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Abstract

Bisphenol A (BPA) is a commonly used plasticizer. Previous studies show that in utero exposure 

to BPA affects reproductive outcomes in the F1–F3 generations of mice. However, its 

multigenerational effects on ovarian histology and steroidogenesis over the reproductive lifespan 

are unknown. Thus, we tested the hypothesis that BPA has multigenerational effects on follicle 

numbers and steroidogenesis. Mice were exposed in utero to vehicle control or BPA (0.5, 20, and 

50 µg/kg/day). Ovaries were collected for histological and gene expression analyses and sera were 

collected for hormone assays. In utero BPA exposure decreased preantral follicle numbers, 

cytochrome P450 aromatase mRNA levels, and estradiol levels in the F1 generation, whereas it 

decreased testosterone levels and altered steroidogenic acute regulatory protein, cytochrome P450 

cholesterol side-chain cleavage, 3β-hydroxysteroid dehydrogenase 1, and cytochrome P450 

aromatase mRNA levels in the F2 generation. These data suggest that BPA has multigenerational 

effects on the ovary in mice.
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Introduction

Exposure to endocrine disrupting chemicals in the environment has been implicated as a 

factor in reproductive disorders including infertility [1]. Bisphenol A (BPA) is a widely 

studied endocrine disrupting chemical with estrogenic properties that is used as a plasticizer 
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in epoxy resins and polycarbonate plastics. Several epidemiological studies in humans and 

experimental studies in animal models suggest that BPA is a reproductive toxicant [2–11]. 

BPA is found in various products including plastic reusable food and beverage containers, 

baby bottles, toys, food and beverage can liners, thermal receipt paper, and dental sealants. 

BPA can leach out of these products when subjected to heat (e.g., microwaving), acids and 

bases (e.g. detergents), and ultraviolet light. Thus, daily human exposure to BPA is a 

potential hazard given its endocrine disrupting properties. Exposure is most commonly 

through the oral route, and BPA has been detected in human tissues including blood, urine, 

saliva, breast milk, amniotic fluid, placental tissues, and ovarian follicular fluid [12–14].

The presence of BPA in maternal reproductive tissues, placenta, amniotic fluid, and 

umbilical cord blood is of concern as this implies possible BPA exposure to the developing 

embryo. Thus, BPA may be capable of altering the germline, leading to undesirable effects 

in future generations. Previous studies in mice show that in utero exposure to BPA can affect 

several developmental and reproductive parameters in the F1, F2, and F3 generations [15–

17]. Specifically, in utero BPA exposure inhibited ovarian germ cell nest breakdown, and 

decreased fertility and litter size in the F1 generation [15], whereas it reduced the ability of 

mice to maintain pregnancies to term in the F1 and F2 generations [16]. Further, in utero 
BPA exposure delayed puberty, and decreased fertility and conception rates in the F3 

generation [16]. Additionally, in utero BPA exposure altered ovarian follicle numbers on 

postnatal day (PND) 21 in the F1 and F2 generations, and altered the gene expression of 

certain steroidogenic enzymes on PND 21 in the F1, F2, and F3 generations of mice [17]. 

Overall, these findings suggest that BPA may have multigenerational (i.e., effects in more 

than one generation) and transgenerational (i.e., effects in the F3 generation) effects on some 

reproductive outcomes in mice.

The aim of the present study was to investigate further the multigenerational effects of BPA 

on the F1 and F2 generations of mice, with a focus on ovarian follicle numbers, atresia, 

serum sex steroid hormone levels, and ovarian mRNA levels of steroidogenic enzymes in 

aging mice. Specifically, this study tested the hypothesis that in utero BPA exposure affects 

ovarian follicle numbers, atresia, and steroidogenic capacity of the F1 and F2 generations of 

mice at three, 10, and 12 months of age.

Materials and methods

Chemicals

BPA (99% purity; National Institutes of Environmental Health Sciences, USA) and 

diethylstilbestrol (DES; Sigma Chemical Co., USA) were dissolved in ethanol and then 

diluted to selected doses in tocopherol-stripped corn oil (vehicle). The final ethanol 

concentration in the tocopherol-stripped corn oil for the oral dosing solutions was 0.1%.

