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Abstract

Developmental exposure to BPA adversely affects reproductive function. In sheep, prenatal BPA

treatment induces reproductive neuroendocrine defects, manifested as LH excess and dampened

LH surge and perturbs early ovarian gene expression. In this study we hypothesized that prenatal

BPA treatment will also disrupt ovarian follicular dynamics. Pregnant sheep were treated from

days 30 to 90 of gestation with 3 different BPA doses (0.05, 0.5, or 5 mg/kg BW/day). All female

offspring were estrus synchronized and transrectal ultrasonography was performed daily for 22

days to monitor ovarian follicular and corpora lutea dynamics. Blood samples were collected to

assess hormonal preovulatory changes and luteal progesterone dynamics. Statistical analysis

revealed that the time interval between the estradiol rise and the preovulatory LH surge was

shortened in the BPA-treated females. None of the three BPA doses had an effect on corpora lutea,

progestogenic cycles, and mean or duration of ovulatory and non-ovulatory follicles. However,

differences in follicular count trajectories were evident in all three follicular size classes (2–3 mm,

4–5 mm, and ≥ 6 mm) of prenatal BPA-treated animals compared to controls. Number of follicular

waves tended also to be more variable in the prenatal BPA-treated groups ranging from 2 to 5

follicular waves per cycle, while this was restricted to 3 to 4 waves in control females. These

changes in ovarian follicular dynamics coupled with defects in time interval between estradiol rise

and preovulatory LH release are likely to lead to subfertility in prenatal BPA-treated females.

Keywords

Infertility; follicular dynamics; bisphenol A

Corresponding author: Vasantha Padmanabhan, Department of Pediatrics and Reproductive Sciences Program, University of
Michigan, 300 N. Ingalls Bldg., Rm. 1138 SW, Ann Arbor, MI 48109-0404. Telephone: 1-734-647-0276; Fax: 734-936-8620;
vasantha@umich.edu.

Disclosure statement: Authors have nothing to disclose.

NIH Public Access
Author Manuscript
Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 September 01.

Published in final edited form as:
Toxicol Appl Pharmacol. 2014 September 1; 279(2): 119–128. doi:10.1016/j.taap.2014.05.016.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Introduction

Inappropriate exposure to native or environmental steroids during early development can

induce long term deleterious effects at the reproductive level. Common sources of such

abnormal exposures, in addition to excess native steroid production from disease states, are

the use of anabolic steroids (Hartgens and Kuipers, 2004), contraceptive pills (Waller et al.,

2010), or unintended exposure to environmental steroid mimics through food sources or

industrial pollutants (Hotchkiss et al., 2008). As such, endocrine disrupting chemicals

(EDCs) from the environment are a looming threat to proper differentiation of organ

systems. One of the most controversial EDC is bisphenol A (BPA), a component of

polycarbonate plastic and epoxy resins, which is used in the manufacture of many consumer

products (vom Saal et al., 2005). Humans are exposed ubiquitously to BPA not only via diet,

but also due to its presence in dust, air, and water (Vandenberg et al., 2013). BPA has been

found to signal through estrogen receptors (Nagel et al., 1999). Potential health risks from

exposure to BPA are evident from studies reporting the presence of BPA in human maternal

circulation (Ranjit et al., 2010), amniotic and placental fluids (Ikezuki et al., 2002), breast

milk (Sun et al., 2004), and neonates (Calafat et al., 2009), representing exposures during

critical early developmental windows.

Experimentally, pre-and perinatal BPA exposures below the lowest-observed-adverse-effect

level (LOAEL) dose have demonstrated estrogen-like effects on reproductive function in

rodents (Durando et al., 2007, Newbold et al., 2007, Howdeshell et al., 1999). Information

regarding the effects of prenatal exposure to BPA on reproductive function comes mostly

from altricial species (Markey et al., 2003, Ryan et al., 2010, Lawson et al., 2011, Hunt et

al., 2012a, 2012b, Peretz et al., 2014, EFSA 2014)requiring validation from precocial

models to enable human translation. Our studies with sheep found that prenatal exposure to

BPA leads to LH surge disruption (Savabieafsahani et al., 2006) and early ovarian

disruption, manifested as changes in expression of genes encoding key steroidogenic

enzymes and microRNAs, regulators of gene function (Veiga-Lopez et al., 2013). The

consequences of these early ovarian changes in terms of adult ovarian and cyclic function

remain to be determined. Rodent studies carried out in vivo(Molina et al., 2013) and in

vitro(Peretz et al., 2011) have reported that BPA can lead to follicular atresia.

