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Abstract

Polycystic ovarian syndrome (PCOS) is the most common female endocrine disorder with a 

prevalence as high as 8–15% depending on ethnicity and the diagnostic criteria employed. The 

basic pathophysiology and mode of inheritance remain unclear, but environmental factors such as 

diet, stress and chemical exposures are thought to be contributory. Developmental exposure to 

endocrine disrupting compounds (EDCs) have been hypothesized to exacerbate risk, in part 

because PCOS hallmarks and associated metabolic co-morbidities can be reliably induced in 

animal models by perinatal androgen exposure. Here we show that lifetime exposure to a soy diet, 

containing endocrine active phytoestrogens, but not developmental exposure (gestational day 6 – 

lactational day 40) to the endocrine disrupting monomer Bisphenol A (BPA), can induce key 

features of PCOS in the rat; results which support the hypothesis that hormonally active diets may 

contribute to risk when consumed throughout gestation and post-natal life.
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1. Introduction

Polycystic ovarian syndrome (PCOS) is the most common female endocrinopathy with a 

prevalence as high as 8–15% depending on ethnicity and the diagnostic criteria employed 
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[1]. PCOS tends to cluster in families but the basic pathophysiology and mode of inheritance 

are unclear, as are the contributing roles of environmental factors such as diet, stress and 

chemical exposures. The incidence appears to be increasing [2], prompting the hypothesis 

that environmental factors substantively contribute to disease risk, but few studies have 

directly tested this possibility. Developmental exposure to endocrine disrupting compounds 

(EDCs) has been raised as a concern [3, 4], in part because PCOS hallmarks can be reliably 

induced in animal models by perinatal androgen exposure [5–7]. Here we show that a soy 

phytoestrogen rich diet, but not developmental exposure to the synthetic monomer 

Bisphenol A (BPA), can induce key features of PCOS in the rat; results which support the 

hypothesis that hormonally active diets may contribute to risk.

The symptoms and severity of PCOS varies greatly among affected women, but the criteria 

established in 2004 by the Rotteram European Society of Human Reproduction/American 

Society for Reproductive Medicine (ESHRE/ASRM) requires at least two of three key 

features for PCOS diagnosis: oligo-anovulation (resulting in irregular menstruation or 

amenorrhea), polycystic ovaries and clinical hyperandrogenism [8]. These are frequently 

accompanied by metabolic abnormalities including hyperinsulinemia (50–70% of patients), 

impaired glucose tolerance, and obesity [2, 9, 10]; features which emphasize that PCOS is 

not simply a “reproductive” disorder. Historically, prenatal androgen exposure has most 

frequently been used, in a variety of animal models including non-human primates [5–7], to 

induce PCOS features, demonstrating that developmental perturbation of gonadal hormone 

levels contributes to disease risk. Estrogen-induction experiments, however, have typically 

used older animals. Thus the impact of perinatal estrogen remain of concern but unclear [7]. 

EDC exposure has been implicated as a potential contributor to the rising prevalence of the 

syndrome [3, 4, 11–13]. Most EDCs are anthropogenic but many, including soy 

phytoestrogens, are naturally occurring and thus exposure to these compounds is typically 

higher than to BPA and other synthetic compounds, particularly in populations which rely 

on soy as a primary protein source. Using a rat model, the present study sought to determine 

if perinatal exposure to BPA, a soy phytoestrogen rich diet, or both, at levels considered 

human-relevant, induces hallmarks of PCOS. The synthetic estrogen ethinyl estradiol (EE; 

found in birth control pills) was used to model estrogenic effects.

Soy phytoestrogens and BPA are well characterized EDCs with a myriad of steroid hormone 

disrupting effects including effects on follicular development and fertility [14–18]. Early life 

exposure to soy phytoestrogens or BPA have previously been shown, in a variety of species, 

to confer a suite of adverse reproductive effects in females, including ovarian malformations 

and cycle dysregulation [19], changes in body weight [20], elevated androgen production 

[21], and suppressed fecundity, collectively suggestive of PCOS [11, 13, 22] (reviewed in 

[14] and [17]). Elevated serum BPA levels have also been associated with PCOS in human 

patients [23, 24] raising concern that exposure, particularly during development when the 

ovary is differentiating, contributes to disease risk. Rats exposed to BPA, at levels 

considerably higher than considered typical for humans, over the first 10 days of life by 

subcutaneous injection subsequently developed hallmarks of the disease, including elevated 

androgens and ovarian cysts [21]. Although these available data suggest a potential 

association between BPA exposure and PCOS symptoms, evidence from studies employing 

exposure conditions that are more human relevant (oral exposure, lower doses) remain 
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needed to adequately evaluate the potential relationship between BPA exposure and PCOS 

risk [3, 4]. The BPA dose selected for the present studies serves as a starting point to fill that 

information void.