Animals

Inbred FVB mice (Charles River, USA) were housed in polysulfone cages in a controlled 

environment (25°C, 12-hour light-dark cycles). The mice were fed Teklad Rodent Diet 8604 

(Harlan) and provided with reverse osmosis filtered water in glass bottles ad libitum. All 
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animal procedures were approved by the Institutional Animal Use and Care Committee at 

the University of Illinois at Urbana–Champaign, USA.

Study design

Female mice (F0 generation) at 12 weeks of age were mated with fertility-confirmed 

unexposed control males. The day of detection of a vaginal sperm plug after mating was 

considered as gestational day (GD) 1. On GD 1, the female mice with vaginal sperm plugs 

were individually housed and thereafter, daily weights were recorded for further 

confirmation of successful pregnancy. On GD 9, confirmed pregnant females were randomly 

assigned to five treatment groups: vehicle control (tocopherol-stripped corn oil), DES (0.05 

µg/kg/day), or BPA (0.5, 20, and 50 µg/kg/day). DES at 0.05 µg/kg/day was used in the 

study as a control to confirm that the mice were responsive to estrogenic compounds. BPA at 

0.5 µg/kg/day was used to mimic estimated human exposure from bottle feeding [18], and 

this dose was based on a previous study that showed reproductive abnormalities in female 

CD-1 mice exposed to a similar dose of BPA in utero [19]. BPA at 20 µg/kg/day was used 

because this dose was shown to disrupt oocyte meiosis and cause aneuploidy in mice late in 

their reproductive lifespan [20]. BPA at 50 µg/kg/day was used because it is the United 

States Environmental Protection Agency (USEPA) referenced safe dose [21]. Daily oral 

dosing of the dams in the respective treatment groups was started on GD 11 and continued 

until the birth of pups. The exposure window of GD 11 to birth was selected because this is a 

critical period of ovarian development in the mouse. Oral dosing was achieved by placing a 

pipette tip containing the dosing solution into the mouth, and the doses were administered in 

volumes of 28–32 µl based on daily body weight. The F0 dams were allowed to deliver 

naturally and the birth date of the F1 progeny was considered as PND 0. Litter size was 

standardized to 10 pups per litter on PND 4, as described in a previous study [15]. At least 

one F1 female from each litter was euthanized by CO2 asphyxiation followed by 

decapitation at three months and 10 months of age. Blood was collected using cardiac 

puncture, centrifuged to obtain serum, and then serum samples were used for analysis of sex 

steroid hormone levels. Ovaries were collected and used for assessment of histological 

analysis of follicle numbers and health as well as mRNA levels of steroidogenic enzymes. 

Some of the adult F1 females were used to generate the F2 progeny, and at least one F2 

female from each litter was euthanized at three months and 12 months of age. Serum 

samples and ovaries were collected from these F2 mice as described for the F1 generation.

Histological Analysis

Ovaries from the F1 and F2 mice at three months of age were collected and fixed in 10% 

neutral buffered formalin, followed by transfer to 70% ethanol after 24 hours until further 

processing for histological analysis. The fixed ovaries were subjected to paraffin embedding, 

serial sectioning (8 µm thick sections), and mounting on glass slides, which were then 

stained using hematoxylin and eosin. Every tenth section of each ovary was used to count 

healthy primordial, primary, preantral, and antral follicles by experimenters blind to 

treatment group as previously described [17,22]. Every tenth section of each ovary was also 

used to count unhealthy follicles; specifically follicles showing abnormal morphology (e.g., 

follicles with multiple/disintegrated oocytes) and atresia (i.e., follicles with apoptotic bodies 

encompassing more than 5% of the total area of the follicles) [17,22]. The raw follicle 
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numbers as well as the percentage of each healthy follicle type (healthy follicles divided by 

the total number of follicles) per sample were used for statistical analysis.

