on some 

reproductive outcomes in the F1 generation and reported that BPA significantly advances 

the age of first estrus, causes various fertility problems, and increases the percentage of dead 

pups compared to controls (Wang et al., 2014). In the current study, we present additional 

data on the effects of BPA on female reproductive parameters in the F1 generation as well as 

in the subsequent generations (F2 and F3 generations). Our data indicate that BPA exposure 

delays the age at vaginal opening and first estrus in the F3 generation, reduces the fertility of 

the dams as they age in the F2 and F3 generations, and reduces the percentage of dead pups 

in the F3 generation when compared to controls.

Our data indicate that the age at vaginal opening is similar between all treatment groups in 

the F1 generation, but it was delayed in 0.5 μg/kg/day and 50 μg/kg/day BPA treatment 

groups in the F3 generation. The findings in the F1 generation are in agreement with Ryan et 

al., who showed that in utero exposure to BPA (2, 20, and 200 μg/kg/day) from GD 7 until 

PND 18 did not affect age at vaginal opening in the F1 generation of rats (Ryan et al., 2010). 

Our data, however, differ from Honma et al., who showed that in utero BPA exposure (20 

μg/kg/day) and DES exposure (0.02-2 μg/kg/day) decreased the age at vaginal opening in 

ICR/Jcl mice (Honma et al., 2002). The reasons for differences in our data versus those of 

Honma et al. are unclear, but could be due to strain differences, time of exposure, or the 

difference in doses of BPA and DES in the studies.
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As far as our results on vaginal opening in the F2 and F3 generations, we could not find any 

published studies to which we could compare our results. However, Manikkam et al., found 

that exposure to a mixture of BPA and other plastics delayed pubertal onset in F1 females 

and caused early pubertal onset in F3 females (Manikkam et al., 2013). The mechanism by 

which BPA alters onset of puberty is unknown. It is possible that a potential target for BPA 

toxicity may be the hypothalamic-pituitary-gonadal (HPG) axis (Fernandez et al., 2009). 

Hence, we can only speculate that once the onset of puberty is affected in the F1 generation, 

it may take couple of generations to completely restore the alterations in the reproductive 

axis to the levels of the control animals. Future studies should elucidate if in utero BPA 

exposure of the F1 generation results in organizational or epigenetic changes that have long-

term effects over several generations. It is possible that in later generations, the observed 

effects of BPA on pubertal onset will be restored completely. Similarly, BPA (50 μg/kg/day) 

delayed the age at first estrus in the F3 generation. Unfortunately, we could not examine 

hormone levels or conduct histological evaluation to better understand this outcome. 

Nevertheless, it is consistent with the observations regarding the delayed age at vaginal 

opening in the F3. Future studies are needed to explore these findings further.

Although in utero BPA exposure (0.5, 20, and 50 μg/kg/day) has been shown to increase 

body weight in the F1 generation (Wang et al., 2014), it does not appear to affect body 

weights or selected organ weights (liver, ovary, and uterus) in the F2 or F3 generations at 

selected time points (data not shown). These data are in contrast to those of Hiyama et al. 

who showed that BPA treatments (200, 500 and 1,000 mg/kg) significantly increased body 

weights compared to vehicle control group in the F2 generation (Hiyama et al., 2011). Our 

data also differ from Miyawaki et al., who showed that perinatal and postnatal exposure to 

BPA (1 or 10 µg/ml) administered via the drinking water increased F1 weight gain 

(Miyawaki et al., 2007). The reason for differences among studies is likely due to 

differences in the doses of BPA used in each study. A report by The National Toxicology 

Program – The Center for the Evaluation of Risks to Human Reproduction concluded that 

the effects of BPA on obesity/weight gain are inconsistent, but that in general, studies that 

utilized low doses of BPA (5 mg/kg bw/day) reported either no effect or reduced body 

weight compared to controls (Shelby, 2008). Given that we did not observe an effect of BPA 

on weight in the F2 and F3 generations, our data suggest that any effects of BPA observed in 

F1 generations are not likely to be carried over multiple generations. It also may be that the 

effects of BPA on body weight gain involve complicated mechanisms that should be 

explored in future studies.