Interestingly, the changes in early ovarian gene expression parallel disruptions seen with

prenatal testosterone (T)-treated sheep (Luense et al., 2011). Several gene disruptions seen

in prenatal T-treated animals appear to be estrogen-mediated stemming conceivably from

aromatization of T to estrogen. Similar to the prenatal T-treated model, prenatal BPA-treated

sheep females are born underweight and manifest LH excess (Savabiesfahani et al., 2006,

Manikkam et al., 2004, Padmanahban and Veiga -Lopez, 2011). Because prenatal BPA-

treated animals manifested dampened LH surges similar to prenatal T-treated sheep

(Savabiesfahani et al., 2006), we predicted that prenatal BPA-treated animals will also

manifest similar periovulatory disruptions. Considering that they share several phenotypic

attributes and the early ovarian changes are similar, we also predicted that the adult ovarian

phenotype of prenatal BPA-treated sheep will be similar to the prenatal T-treated sheep,

which manifest in creased follicular recruitment, follicular persistence, and luteal

dysfunction (Padmanabhan and Veiga -Lopez, 2011). Therefore, the aim of this study was to

Veiga-Lopez et al. Page 2

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



gain a comprehensive understanding of the impact of prenatal BPA treatment on adult

follicular and periovulatory hormonal dynamics in sheep, a precocial species.

Material and Methods

Animals and prenatal treatment

Prenatal treatments—The study was conducted at the University of Michigan Sheep

Research Facility (Ann Arbor, MI; 42º 18’N). All procedures were approved by the

Institutional Animal Care and Use Committee of the University of Michigan and are

consistent with the National Institutes of Health Guide for Use and Care of Animals.

Animals were housed in an open free-living area with access to shelter at all times. Adult

Suffolk breed sheep, 3 to 5 years old and blocked by maternal weight and body score, were

bred to generate control and BPA-treated animals. Aureomycin crumbles (chlortetracycline:

250 mg/ewe/day) were given to prevent abortion. The day of mating was determined by

visual confirmation of paint markings left on the rumps of ewes by the raddled rams.

Gestational BPA treatment consisted of daily scinjections of one of the following three BPA

doses:0.05, 0.5, or 5 mg/kg/day (B low, Bmed, Bhigh, respectively) of BPA (purity ≥99%, cat#

239658; Aldrich Chemical Co., Milwaukee, WI) in corn oil from days 30 through 90 of

gestation (term: ~ 147 days). The chosen window of exposure corresponds with key events

in the hypothalamic and ovarian developmental trajectory of the female sheep fetus. The

developmental trajectory of these systems in this precocial species is similar to both

hypothalamic and ovarian developmental trajectories of humans (for review see

Padmanabhan and Veiga -Lopez, 2013), thus enhancing the translational relevance of the

current study. In brief, gestational day 30 in sheep coincides with the initiation of gonadal

differentiation and gestational day 90 with the completion of primordial follicle formation.

Appearance of GnRH neurons in the hypothalamus and detection of circulating LH also

occurs during this window of exposure. Control (C) mothers received vehicle. Internal dose

of BPA achieved in umbilical arterial samples using the 0.5 mg/kg/day dose has been

already published (Veiga-Lopez et al., 2013) and targeted to produce maternal blood levels

of BPA approaching the median level of BPA measured in maternal circulation of US

women (Padmanabhan et al., 2008) and urine (Calafat et al., 2009). Husbandry and nutrition

of pregnant sheep and newborn lambs have been published (Manikkam et al., 2004). Only

one female offspring from each dam was utilized, when twin pregnancies were involved.

Number of female lambs included in the C, Blow, Bmed, Bhigh groups was 7, 11, 12, and 6,

respectively. Lambs were weaned at ~8 weeks of age and fed a pelleted diet (Shur-Gain,

Elma, NY) comprised of 3.6 MCal/kg digestible energy and 18% crude protein. They were

fed ad libitum until they attained ~40 kg of body weight, when they were switched to a diet

with 15% crude protein. Adult sheep were fed a ration consisting of 2.3 MCal/kg digestible

energy and 11.3% crude protein.

Experimental design

The study was conducted during the second breeding season when females were ~19 months

old. All females were administered two prostaglandin F2α(PGF 2α, 5mg/ml; Lutalyse®,

Pfizer Animal Health, MI) injections, im, 11 days apart to synchronize estrus. Beginning

with the second PGF2α injection (0 h) blood samples were obtained every 2 hours for 5
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consecutive days to assess preovulatory changes in LH and daily through day 28 to monitor

plasma progesterone (P4) concentrations, which were used to confirm the presence of a

corpus luteum (CL) and its function. Samples were also assayed for estradiol every 4 hours

until 4 hours after the preovulatory LH surge. Plasma samples were stored at −20 °C until

assayed.