Hormone Assays

Serum samples were collected from the F1 mice at three months of age and from the F2 

mice at 12 months of age for analysis of estradiol, testosterone, and progesterone levels. The 

selected sex steroid hormones are essential for normal female reproduction. Blood was 

drawn from the mice immediately after euthanasia. All samples from the F1 and F2 

generations at three months were collected during estrus. For the F2 generation at 12 

months, some samples from the control, DES, 0.5 µg/kg BPA, and 20 µg/kg BPA treatment 

groups were collected during diestrus and some samples from the control and 50 µg/kg BPA 

treatment groups were collected during estrus. Thus, hormone data from samples collected 

during each of these cycle stages were analyzed and presented separately because hormone 

levels differ depending on the stage of the cycle. The sera were subjected to enzyme-linked 

immunosorbent assays (ELISAs) and the levels of each hormone were measured in one run 

using ELISA kits purchased from Diagnostics Research Group (DRG, Springfield, NJ) 

according to manufacturer’s instructions. Samples were run in duplicate, and had 

coefficients of variation less than 10%. The analytical sensitivity of each kit was 0.1 ng/ml 

for progesterone, 0.083 ng/ml for testosterone, 9.71 pg/ml for estradiol. The mean values for 

each sample were used for statistical analysis.

Quantitative real-time polymerase chain reaction

Ovaries from the F1 mice at three and 10 months of age and from the F2 mice at three and 

12 months of age were collected and snap frozen for quantitative real-time polymerase chain 

reaction (qPCR) analysis of steroidogenic enzymes. We chose to measure the mRNA levels 

of the transport protein, steroidogenic acute regulatory protein (Star), as well as cytochrome 

P450 cholesterol side-chain cleavage (Cyp11a1), 3β-hydroxysteroid dehydrogenase 1 

(Hsd3b1), 17β-hydroxysteroid dehydrogenase 1 (Hsd17b1), and cytochrome P450 

aromatase (Cyp19a1) because they are known regulators of ovarian steroidogenesis [23]. 

Total RNA was extracted from the ovaries using the RNeasy Mini Kit (Qiagen, Inc., 

Valencia, CA) and quantified with the Nanodrop® spectrophotometer following 

manufacturer's instructions. Total RNA (100 ng per sample) was then reverse transcribed to 

complementary DNA (cDNA) using the iScript RT kit (Bio-Rad Laboratories, Inc., 

Hercules, CA) and subsequently subjected to qPCR using the CFX96 Real-Time PCR 

Detection System (Bio-Rad Laboratories, Inc., Hercules, CA) and accompanying CFX 

Manager Software as per manufacturer's recommendations. The gene-specific primers are 

listed in Table 1. The qPCR program protocol was based on previously published methods 

[24],[25], with minor modifications: initial incubation at 95°C for five minutes (instead of 10 

minutes) and final extension at 72°C for two minutes (instead of 10 minutes). Standard 

curves, amplification, melt curves and temperatures were generated for each run. All 

samples were run in triplicate, except the samples analyzed for steroidogenic enzymes at 10 

months in the F1 generation and at 12 months in the F2 generation, which were run in 

duplicate due to limited amount of sample. Beta-actin (Actb) was used as a reference gene 

because its mRNA levels did not differ among the five treatment groups (data not shown). 

Thus, data from each generation at each time-point were normalized to the corresponding 
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value of Actb for that generation/time-point, and the Pfaffl method for relative quantification 

[26] was used to calculate relative fold changes, which were used for statistical analysis.

Statistical Analysis

Data were expressed as means ± standard error of the means (SEM), and analyzed using 

SPSS statistical software (SPSS, Inc., Chicago, IL). Multiple comparisons between normally 

distributed experimental groups (vehicle control group and BPA treated groups) were made 

using one-way analysis of variance, followed by the two-sided Dunnett’s test when 

variances were equal, or the Welch test followed by the Games-Howell test for post-hoc 

comparison when variances were unequal. Multiple comparisons between non-normally 

distributed experimental groups (vehicle control group and BPA treated groups) were made 

using the Kruskal–Wallis test and the Mann-Whitney test [27]. Comparisons between the 

vehicle control group and the DES treated group were made using the independent samples 

t-test when data showed normal distribution, and using the Mann-Whitney test when data 

were not normally distributed. Statistical significance was assigned at p ≤ 0.05. In the F2 

generation, we only had an n of 2 for serum samples in the DES treatment group at 12 

months of age and for mRNA levels in the BPA 50 µg/kg/day group at three months of age. 