Though there were no differences in body weight among treatment groups in the F2 or F3 

generations, we did observe large variability in body weight within the same treatment 

groups (intra-animal variability). Thus, we analyzed reproductive outcomes using the whole 

cohort as well as just animals with weights that are typical for reproductive-aged mice (i.e. 

less than 40 grams) and were comparable to the data presented previously by Wang et al. on 

the F1 generation from the same study (Wang et al., 2014). Interestingly, 0.5 μg/kg/day BPA 

treatment caused the most profound effects on fertility across all generations as the mice 

aged. Specifically, in the F1 generation, the lowest pregnancy rate was observed at BPA 0.5 

μg/kg/day as the females reached 9 months of age. In the F2 generation, while we observed 
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a sharp decline in pregnancy rate in 50 μg/kg/day BPA treatment group at 6 months, both 

0.5 μg/kg/day and 50 μg/kg/day BPA treatment decreased pregnancy rate at 9 months. In the 

F3 generation, 0.5 μg/kg/day BPA treatment caused the lowest pregnancy rate. While the 

mechanism by which BPA affects pregnancy in mice is unknown, Manikkam et al., showed 

that exposure to a plastics mixture decreased ovarian reserve in the F1 and F3 generation 

(Manikkam et al., 2013). Hence, it is possible that exposure to BPA induces ovotoxicity that 

is carried over several generations. It is also possible that in utero BPA exposure of the 

developing F1 pups affected the germ cells that later generated the F2 generation. These 

may have been long lasting effects that included epigenetic modifications such as DNA 

methylation that carried over to the F3 generation. In support of this hypothesis are several 

studies that provide some evidence for epigenetic modifications following exposure to 

endocrine disrupting chemicals, including BPA. For example, studies by Dolinoy et al. 

(Dolinoy et al., 2007) and Anderson et al. (Anderson et al., 2012) have shown that maternal 

dietary BPA intake causes epigenetic modifications in the offspring of agouti mice. 

Manikkam et al. have reported sperm epimutations in the F3 generation following in utero 

exposure to a plastic mixture that included BPA (Manikkam et al., 2013). Other endocrine 

disrupting chemicals such as methoxyclor (Anway et al., 2005) and vinclozolin (Anway et 

al., 2006) have also been shown to cause transgenerational effects (F1 to F4) on male 

infertility in rats via epigenetic reprogramming; however, further studies are needed to 

determine if that is the case in our study.

To better understand the differences in pregnancy rates among treatment groups, we 

evaluated which steps in the pathway to a successful pregnancy were most impacted by BPA 

treatment. Our data indicate that the mating index was similar across all treatment groups 

and generations, suggesting that in utero BPA exposure does not alter the mating behavior 

of the animals. In contrast, our data show that BPA (0.5 and 50 μg/kg/day) decreased the 

ability of mice to maintain pregnancy as they aged. Interestingly, the most profound 

decrease in gestational index was observed with the 0.5 μg/kg/day BPA treatment as females 

aged (both in the F1 and F2 generations at 9 months). It is possible that this dose of BPA is 

ovotoxic and that it may directly damage some of the germ cells during the exposure to BPA 

in utero that later result in unhealthy oocytes with epigenetic modifications that are 

gradually carried over subsequent generations. In support of this possibility are findings by 

Susiarjo et al. (2007) that showed that in utero BPA exposure interferes with early oocyte 

maturation and development of the F1 generation that results in an increased risk of 

producing aneuploid offspring. Because we did not collect tissues during pregnancy, we 

cannot determine what caused the pregnancy losses. Since most effects were observed in the 

F1 and F2 generations, we speculate that exposure to BPA caused abnormalities in ovary or 

uterus that later resulted in overall compromised reproductive capacity. Future studies 

should examine whether this is the case.

Interestingly, gestational indices in the F3 generation improved compared to the F1 and F2 

generations. However, the fertility index in the 0.5 μg/kg/day BPA treatment group was 

severely reduced compared to all other treatment groups in the F3 generation at 9 months. 

These data suggest that fertility in the F3 generation is compromised at the level of 
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becoming pregnant, but once the dam is pregnant, she is likely to maintain the pregnancy to 

term in the F3 generation.