Soy-based foods contain numerous isoflavone phytoestrogens (genistein (GEN), daidzein, 

etc.) shown to have endocrine disrupting effects on the developing female reproductive 

system in numerous species including rodents, sheep, and humans [14, 17, 25–28]. Although 

use of soy phytoestrogens have been suggested as a potential therapeutic for PCOS patients 

because of their ability to mitigate aspects of the co-morbid metabolic features [29], intake 

during development may contribute to disease risk via endocrine disrupting actions in the 

organizing ovary. Additionally, concerns have been raised about the long term reproductive 

health consequences of soy infant formula because neonatal life is a critical period of 

neuroendocrine development, and also because isoflavone levels in soy formula are high 

compared to other soy-rich foods [30, 31]. Consequently, serum isoflavone levels in soy 

formula-fed infants far exceed what is typically seen in adults, even those consuming a soy-

rich diet [14, 32–34]. Although soy formula intake has been associated with adult female 

reproductive disorders including an increased risk of menstrual irregularities and uterine 

fibroids [35, 36], available data regarding reproductive health effects is sparse and 

controversial [14, 37, 38]. The potential relationship between developmental isoflavone 

exposure and PCOS has not yet been explored and was thus a primary goal of the present 

study.

Because they are so ubiquitous in the environment, humans are invariably exposed to a 

mixture of EDCs from a variety of sources. These exposures are age and lifestyle dependent. 

For example infants reared on soy formula are exposed to soy isoflavones from the formula 

but also chemicals, such as BPA, leaching from food containers and other sources. 

Understanding how EDCs interact to modulate the physiology of endocrine regulated 

events, including reproductive development, is thus of seminal importance. Because BPA 

and soy isoflavones have both been shown to perturb estrogenic activity within the 

developing female reproductive system [16, 18, 37, 39], we hypothesized that they might act 

synergistically to adversely impact female reproductive development and thereby induce 

hallmarks of the PCOS phenotype. Alternatively, it is plausible that one could mitigate the 

impact of the other. For example the soy isoflavone GEN has been shown to counteract 

epigenetic changes conferred by early life BPA exposure in the Agouti mouse [40] and, in a 

companion study to the present one, we reported that a soy rich diet can prevent the 

anxiogenic phenotype induced by BPA [41]. Importantly, a soy-rich diet has been shown to 

modulate BPA-related effects on meiotic processes in the periovulatory oocyte [42] although 

the mechanisms by which this occurs remain unclear. Understanding how dietary and 

environmental exposures interact to influence reproductive health and development is of 

seminal importance, particularly given that soy consumption is growing in popularity among 

Western populations and BPA exposure is ubiquitous.
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2. Materials and Methods

2.1 Animal Care and Handling

All animals used for this study were also used for an earlier, companion study, so all study 

design details including husbandry, exposure conditions, and tissue collection, have been 

published previously [41]. Animal care, maintenance and surgery were conducted in 

accordance with the applicable portions of the Animal Welfare Act and the U.S. Department 

of Health and Human Services “Guide for the Care and use of Laboratory Animals” and 

were approved by the North Carolina State University (NCSU) Institutional Animal Care 

and Use Committee (IACUC).

These experiments used four cohorts of Wistar rats bred in house (approximately 1 month 

apart) in conditions specifically designed to minimize exposure to environmental endocrine 

disruptors (use of glass water bottles with filtered water, thoroughly washed polysulfone 

caging and woodchip bedding), and reared on a phytoestrogen-free diet (Teklad 2020; 

Harlan) over several generations. All dams were housed individually in two humidity-and-

temperature controlled rooms (segregated by diet), each with a 14h:10h light, dark cycle 

(lights on from 0200 to 1400 h) at 23°C and 50% average relative humidity at the Biological 

Resource Facility at NCSU. Food and water consumption were monitored throughout the 

duration of the experiment. For each measure, only a subset of animals (randomly selected) 

from each cohort was used so the numbers of pups per endpoint are not identical.