Thus, values from those groups were not used in the statistical analysis and the data are not 

shown in the graphs.

Results

Effect of BPA and DES on ovarian histology in the F1 and F2 generations

We investigated whether in utero exposure to BPA affected ovarian histology, specifically 

ovarian follicle numbers and atresia in the F1 and F2 generations of mice at three months of 

age. BPA at 0.5 µg/kg/day and at 20 µg/kg/day significantly decreased the number of 

preantral follicles when compared to control in the F1 generation (Figure 1A; n=3, p≤0.05). 

However, BPA did not affect the numbers of primordial, primary, or antral follicles in the F1 

generation (Figure 1A). Further, it did not affect the percentage of primordial, primary, 

preantral, or antral follicles in the F1 generation (Figure 1B). In the F2 generation, BPA did 

not affect ovarian follicle numbers or follicle percentage when compared to controls 

(Figures 1C–D). Further, BPA exposure did not affect the percentage of abnormal or atretic 

follicles in the F1 and F2 generations at three months when compared to controls (data not 

shown). Similarly, DES exposure at 0.05 µg/kg/day did not affect ovarian follicle numbers or 

follicle percentage in the F1 and F2 generations of mice when compared to control (Figures 

1A–D).

Effect of BPA and DES on serum levels of sex steroid hormones in the F1 generation

We assessed whether in utero exposure to BPA affected the serum levels of estradiol, 

testosterone, and progesterone in the F1 generation of mice at three months of age. BPA at 

20 µg/kg/day significantly decreased estradiol levels when compared to control (Figure 2A; 

n=3, p≤0.05). BPA at 50 µg/kg/day also decreased estradiol levels in the three month old F1 

mice compared to control, but this was borderline significant (Figure 2A; n=3, p=0.06). BPA 

did not significantly affect the levels of progesterone (Figure 2B) and testosterone (Figure 

2C) compared to controls. DES at 0.05 µg/kg/day significantly reduced estradiol levels 
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(Figure 2A; n=3, p≤0.05), increased progesterone in a borderline manner (Figure 2B; n=3, 

p=0.09), and did not affect testosterone levels (Figure 2C) at three months of age when 

compared to controls.

Effect of BPA and DES on serum levels of sex steroid hormones in the F2 generation

We assessed whether in utero exposure to BPA affected the serum levels of estradiol, 

testosterone, and progesterone in the F2 generation of mice at 12 months of age. BPA at 20 

µg/kg/day significantly reduced testosterone levels during diestrus when compared to control 

(Figure 3C; n=4–5, p≤0.05). In contrast, BPA did not affect the levels of estradiol (Figure 

3A) or progesterone (Figure 3B) during diestrus when compared to controls. In addition, 

BPA at 50 µg/kg/day did not significantly alter sex hormone levels during estrus in the F2 

mice at 12 months of age (estradiol: control = 24.47±0.5 pg/mL, BPA 50 µg/kg/day = 

23.15±11.72 pg/mL; progesterone: control = 1.76±0.65 ng/mL, BPA 50 µg/kg/day = 

1.99±0.79 ng/mL, testosterone: control = 0.26±0.08 ng/mL, BPA 50 µg/kg/day = 0.23±0.09 

ng/mL).

Effect of BPA and DES on the mRNA levels of transport protein and steroidogenic 
enzymes in the F1 generation

We examined whether in utero exposure to BPA affected the ovarian mRNA levels of Star, 
Cyp11a1, Hsd3b1, Hsd17b1, and Cyp19a1 in the F1 generation of mice at three and 10 

months of age. In the F1 generation at three months of age, BPA did not significantly affect 

the mRNA levels of Star or any of the selected steroidogenic enzymes when compared to 

control (Figure 4A–E). Similarly, in the F1 generation at three months of age, DES did not 

affect the mRNA levels of Star or any of the selected steroidogenic enzymes when compared 

to control (Figure 4A–E).