Ultrasonographic assessment of ovarian status

Starting the day of the second PGF2α injection, a subset of females (7, 9, 10, and 6 for

groups C, Blow, Bmed, and Bhigh, respectively) daily ultrasonographic examinations of the

ovaries were carried out for 21 days, to monitor follicular dynamics. Ultrasonography was

carried out using a scanner (Aloka SSD-900V, Aloka Co. Ltd., Wallington, CT) fitted to a

7.5 MHz linear array transducer adapted for transrectal examinations. Details of ultrasound

scanning have been previously described (Veiga-Lopez et al., 2014). In brief, sheep were

placed in dorsal recumbence and the probe inserted in the rectum with the transducer

orientated perpendicularly to the abdomen wall to locate both ovaries. Follicles with an

antral diameter of ≥ 2 mm and CL were identified and measured. The sizes and relative

positions of the follicles and CL were sketched on ovarian charts and were used to assess

daily changes in follicular dynamics. Digital video images of the ovarian scans were

recorded (DCR-TRV33; Sony Corp. of America, New York, NY) to document follicular and

luteal changes. Follicles were tracked across successive days using the CL and/or the largest

follicles as landmarks.

Hormone assays

Plasma LH was measured in duplicate in all samples using a validated assay (Niswender et

al., 1969) and expressed in terms of NIH-LH-S12. The assay sensitivity was 0.09 ± 0.01

ng/ml (mean ± SEM; n =14 assays) and intra -assay CV, based on the three quality control

pools measuring 23.2 ± 0.3, 13.1 ± 0.2, and 8.9 ± 0.2 ng/ml were 5.7, 5.8, and 5.1%,

respectively. The inter-assay CVs for the same quality control pools were 4.8, 4.9, and 8.8%,

respectively. Plasma estradiol concentrations were assayed in duplicate diethylether extracts

of 200μl plasma using a commercially available estradiol radioimmunoassay (Estradiol

MAIA, Radim, Rome, Italy) modified and validated for use in sheep as previously described

(Evans et al., 1994). The assay sensitivity was 0.24 ± 0.07 pg/ml (mean ± SEM, n =7 assays)

and intra -assay CV, based on the two quality control pools measuring 6.7 ± 0.3 and 23.2 ±

1.1 ng/ml were 11.2 and 3.5%, respectively. The inter-assay CVs for the same quality

control pools were 12.6 and 12.8%, respectively. Plasma P4 concentrations were measured

in daily samples using a solid phase radioimmunoassay kit (Coat-A-Count P® Diagnostic

Products Corp., Los Angeles, CA) as previously described (Padmanabhan et al., 1995). All

the samples were assayed in duplicate 100μl aliquots. The assay sensitivity was 0.002 ±

0.001 ng/ml (mean ± SEM of 5 assays) and intra-assay coefficient of variation (CV), based

on the two quality control pools measuring 1.6 ± 0.03 and 13.4 ± 0.4 ng/ml were 6.6 and

5.0%, respectively. The inter-assay CVs for the same quality control pools were 4.0 and

7.5%, respectively.
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Statistical analysis

Hormonal analysis—Temporal changes in LH and estradiol were modeled using

previously published smoothing splines (Veiga-Lopez et al., 2008), which allows capture of

various shapes of follicular developmental trajectories. It also takes into account correlation

between repeated measurements within subjects. For estradiol, where alternate samples were

used and data then aligned to LH peak for analyses, smoothing splines allows comparing

trajectories with such sample offsets. LH peak and estradiol concentrations were defined as

the time points at which the smooth curves were at their maximum values.

Corpora lutea and P4 analysis—Data from CL were collected using three consecutive

reproductive cycles: presence of CL when scanning began (regressing CLs due to PGF2α),

CL formed from ovulatory follicles during the first follicular phase (1st cycle), and CL

detected a week after cessation of daily ultrasonography (2nd cycle). Therefore, information

of a complete luteal phase was solely available for the 1st cycle CLs. The difference in

counts of CLs in all three cycles was assessed using Fisher’s exact test. The difference in

size and duration of the CL among groups was tested using analysis of variance of repeated

measures. Pearson correlation between circulating P4 levels and CL size for each group was

calculated. Fisher z statistics was used to compare whether the correlation between P4 level

and CL differed among groups. Time lag between CL detection and P4 was tested using the

Fisher exact test. All data are presented as mean ± SE. Significance was defined as P < 0.05.

All analyses were performed using SAS for Windows (release 9.1.3; SAS Institute Inc.,

Cary, NC) and SPSS for Windows release 17.0.0.