2.2 Exposure

There were a total of 5 exposure groups: Soy-Free (soy-free diet; n = 6 dams); BPA (soy-

free diet plus BPA via drinking water; n = 5) Soy (soy diet; n = 8 dams); BPA + Soy (soy 

diet plus BPA via drinking water; n = 5 dams); and EE (soy-free diet plus EE via drinking 

water; n = 4). The dams were randomly assigned to their respective diet at least a week prior 

to mating and were kept on their diets for the duration of the experiment. The soy-based diet 

was Purina 5001 and the soy-free diet was Teklad 2020. The Purina 5001 diet was used 

because phytoestrogen levels are considered human-relevant, and the pharmacokinetics of 

GEN and other phytoestrogens delivered by this diet have been well characterized in the rat 

[14, 43–45]. Additionally, the energy density of the two diets is similar (3.1 kcal/g for the 

Teklad 2020 diet and 3.02 kcal/g for the Purina 5001 diet). We previously reported that 

serum GEN levels in the dams consuming the soy-based diet averaged 20 ng/ml, which is 

approximately equivalent to levels seen in vegetarians, but lower than those reported in 

infants reared on soy formula [41].

Exposure to EE or BPA began on gestational day (GD) 6 and continued until the day of 

sacrifice or postnatal day (PND) 40 (GD 0 defined as day of sperm plug detection; PND 0 

defined as day of birth). Sex ratio and weight was obtained for each litter on PND 12. On 

PND 21 pups were weaned into same sex and exposure groups (3–5 pups per cage), and ear 

punched for identification. A subset of these was sacrificed just after puberty on the day of 

estrus (approximately PND 34) for ovarian analysis. At 3 months of age the remaining 

animals were separated into same-sex pairs and sacrificed at four months of age on the day 

of estrus (approximately PND 120).
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BPA ((2,2-bis(4-hydroxyphenyl)propane; CAS No. 80-05-7; Lot 11909; USEPA/NIEHS 

standard provided to HBP); 1mg/L of water) and the positive control ethinyl estradiol (EE; 

50μg/L) were administered via drinking water. This dose of BPA was chosen based on prior 

studies utilizing this method of exposure [46–48] to produce serum levels in the human 

range. We previously reported that serum BPA levels for the dams and pups were 1.5 ng/ml 

or lower [41], which is within or below serum BPA levels reported in humans [18, 49]. 

Dosing via this method delivers approx. 0.18 mg/kg to the dams during gestation, 0.35 

mg/kg to the dams during lactation, and 0.44 mg/kg to the pups during adolescence (post-

weaning). Given the scope and complexity of the experiment, we elected to use only this 

single dose of BPA with the rationale that any evidence of PCOS-like symptoms would 

warrant further, follow-up studies to better characterize the dose response. Animals were 

sacrificed on the day of estrus by transcardial perfusion with 4% paraformaldehyde. For 

each endpoint, animal (pup) numbers are indicated in the figures. Because only a subset 

were selected (randomly) for each endpoint the numbers differ across endpoints.

2.3 Assessment of Vaginal Opening and Estrus Cycle Regularity

Age at pubertal maturation was assessed by checking for the day of vaginal opening (VO) 

using well established criteria, as previously described [50, 51]. Beginning the week of VO 

(week 4), estrous cyclicity was monitored in a subset of females by vaginal lavage [52]. 

Samples were collected 5 days a week, every week, until week 10, and then biweekly until 

time of sacrifice (week 28). Normal estrus was defined as progression through a typical 4–5 

day estrous cycle characterized by having distinct diestrus (D), proestrus (P) and estrus (E) 

stages [19, 52–54].

2.4 Glucose Challenge

A glucose challenge test was performed just prior to sacrifice (approx. PND 120 ± 10 days; 

day of estrus). Consistent with our prior work [55], animals were fasted for 12 hours prior to 

testing in fresh cages to minimize coprophagia. To ensure that the β-form, which is better 

transported, was predominant, the glucose solution was prepared the night before testing by 

dissolving 5g D-glucose (Sigma) in 10 mL purified water and incubated at 37°C. All 

animals were weighed at the time of assessment, tested for baseline blood glucose (time 

zero) from a tail nick using glucometer (OneTouch Ultra; Lifescan), intraperitoneally 

injected with 2 g/kg bw glucose solution and returned to the home cage. Subsequent glucose 

measures (10, 30, 60 and 120 min) were obtained from the tail nick while the animal was in 

the home cage to minimize handling stress. For each animal, the area under the curve (AUC) 

was calculated with SYSTAT 13 (Systat Software, Inc) using the trapezoidal rule.