However, in the F1 generation at 10 months of age, BPA at 0.5 µg/kg/day significantly 

decreased the mRNA levels of Cyp19a1 compared to control (Figure 5E; n=3–7, p≤0.05). 

BPA did not alter mRNA levels of the other steroidogenic enzymes in the 10 month old F1 

mice when compared to control (Figure 5A–D). DES at 0.05 µg/kg/day reduced the mRNA 

levels of Star in the F1 generation of mice at 10 months of age when compared to control, 

but this reduction was not statistically significant (Figure 5A; n=6–7, p=0.09).

Effect of BPA and DES on the mRNA levels of transport protein and steroidogenic 
enzymes in the F2 generation

We examined whether in utero exposure to BPA affected the ovarian mRNA levels of Star, 
Cyp11a1, Hsd3b1, Hsd17b1, and Cyp19a1 in the F2 generation of mice at three and 12 

months of age. At three months of age, BPA at 20 µg/kg/day decreased the mRNA levels of 

Hsd3b1 compared to control, though this decrease was borderline significant (Figure 6C; 

n=3, p=0.07). BPA did not affect the mRNA levels of the other selected enzymes and Star at 

three months when compared to control (Figure 6). Further, DES did not alter the mRNA 

levels of the selected genes at three months when compared to control (Figure 6A–E).

At 12 months of age, BPA at 50 µg/kg/day significantly decreased the mRNA levels of Star 
(Figure 7A; n=4–9, p≤0.05) and Hsd3b1 (Figure 7C; n=4–9, p≤0.05) when compared to 
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control. Further, BPA at 50 µg/kg/day reduced the mRNA levels of Cyp11a1 and increased 

the levels of Hsd17b1 when compared to control, but these alterations were not statistically 

significant (Figure 7B and D; n=3–9). Additionally, BPA treatment at 0.5 µg/kg/day 

significantly decreased the mRNA levels of Cyp11a1 (Figure 7B; n=3–9, p≤0.05), whereas it 

significantly increased the mRNA levels of Cyp19a1 (Figure 7E; n=4–9, p≤0.05) when 

compared to control. DES at 0.05 µg/kg/day decreased the mRNA levels of Star when 

compared to control, although this was not statistically significant (Figure 7A; n=4–9, 

p=0.09). DES also decreased Cyp11a1 mRNA levels when compared to control in a 

borderline significant manner (Figure 7B; n=4–9, p=0.07). Further, DES at 0.05 µg/kg/day 

increased mRNA of Hsd17b1 compared to control, although this was again of borderline 

significance (Figure 7D; n=4–9, p=0.06).

Discussion

We investigated the multigenerational effects of BPA on ovarian follicle numbers and 

steroidogenesis over the reproductive lifespan of mice. Our study design allowed us to 

determine whether in utero exposure to environmentally relevant levels of BPA during a 

critical period of embryonic ovarian development has adverse effects on ovarian structure 

and function in the later reproductive life of the F1 and F2 generations. In our dosing 

paradigm, the F1 mice were exposed to vehicle or BPA as fetuses, whereas the F2 mice were 

exposed to vehicle or BPA as germ cells. The study design included a DES treatment group 

as positive control to verify that the mice in our study were responsive to estrogenic 

compounds, and to examine differential responses to BPA and DES.

Our data indicate that in the F1 generation at three months, BPA (0.5 µg/kg/day and 20 

µg/kg/day) decreased the absolute number of preantral follicles, without a shift in the 

percentage of total follicles or an increase in the percentage of abnormal or atretic follicles. 