Number, diameter, and duration of follicles—Follicles were classified into three

categories: ≤2–3 mm, ≥4–5 mm, and ≥6 mm in diameter. Mantel-Haenszel Chi-square test

was used to compare follicle size distribution among groups. To test the difference in

follicular counts among all groups a linear mixed effect model was used. Bonferroni

adjustment was used to adjust for multiple comparisons. Assessment of follicular survival

was evaluated in follicles that grew to ≥ 3 mm in diameter and were present on the ovary for

≥ 2 days. The duration was calculated as the difference between the day that was first

observed at 3 mm size until its larger size was achieved and then back to the 3 mm size. For

larger follicles detected during the first day of scanning, duration was set as right censored

and infered based on the assumption that follicles grow and regress at a constant rate of

approximately 1 mm/day (Ginther et al., 1995). A linear mixed effect model was used to test

differences in the duration of follicles. To compare follicular count changes throughout the

scanning period a mixed effects model with B-splines was used to fit a non-linear trajectory

of follicle counts for each of the three size categories (2–3 mm, 4–5 mm, ≥6 mm). For all

three models, B-splines of third degree functions and six equally spaced internal knots were

used. Likelihood ratio tests were conducted to first examine whether there are significant

global differences between the four treatment groups. When a statistical significance was

evident from the global test, post-hoc likelihood ratio tests were conducted to compare each

of the three BPA treated group with the control group..

Ovulatory follicles and follicular wave analysis—The percentage of females that

ovulated and the diameter and duration of the ovulatory follicles were calculated as
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described above for non-ovulatory follicles. The duration of ovulatory follicles was

calculated from the time they were 3 mm until ovulation, which was confirmed by presence

of a new CL with a corresponding increase in plasma concentrations of P4. A follicular wave

was defined as a single follicle or a group of follicles that grew from 2–3 mm to 5 mm in

size. Follicular emergence was limited to a 24 h period. Days of follicular emergence were

procured relative to the day of ovulation. For each of the identified waves, all follicular data

were aligned to the day of emergence. A linear mixed effect model was used to assess

differences in the number, timing, and duration of the waves and the number of follicles per

wave. Bonferroni adjustment was used to adjust for multiple comparisons. For the number

of waves, a power analysis was carried out using the effect size test (Nakagawa and Cuthill,

2007), which allows comparison of the means with respect to the magnitude of difference.

Statistical results are reported as a Cohen’s d value, and 0.2, 0.5, and 0.8 are considered as

small, medium, and large effect sizes, respectively.

Results

Hormonal dynamics

All control and BPA-treated females had the expected cyclic hormonal follicular changes

after the estrous synchronization protocol, with a rise in circulating estradiol and subsequent

preovulatory LH surge. Changes in circulating estradiol in control and BPA-treated females

are shown in Figure 1 and summarized in Table 1. Preovulatory estradiol rise occurred ~4

hours later in BPA-treated females compared to the control group, but this did not reach

statistical significance. The time of the preovulatory LH surge was also slightly delayed in

BPA-treated females, but not significantly. The time interval between the estradiol rise and

the preovulatory LH surge was shortened in the BPA-treated groups compared to the control

females and reached significance when all BPA-treated groups were merged (Control: 6.9 ±

1.2 and all BPA: 5.1 ± 0.6 h ; P<0.05).

Luteal P4 dynamics

Representative profiles of P4 and CLs during the period of ultrasonographic evaluation are

shown in Figure 2. No statistical differences were found in the number and size of CLs

among all 4 groups in all three cycles evaluated; namely, regressing CLs after PGF2α

administration, CLs for med from ovulatory follicles during the first follicular phase (first

cycle), and CLs detected a week after cessation of daily ultrasonography (second cycle). As

expected, P4 concentrations were positively correlated with CL size (r range: 0.73–0.8; P <

0.0001, for all groups), but Fisher z statistics did not find a significant difference among the

correlation coefficients. Time lag (C: 0.29 ± 0.47, Blow: 0.0 ± 0.33, Bmed: 0.22 ± 0.4, and

Bhigh: 0.67 ± 0.49 days) between CL detection by ultrasonography and P4 detection over 0.5

ng/ml was also similar among all four groups.