Finally, our data show that BPA and DES treatment did not affect average litter size in those 

dams that were able to become pregnant and give birth. These findings are similar to a study 

by Tyl et al., who reported no significant differences in the number of pups born to BPA 

treated rats in any of the three generations (Tyl et al., 2002). Nevertheless, we did find some 

effects of BPA and DES on the percentage dead pups at PND 0. Using the F2 generation 

data, we could not perform statistical analysis due to a limited number of animals who gave 

birth at 9 months after in utero exposure to 0.5 μg/kg/day BPA (n = 1) and 20 μg/kg/day 

BPA (n = 2). However the percentage of dead pups was very high in 0.5 μg/kg/day BPA 

treatment group and relatively low in the 20 μg/kg/day BPA treatment group. Interestingly, 

in the F3 generation, the numbers of dead pups in the DES and BPA (20 and 50 μg/kg/day) 

treatment groups were significantly lower than the control group. We did not detect any 

histopathological or other particular problems in our colony that can explain these 

differences. These effects, at least in the F2 generation, are in contrast to the study by Tyl et 

al., who found no differences in pup survivability following BPA exposure (Tyl et al., 

2002).

In conclusion, our data suggest that in utero BPA exposure may affect pubertal onset and 

reproductive capacity in the F1 generation of mice. Further, our data suggest that some of 

these effects may be transgenerational in nature. Specifically, in utero BPA exposure may 

cause transgenerational effects on the ability to become pregnant and to maintain pregnancy 

to term. Further studies should investigate the mechanism underlying the effects of BPA on 

female reproductive outcomes in the F1-F3 generations.
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Highlights

• In utero BPA delayed vaginal opening in the F3 generation compared to control.

• In utero BPA delayed estrus in the F3 generation compared to control.

• In utero BPA reduced the ability of F1 and F2 female mice to maintain 

pregnancies.

• In utero BPA compromised the ability of F3 female mice to become pregnant.

• Some effects of in utero BPA may be transgenerational in nature.
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Figure 1. 
Study design. Mature female mice mated with proven male breeders. On gestation day 11 

until delivery, pregnant dams were dosed with either tocopherol stripped corn oil (control), 

diethylstilbestrol (DES; 0.05 µg/kg/day) or bisphenol A (BPA; 0.5, 20, 50 µg/kg/day) to 

examine the effects of in utero BPA exposure on fertility of subsequent generations at 3, 6, 

and 9 months of age.
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Figure 2. 
The effects of in utero BPA exposure on timing of vaginal opening (a) and first estrus (b) in 

the F1-F3 generations. Graphs represent mean ± SEM from 9-15 dams per treatment group. 

Asterisks (*) represent a significant difference from the control group (p ≤ 0.05); ^ represent 

a borderline difference from the control group (p = 0.1)
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Figure 3. 
The effects of in utero BPA exposure on body weight (grams) at 3, 6, and 9 months of age 

on the F1 (a), F2 (b), and F3 (c) generations. Graphs represent mean ± SEM from 4-15 dams 

per treatment group. Asterisks (*) represent a significant difference from the control group 

(p ≤ 0.05); ^ represents a borderline difference from the control group (0.05 < p ≤ 0.1)
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Figure 4. 
The effects of in utero BPA exposure on the percentage of pregnant dams of the total 

breeding pairs at 3, 6, and 9 months of age per generation (F1, F2, and F3). Graphs represent 

the percentage of pregnant dams from 3-15 dams per treatment group. Panels a, c, and e 

represent data for the entire cohort and panels b, d, and f represent data from females who 

weighed less than 40 grams prior to mating at each breeding cycle.
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Figure 5. 
The effects of in utero BPA exposure on mating indices at 3, 6, and 9 months of age in F1 

(a), F2 (b), and F3 (c) generations. Data generated from 3-15 dams per treatment group. 

Data include only females who weighed less than 40 grams prior to mating at each breeding 

cycle.
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Figure 6. 
The effects of in utero BPA exposure on fertility indices at 3, 6, and 9 months of age in F1 

(a), F2 (b), and F3 (c) generations. Data generated from 1-14 dams per treatment group. 

Data include only females who weighed less than 40 grams prior to mating at each breeding 

cycle.
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Figure 7. 
The effects of in utero BPA exposure on gestational indices at 3, 6, and 9 months of age in 

F1 (a), F2 (b), and F3 (c) generations. Data generated from 1-14 dams per treatment group. 

Data include only females who weighed less than 40 grams prior to mating at each breeding 

cycle.
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Figure 8. 
The effects of in utero BPA exposure on average litter size (F2 generation in panel a and F3 

generation in panel b) and percentage of dead pups per litter at 3, 6, and 9 months of age (F2 

generation in panel c and F3 generation in panel d). Data generated from 1-14 dams per 

treatment group. Data include only females who weighed less than 40 grams prior to mating 

at each breeding cycle. Asterisks (*) represent a significant difference from the control 

group (p ≤ 0.05)
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