Collectively, these data suggest that in utero BPA exposure decreases preantral follicle 

numbers, potentially by causing death of these follicles at time-points earlier than three 

months. Previous studies using different experimental models show that BPA is capable of 

inducing cytotoxicity in ovarian follicular cells by various mechanisms [28–33]. For 

example, one study found that BPA exposure reduced the health of granulosa cells in 

cultured mouse preantral follicles [33]. Other studies showed that BPA induced death of 

murine ovarian granulosa cells [28] and antral follicles [32] via cell cycle arrest and 

dysregulation of the apoptotic pathway. Thus, the decreased numbers of preantral follicles in 

the F1 generation at three months of age in the present study could be due to similar 

mechanisms. Further, a study conducted in rats as part of the Consortium Linking Academic 

and Regulatory Insights on BPA Toxicity (CLARITY-BPA) found that prenatal exposure to 

BPA decreased preantral as well as primordial and primary follicle numbers at PND 21, but 

not at three months [34]. Although the decrease in the number of preantral follicles in the F1 

generation observed in the CLARITY-BPA study is consistent with the present study, the age 

at which this effect is seen is different. This age-related difference in the effect of BPA on 

preantral follicles could be due to species differences in rats versus mice. It also could be 

due to differences in dosing paradigm. In the current study, mice were dosed with BPA 

during gestation using an oral route of exposure (gentle pipetting vehicle or BPA into the 
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mouth). In CLARITY-BPA, rats were continuously dosed with vehicle or BPA from 

gestation using oral gavage [34].

In the F2 generation at three months of age, in utero BPA exposure did not affect ovarian 

follicle numbers. The differing results on preantral follicle numbers at three months between 

the two generations is likely because the F1 and F2 generations were exposed to BPA during 

different developmental windows. The F1 generation was exposed to BPA as fetuses and the 

F2 generation was exposed to BPA as germ cells. This likely resulted in differential effects 

of BPA on follicle numbers in the F1 and F2 generations.

Sex steroid hormones are essential for normal reproductive function. Thus, we measured the 

effects of BPA on serum levels of estradiol and two of its main precursors, testosterone and 

progesterone. Our data indicate that BPA at 20 µg/kg/day decreased serum levels of estradiol 

in the F1 mice at three months of age. It is possible that the reduced estradiol levels in the 

BPA 20 µg/kg/day treatment group at three months may be due to the observed decrease in 

the number of preantral follicles at this same time-point. Preantral follicles are a major 

source of sex steroid hormones; thus, reduced numbers of these follicles could lead to 

decreased hormone production, resulting in low serum estradiol levels. It is also possible that 

BPA reduces estradiol levels by altering the levels or activity of the steroidogenic factors 

involved in the conversion of cholesterol to estradiol in the ovary. However, our data indicate 

that in utero BPA exposure did not affect the mRNA levels of Star, Cyp11a1, Hsd3b1, 
Hsd17b1 or Cyp19a1 in the F1 generation at three months of age. It is possible that BPA is 

affecting the protein levels or activity of the enzymes, leading to abnormal sex steroid 

hormone levels. Hence, further studies are needed to determine whether the reduction in 

estradiol levels observed in the F1 mice at three months is due to disruption of upstream 

steroidogenic enzymes.

Some of our data on the effects of BPA on ovarian steroidogenesis in the F1 and F2 

generations of mice are consistent with previous studies that investigated whether and how 

BPA affects steroidogenesis. For example, an in vitro study found that BPA reduced the 

levels of estradiol, testosterone, progesterone, DHEA, androstenedione, and estrone 

produced by isolated CD-1 mouse antral follicles [25]. The same study found that BPA 

decreased the mRNA levels of Star, Cyp11a1, and Hsd3b1 in isolated follicles [25]. This is 

consistent with our findings of BPA-induced reductions in estradiol and testosterone levels, 

as well as decreased mRNA levels of Star, Cyp11a1, and Hsd3b1 in some of our BPA-

treated groups. Additionally, our findings are consistent with a study conducted as part of 

CLARITY-BPA that found that prenatal and continuous dosing with BPA decreased serum 

estradiol levels at 12 months of age in the F1 generation of rats [34]. Taken together, these 

results indicate that some of the effects of BPA on ovarian steroidogenesis are consistent 

among different strains (FVB and CD-1 mice) and species (mice and rats).