Follicular number and follicular wave analysis

Representative follicular profiles of all ovulatory and non-ovulatory follicles monitored via

transrectal ultrasonography are shown in Figure 3. Mean number or duration of ovulatory

follicles (C: 3.9 ± 0.1, Blow: 3.9 ± 0.1, Bmed: 4.1 ± 0.3, and Bhigh: 4.0 ± 0.0 days, n.s.) was

also similar among all four groups. No differences were found in the mean number or
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duration of non-ovulatory follicles in any follicular size category among all four groups

studied (Figure 4, panel A). However, significant differences in follicular count trajectories

were found during the course of the scanning period among all 4 groups in all three

follicular size classes (2–3 mm, P < 0.0001; 4–5 mm, P < 0.001; and ≥6 mm, P < 0.05 ;

Figure 4, panel B). Specifically, post hoc analyses of the 2–3 mm follicular count trajectory

found significant differences between C and each of the 3 BPA dose groups (C vs. Blow[P =

0. 01], C vs. Bmed [P = 0.001], and C vs. Bhigh [P = 0.006]. Similarly, the trajectory of the 4–

5 mm follicular count was also significantly different in C vs. Blow(P = 0.006), C vs. Bmed (P

= 0.002), and C vs. Bhigh (P = 0.04). However, the effect on the trajectory of ≥6 mm

follicular count was restricted to the highest BPA dose (C vs. Bhigh; P = 0.04).

Number of follicular waves per cycle was restricted to 3 to 4 in C females, while it tended to

be more variable in the BPA groups ranging from 2 to 5 follicular waves per cycle (P =

0.076; Figure 5, panel A). The variability of the number of waves was evident by a medium

to a large effect size analysis when comparing C vs. Blow, Bmed and, Bhigh-treated groups

with the C group (d= 0.46, 0.33, and 1.09, respectively). Due to the high variability in the

BPA groups, detailed follicular wave analysis revealed no differences in the mean day of

start or duration of each follicular wave or mean number of follicles per wave of the BPA

group vs. controls (Figure 5, top and middle panel B).). When all BPA groups were merged

as a single group, the total number of follicles (sum of all ≥2 mm follicles) within each

follicular wave was numerically lower in BPA compared to the C group in both, 2ndand 4th

follicular waves (Figure 5, bottom panel B).

Discussion

The current study is the first in vivo dose-response study carried out in a non-rodent species

investigating the effects of prenatal BPA treatment, at doses relevant to human exposure, on

adult reproductive function. Findings from this study demonstrated that prenatal exposure to

BPA (composite of all 3 BPA doses), shortened the timing between the preovulatory

estradiol rise and the preovulatory LH surge with no dose response relationship evident. In

addition, prenatal BPA treatment also had an impact on ovarian follicular dynamics evident

as increased variability in follicular wave occurrence and altered follicular count trajectories

during the interovulatory period. The relevance of these disruptions is discussed below.

Impact of prenatal BPA on periovulatory hormonal changes

A mid-cycle increase in estradiol serves as the positive feedback trigger for the generation of

the LH surge. An appropriate response to estradiol positive feedback is dependent on the

levels, as well as duration of estradiol release. The finding of a shortened interval between

estradiol increase and the generation of LH surge indicates that this regulation is perturbed

in prenatal BPA-treated animals. The finding that preovulatory estradiol rise in prenatal

BPA -treated females is similar to that of controls indicates ovarian signal is normal and the

defect involves the neuroendocrine sequence of events leading up to the LH surge

generation. This likely stems from increased sensitivity of the neuroendocrine system

(hypothalamic/pituitary) to respond early to the estradiol trigger. At the hypothalamic level,

prenatal BPA treatment was found to increase ESR1 mRNA expression and decrease ESR2
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expression in sheep (Mahoney and Padmanabhan, 2010). Other studies (Cao et al., 2013)

have found that neonatal BPA treatment reduces ESR2 expression in hypothalamic areas

relevant to behavior; but similar information is not available regarding hypothalamic areas

implicated in the generation of the preovulatory LH surge. Considering that evidence

supports estrogen receptor 1 (ESR1), but not ESR2 as the key player in the generation of the

surge (Wintermantel et al., 2006), the increased ESR1 in concert with decreased ESR2 may

provide an improper early trigger for the generation of the LH surge; ESR2 has been shown

to oppose ESR1 actions (Matthews and Gustafsson, 2003). Another possibility is that the

pituitary gonadotropin-releasing hormone receptor (GnRHR) is upregulated earlier relative

to the estradiol signal in prenatal BPA-treated females, thus facilitating generation of an

earlier surge. Studies in female mice have indeed shown that prenatal BPA treatment

increases pituitary GnRHR expression (Brannick et al., 2012). Detailed time course studies

spanning the time interval between the estradiol rise and LH surge are required to narrow

down these possibilities.