Some of our data on the effects of BPA on ovarian steroidogenesis in the F1 and F2 

generations also differ from previous studies. In the current study, we did not observe any 

effects of BPA on mRNA levels of Star and Hsd17b1 at three months of age. However, a 

previous study found that in utero BPA exposure increased Hsd17b1 mRNA levels at PND 

21 in both the F1 and F2 generations and that it increased Star mRNA levels in the F2 
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generation of FVB mice [17]. Collectively, these findings indicate that in utero BPA 

exposure has different effects on the gene expression of steroidogenic enzymes and that 

these effects depend on the dose of BPA, the age of the mice, and the generation of the mice. 

This finding is typical of endocrine disrupting chemicals that can often have different effects 

depending on the dose [35] and the generation [36].

The present study used DES mainly as a control to ensure that the mice were responding to 

estrogenic compounds. However, our data indicate some similarities between the effects of 

DES and BPA on the ovary. For example, our data indicate that neither chemical affected 

primordial, primary, and antral follicle numbers or percentage in the F1 or F2 generations or 

steroidogenic enzyme mRNA levels in the F1 and F2 generations at three months, and both 

chemicals reduced estradiol levels in the F1 generation at three months. In contrast, our data 

indicate differences between the effects of DES and BPA on the ovary. Specifically, BPA, 

but not DES, significantly decreased preantral follicle numbers in the F1 generation at three 

months, decreased mRNA levels of Cyp19a1 in the F1 generation at 10 months, decreased 

Hsd3b1 in the F2 generation at 12 months, and increased Cyp19a1 in the F2 at 12 months 

compared to controls.

In conclusion, our results indicate that in utero exposure to BPA has multigenerational 

effects on ovarian follicle numbers and steroidogenesis. These effects are dependent on the 

dose of BPA as well as the age of the mice. The results of the present study are important 

because they imply that in utero exposure to BPA at environmentally relevant levels can 

affect ovarian function over the reproductive life of future generations. Hence, it is essential 

to conduct further studies to understand both the multigenerational and transgenerational 

effects of BPA. Such studies should address the actions of BPA on the estradiol biosynthesis 

pathway in more detail and characterize the mechanisms underlying differences between the 

effects of BPA and DES.
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Highlights

• In utero BPA exposure decreases preantral follicle numbers in the F1 

generation

• In utero BPA exposure decreases cytochrome P450 aromatase mRNA and 

estradiol levels in the F1 generation

• In utero BPA exposure decreases testosterone levels and alters mRNA levels 

of several steroidogenic factors in the F2 generation

• In utero BPA exposure has multigenerational effects on the ovary and 

steroidogenesis in mice
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Figure 1. Effect of BPA and DES on ovarian follicle numbers and percentage
Ovaries were collected from F1 and F2 generations of mice at three months of age and then 

subjected to histological evaluation of primordial, primary, preantral, and antral follicles. 

The graphs represent the means ± SEM (n = 3 ovaries/treatment) of follicle numbers (panel 

A) and percentage of follicle types from the total (panel B) counted in the F1 generation. 

Similarly, the graph represents the follicle numbers (panel C) and percentage (panel D) in 

the F2 generation as means ± SEM (n = 3 ovaries/treatment). Asterisks (*) represent 

statistically significant differences from the vehicle control (p ≤ 0.05).
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Figure 2. Effect of BPA and DES on Serum Sex Steroid Hormone Levels in the F1 generation
Serum was collected from the F1 generation of mice at three months of age, and then 

subjected to enzyme-linked immunosorbent assays for estradiol, progesterone, and 

testosterone. The graph represents the means ± SEM (n = 3) of serum levels of estradiol 

(panel A), progesterone (panel B), and testosterone (panel C). Asterisks (*) represent 

statistically significant differences from the vehicle control (p ≤ 0.05). ^ indicates p = 0.06 

(panel A) and p = 0.09 (panel B).
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Figure 3. Effect of BPA on Serum Sex Steroid Hormone Levels in the F2 generation
Serum was collected from the F2 generation of mice at 12 months of age, and then subjected 

to enzyme-linked immunosorbent assays for estradiol, progesterone, and testosterone. The 

graph represents the means ± SEM (n = 3–5) of serum levels of estradiol, progesterone, and 

testosterone in the F2 mice at 12 months (panels A–C). Asterisk (*) represents statistically 

significant differences from the vehicle control (p ≤ 0.05).
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Figure 4. Effect of BPA and DES on Steroidogenic Enzyme mRNA Levels in the F1 generation (3 
months)
Ovaries were collected from the F1 generation of mice at three months of age, and then 

subjected to quantitative polymerase chain reaction for Star (panel A), Cyp11a1 (panel B), 

Hsd3b1 (panel C), Hsd17b1 (panel D), and Cyp19a1 (panel E). The graph represents the 

means ± SEM (n = 3) of relative fold changes normalized to Actb.
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Figure 5. Effect of BPA and DES on Steroidogenic Enzyme mRNA Levels in the F1 generation 
(10 months)
Ovaries were collected from the F1 generation of mice at 10 months of age, and then 

subjected to quantitative polymerase chain reaction for Star (panel A), Cyp11a1 (panel B), 

Hsd3b1 (panel C), Hsd17b1 (panel D), and Cyp19a1 (panel E). The graph represents the 

means ± SEM (n = 3–7 ovaries/treatment) of relative fold changes normalized to Actb. 

Asterisk (*) represents statistically significant difference from the vehicle control (p ≤ 0.05). 

^ indicates p = 0.09.
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Figure 6. Effect of BPA and DES on Steroidogenic Enzyme mRNA Levels in the F2 generation (3 
months)
Ovaries were collected from the F2 generation of mice at three months of age, and then 

subjected to quantitative polymerase chain reaction for Star (panel A), Cyp11a1 (panel B), 

Hsd3b1 (panel C), Hsd17b1 (panel D), and Cyp19a1 (panel E). The graph represents the 

means ± SEM (n = 3) of relative fold changes normalized to Actb. ^ indicates p = 0.07.
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Figure 7. Effect of BPA and DES on Steroidogenic Enzyme mRNA Levels in the F2 generation 
(12 months)
Ovaries were collected from the F2 generation of mice at 12 months of age, and then 

subjected to quantitative polymerase chain reaction for Star (panel A), Cyp11a1 (panel B), 

Hsd3b1 (panel C), Hsd17b1 (panel D), and Cyp19a1 (panel E). The graph represents the 

means ± SEM (n = 3–9 ovaries/treatment) of relative fold changes normalized to Actb. 

Asterisks (*) represent statistically significant differences from the vehicle control (p ≤ 

0.05). ^ indicates p = 0.09 for DES versus control (panel A), p = 0.07 for DES versus control 

(panel B), p = 0.11 for BPA 50 µg/kg versus control (panel B), p = 0.06 for DES versus 

control (panel D), and p = 0.07 for BPA 50 µg/kg versus control (panel D).
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Table 1

Sequence of Primers used for Gene Expression Analysis

Gene Name
Gene
symbol

Accession
No. Forward primer Reverse primer

Beta-actin Actb NM_007393 GGGCACAGTGTGGGTGAC CTGGCACCACACCTTCTAC

Steroidogenic acute regulatory 
protein Star NM_007810 CAGGGAGAGGTGGCTATGCA CCGTGTCTTTTCCAATCCTCTG

Cytochrome P450 cholesterol side-
chain cleavage Cyp11a1 NM_008293 AGATCCCTTCCCCTGGCGACAATG CGCATGAGAAGAGTATCGACGCATC

3β-hydroxysteroid dehydrogenase 1 Hsd3b1 NM_008293 CAGGAGAAAGAACTGCAGGAGGTC GCACACTTGCTTGAACACAGGC

17β-hydroxysteroid dehydrogenase 1 Hsd17b1 NM_010475 ACTGTGCCAGCAAGTTTGCG AAGCGGTTCGTGGAGAAGTAG

Cytochrome P450 aromatase Cyp19a1 NM_007810 CATGGTCCCGGAAACTGTGA GTAGTAGTTGCAGGCACTTC
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