Unfortunately, knowledge is limiting regarding specific factors that may affect the temporal

relationship between the preovulatory estradiol rise and the generation of the subsequent

preovulatory LH surge, such as food withdrawal. In sheep, 5 days off asting during the prior

luteal phase has been shown to prolong this interval (Kiyma et al., 2004), which has been

suggested to be due to a reduction of GnRH pulse frequency and amplitude (I’anson et al.,

2000). Ultimately, an LH surge induced prematurely, as is the case in prenatal BPA-treated

females may impact the final follicular maturation process. In humans, with approaching

menopause, there is shortening of the follicular phase (Burger et al., 2005), impaired

folliculogenesis with potential for ovulating an immature follicle (Santoro et al., 2009), and

subsequent reduction inoocyte competence (Battaglia et al., 1996). To what extent the

perturbed estradiol to LH interval contributes to the embryonic development delay in

prenatal BPA -treated (Xiao et al., 2011) and/or the reduced implantational capability of the

embryo in prenatal/postnatal BPA-treated mice and rats (Berger et al., 2008; Varayoud et al.,

2011)remains to be elucidated.

Despite shortening of the interval between preovulatory estradiol rise and LH surge

generation, contrary to our previous findings (Savabiesfahani et al., 2006) of reduced LH

surge amplitude in prenatal BPA-treated (5 mg/kg/day) sheep, a decrease in amplitude of the

preovulatory LH surge was not evident in the present study with any of the three doses

studied. Given that the source of BPA was the same in both studies, the lack of effect of the

5 mg/kg/day dose on LH surge amplitude in the present study may be due to the age

difference at which the study was carried out (~6 vs. ~19 months, Savabiesfahani et al., 2006

and this study, respectively). This may be a function of an organizational delay in the

maturation of the LH surge system in prenatal BPA-treated females. That LH surge

responses normalize with reproductive maturity is also supported by our finding in

ovariectomized prenatally BPA-treated females at 21 months of age, which showed a normal

LH response to an exogenous estradiol administration (Abi Salloum et al., 2013). A similar

outcome was achieved with prenatal estradiol treated sheep, namely reduction in LH surge

amplitude when tested at 3.5 months of age, but not at 12 months of age (Malcolm et al.,

2006).
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Alternatively, differences between both studies could be due to genetics. Gene-by-

environment interactions in sheep was evidenced in a study in which pregnant sheep from

two breeds subjected to the same nutrient restriction resulted in offspring with different

metabolic outcomes (Vonnahme et al., 2006). Similarly, studies in mice that tested gene-by-

environment interactions found two strains of mice to have different metabolic outcomes to

exposures during prenatal life (Knight et al., 2007). Because homogeneity of the genetic

background of the Suffolk breed used in our studies was not controlled for, the genetic

background is likely to differ within this breed between our earlier (Savabiesfahani et al.,

2006) and this study; hence, this may account for the differences seen in preovulatory LH

surge amplitude observed in the current study.

Another possibility is that maternal condition may have played a role in the LH surge

outcome differences. Studies have shown that maternal body condition and weight can

program postnatal outcomes of the litter. Comparison of maternal weight between both

studies (Savabiesfahani et al., 2006 and this study)found that body weight of mothers

included in the current study was significantly lower (81.6 ± 1.1 kg) compared to mothers

from the previous study (86.9 ±2.2; P = 0.017; Savabiesfahani et al., 2006). Whether the 5

kg body weight increase in the previous study amplified the response to BPA treatment

remains to be determined.

BPA impact on follicular changes

Consistent with earlier findings of adult sheep having 3 to 4 waves of follicular emergence

(Bartlewski et al., 2011), control sheep in this study had 3 or 4 follicular waves during the

interovulatory period. The occurrence of such follicular waves has been found to be

associated with systemic FSH concentrations (Baird et al., 1991)and follicular FSH

threshold (Barrett et al., 2006). Our finding of a highly variable number of emerging

follicular waves in BPA-treated females (2 to 5) suggests that either the circulating FSH

concentrations or the FSH threshold to induce a new follicular wave may be highly variable

in prenatal BPA-treated animals. Unfortunately, FSH measures during the interovulatory

period are not available in this study. The possibility that changes in progesterone can

contribute to differing FSH levels during the interovulatory period, as suggested by other

studies (Bartlewski et al., 2011) and consequently follicular waves, has no credence in the

absence of differences in progesterone levels/patterns during the interovulatory period.

Other modulators implicated in follicular recruitment and wave emergence in cattle are

IGF-1 and follistatin (Gong et al., 1991, Rouillier et al., 1997); high circulating IGF -1 are

linked to increased numbers of recruited follicle per wave (Gong et al., 1991). Since BPA

can directly reduce insulin-like growth factors (IGF-1 and IGF-2) expression (Aluru et al.,

2010), changes in IGF-1 may have contributed to the changes seen in wave emergence.

Irrespective of the mediary, the wide variability in follicular waves between animals is

suggestive of individual susceptibility to BPA treatment.

The observed change in the count of 2–3 mm and 4–5 mm follicles that accompanied the

follicular wave disruption in BPA -treated females was not BPA dose dependent. This effect

was observed for each BPA dose and was highly pronounced in 2–3 mm follicles. Because 2

mm-sized follicles are recognized as the threshold for initiation of FSH-dependency and 4
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mm-sized follicles as the threshold for initiation of the LH-dependency (Findlay et al.,

2002), the lower 2–3 mm follicular count seen in BPA-treated animals is indicative of a

defect in the irability to undergo timely follicular wave recruitment (follicles selected to

grow within each wave). Specifically, these findings support a defect in responsiveness of

FSH-dependent follicles (2–3 mm). Such defect may arise from either an intrinsic follicular

defect or a defect in FSH release pattern. Our previous study conducted in BPA-treated

sheep did not provide support for a defect in periovulatory FSH secretion (Savabiesfahani et

al., 2006). An intrinsic follicular defect may be indicative of a reduction in FSH receptor

expression in these follicles and/or a reduction in FSH responsiveness per se via modulating

factors, such as androgens (Harlow et al., 1986).

Another possibility is that the intrinsic ovarian defect may relate to defects in

steroidogenesis, as BPA has been shown to interfere with (Craig et al., 2011) and

specifically reduce Cyp19a1 mRNA expression in granulosa cells of antral follicles

(Kwintkiewicz et al., 2010). Because dynamic changes in aromatase mRNA expression have

been associated with follicular recruitment within a follicular wave (Bao et al., 1997) and

aromatase expression can be detected in antral follicles smaller than 2.5 mm (Ying et al.,

2013), it is possible that an intrafollicular defect in steroidogenesis (e.g.: reduction in

aromatase expression) occurred before the follicular recruitment stage (FSH-independent).

Such a disruption would contribute to the reduction in 2–3 mm follicles observed in BPA -

treated females, as aromatase is crucial for follicular growth and intrafollicular estradiol

production. Prenatal BPA treatment was found to disrupt aromatase mRNA expression in

sheep ovaries during fetal life (Veiga-Lopez et al., 2013). While evidence supports

downregulation of aromatase expression in the ovary by postnatal BPA administration (Lee

et al., 2013), similar studies have not been undertaken with prenatal BPA treatment.

Interestingly, the disruption in follicular wave emergence was observed in both ends of the

spectrum, either too few (2 waves) or too many (5 waves) follicular waves, but was dose

independent. The variability associated with this variable in this study is similar to

variability associated with other outcomes in other BPA-treated animal models (Markey et

al., 2003, Newbold et al., 2007, Delclos et al., 2014, Zhang et al., 2012). These include

depletion of antral follicles and corpora lutea in mice (Delclos et al., 2014), alteration of

estrous cycle and ovarian bursa defects in mice (Markey et al., 2003), development of

uterine tumors and ovarian cysts in mice (Newbold et al., 2007), and inhibition of meiosis

affecting primordial follicle formation in mice (Zhang et al., 2012). The variability in

response to prenatal BPA treatment appears to be a common finding with only a subset of

BPA-treated females showing defect and thus supportive of gene – environment interaction

contributing to individual susceptibility.

Relative to the ovulatory process, the one to one parity in the number of ovulatory follicles

and corpora lutea found in this study demonstrates that prenatal BPA-treatment does not

compromise ovulatory function. Thus far, there is only one study (Declos et al., 2014) that

found a reduction in corpora lutea formation following pre-and postnatal exposure to BPA

(gestational day 6 through postnatal day 90). The dose employed in that study (300 mg/kg

BW/day) is 60 times higher than the current no-observed-adverse- effect level (NOAEL)

dose for BPA (5 mg/kg BW), the highest dose used in the present study.
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Lack of disruption in corpora lutea of prenatal BPA -treated sheep contrasts with findings

observed in sheep prenatally treated with testosterone and thought to be programmed via

estrogenic actions (Steckler et al., 2007, Veiga-Lopez et al., 2014). Similarly, follicular

persistence (longer than normal presence of follicles in the ovary) evidenced in prenatal

testosterone -treated females shown to be programmed via estrogenic actions of testosterone

(Steckler et al., 2007), was not a feature of prenatal BPA-treated females. Differences in

ovarian outcomes of prenatal BPA and T-treated animals may relate to BPA being a weak

estrogen (Declos et al., 2014)and/or mediation through other signaling pathways; BPA has

been shown to act through estrogen-related receptor-γ, an orphan receptor that is not

activated by estradiol, bind to a G-protein-coupled receptor, act as an androgen antagonist,

and act as an agonist for the glucocorticoid receptor (Thayer and Belcher, 2010).

Together with other studies investigating the effects of prenatal BPA exposure in rats, mice,

and rhesus monkeys on ovarian function our findings suggest that BPA might induce

programming effects at the level of oocytes/follicles (Markey et al., 2003, Newbold et al.,

2007, Delclos et al., 2014, Hunt et al., 2012b, Zhang et al., 2012, this study) potentially

impairing their ability to respond to neuroendocrine cues in a physiological manner required

for oocyte competence and embryo formation. Absence of ovulatory dysfunctions in the

prenatal BPA-treated females in the face of follicular disruptions is suggestive of potential

for subfertility requiring further investigation. Since the two lower doses used in the current

study are well within the range of common human exposure (Vandenberg et al., 2013),

findings of this study may be of translational relevance in understanding the threat prenatal

exposure to BPA poses to human reproductive health.
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Abbreviation list

BPA bisphenol A

Blow bisphenol A low dose

Bmed bisphenol A medium dose

Bhigh bisphenol A high dose

C control

CL corpora lutea

CV coefficient of variation

GnRHR gonadotropin-releasing hormone receptor

LH luteinizing hormone

LOAEL lowest-observed-adverse-effect level

NOAEL no-observed-adverse-effect level
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P4 progesterone

PGF2α prostaglandin 2α
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Figure 1.
Mean circulating patterns of two-hourly samples of LH (ng/ml, left panels) and estradiol

(pg/ml, right panels) in control and BPA-treated females (all three doses) relative to PGF2α

administration. The vertical dotted line represents mean time of the preovulatory LH surge,

Shaded area in panels represents 95% confidence interval. For LH the mean patterns and SE

are from observations at each time point. For estradiol, both the mean and SE are based on

the fit of the semiparametric mixed model with regression splines. B low, Bmed, B high

represent prenatal BPA doses at 0.05, 0.5, and 5 mg/kg/day, respectively.
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Figure 2.
Circulating P4 concentrations (filled circles), follicular size profiles (mm) of regressing

(white squares) and first cycle (white triangles) corpora lutea in two representative females

from each of control, Blow, Bmed, and Bhigh group relative to PGF2α administration. Each

graph represents a single female (animal identification in top right corner). Multiple white

square-or white triangle connected lines depict CLs from multiple ovulations. Blow, Bmed,

Bhigh represent prenatal BPA doses at 0.05, 0.5, and 5 mg/kg/day, respectively.

Veiga-Lopez et al. Page 18

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Ovarian follicular dynamics determined by transrectal ultrasonography for 20 days from two

representative females in control, Blow, Bmed, and Bhigh females. Each graph represents a

single female (animal identification in top right corner). Trajectory of ovulatory follicles

(filled triangles) and non-ovulatory follicles (white circles) are plotted relative to PGF2α

administration. Each line, whether triangle or circle, represents the trajectory of a single

follicle. Blow, Bmed, and Bhigh represent prenatal BPA doses at 0.05, 0.5, and 5 mg/kg/day,

respectively.
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Figure 4.
Panel A. Mean (± SE) number of 2–3 mm (left panel), 4–5 mm (middle panel), and ≥ 6 mm

(right panel) non-ovulatory follicles per cycle in control (white bars), Blow (light gray bars),

Bmed (dark gray bars, and Bhigh (filled bars) females. Panel B. Follicular count trajectory of

2–3 mm (top panel), 4–5 mm (middle panel), and 6 mm (bottom panel) follicles in control

(black), Blow (red), Bmed (blue), and Bhigh (green) groups plotted relative to the PGF2α

administration throughout the scanning period. A mixed effect model with B-splines was

used to fit non-linear trayectories of follicle counts. P value in top right corner of each graph

represents overall ANOVA comparing all four groups. Blow, Bmed, B high represent prenatal

BPA doses at 0.05, 0.5, and 5 mg/kg/day, respectively.
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Figure 5.
Panel A. Scatter plot representing duration of follicular waves against number of waves in

control (left panel) and all BPA groups merged (right panel), where the size of each circle

represents the sample size (number of females that fall under each category). Panel B. Mean

(± SE) day of start (top panel) and duration (middle panel) of the follicular waves (WA

through WE) in control (white), Blow (light gray), Bmed (dark gray), Bhigh (black). Mean (±

SE) number of follicles per follicular wave (bottom panel) in control (white) and all BPA
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groups merged (black). Blow, Bmed, Bhigh represent prenatal BPA doses at 0.05, 0.5, and 5

mg/kg/day, respectively.
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