2.5 Ovarian Histology

Ovaries were collected and coded at sacrifice, post-fixed in 4% paraformaldehyde for 24h at 

4°C, stored at 4°C in 70% EtOH, and subsequently processed by the Histology Core at the 

NCSU College of Veterinary Medicine. For each animal, both ovaries were adjacently 

paraffin embedded, and sliced into 5 μm sections (at 100 μm intervals). Sections were slide 

mounted (Superfrost Plus, Fisher, Pittsburgh, PA) and two mid-level slides per animal were 

deparaffinized, stained with H&E, coverslipped, and qualitatively examined for histological 

abnormalities (primordial follicle clusters, hemorrhagic and multi-oocyte follicles) using a 
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standard approach similar to what we and others have done previously [19, 21, 56, 57]. 

Corpora lutea (CL), antral follicles and cystic follicles were then quantified on each section, 

averaged to obtain a value for each animal, then validated by a second individual, each blind 

to exposure group.

2.6 Serum Total Testosterone

Serum testosterone (samples obtained on the day of sacrifice; approx. PND 120 ± 10 days; 

day of estrus) was quantified via radioimmunoassay (RIA) using the Coat-A-Count Total 

Testosterone Kit (Siemens) as previously described [58, 59]. Analytical sensitivity was 2 

ng/dl and samples were run in duplicate.

2.7 Statistical Analysis

The primary goal of the statistical approach was to establish the effect of diet (soy or soy-

free) and exposure (BPA, or none) as well as any significant interactions. Because the EE 

group served as the positive control for effect, inclusion would, by definition, bias the 

statistical analysis (see [60] for a more detailed explanation). Thus it was not included in the 

overall analysis. Instead, the EE group was compared to the unexposed (no BPA) females 

reared on the soy-free diet by a two-tailed homoscedastic Student’s t-test to the control 

group on the same diet (soy-free) to establish which “estrogenic” effects were statistically 

significant.

For PND 12 body weight an average per litter (females only) was obtained and used as the 

representative measure for that litter. For all other endpoints, the pup was the statistical unit 

but litter and cohort were accounted for in the statistical approach. Animal numbers for each 

endpoint are indicated in the figures. The data were first analyzed by ANOVA for main 

effects of litter and cohort, but none were found for any endpoint examined. Single outliers 

were identified and removed using a Grubbs Test (1 animal in the blood glucose test). The 

data were then analyzed using two-way ANCOVA with exposure and diet as the factors, and 

dam and litter as covariates (no EE group). Significant effects and interactions were 

followed up with a protected Fisher’s Least Significant Difference (LSD) test. For the 

glucose challenge test, and weight gain curves, the area under the curve (AUC) was 

calculated using the trapezoidal rule and compared across groups using ANCOVA as 

described. Repeated measures ANOVA was not appropriate because animals were sacrificed 

at different time points; thus not all of the animals are represented at each time point. Body 

weight differences between controls on the soy and soy-free diets were compared at each 

age by a two-tailed homoscedastic Student’s t-test because a significant interaction between 

diet and BPA was observed in the AUC assessment. Comparisons of additional groups of 

interest were done by t-test, where indicated. All analyses were two tailed and results were 

considered significantly different when P = 0.05. Statistics were run in Systat 13 and the 

graphs generated in SigmaPlot 10 or GraphPad Prism 5.
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3. Results

3.1 Litter Data and Preweaning Measures

Litter size and sex ratio was reported in our prior study [41] and did not statistically differ 

among groups, although sex ratio was skewed towards females in all groups (Table 1). For 

the present studies this outcome is beneficial because it minimizes exposure to prenatal 

androgens from male siblings [61]. There was a significant effect of BPA exposure 

(F(1,126) = 9.6; P ≤ 0.002) and diet (F(1,126) = 8.27; P ≤ 0.005) on PND 12 body weight 

but no significant interaction (Table 1). BPA exposed animals were significantly heavier 

than unexposed animals, regardless of diet, and animals on the soy diet were significantly 

heavier than animals on the soy-free diet, regardless of BPA exposure. EE exposed animals 

were significantly lighter than controls on the same diet (Soy-Free; P ≤ 0.02).

3.2 Pubertal Outcomes and Ovarian Histology

There was a main effect of exposure (F(1,33) = 4.08; P ≤ 0.04) and diet (F(1,33) = 8.51; P ≤ 

0.006), but no significant interaction between the two, on age at VO, with soy diet (P ≤ 

0.006) and BPA (P ≤ 0.05) both advancing age at VO (Figure 1A). Weight at VO was 

significantly impacted by diet (F(1,99) = 4.46; P ≤ 0.04). The animals reared on the soy diet 

weighed less than those reared on the soy-free diet (P ≤ 0.04; Figure 1B) so elevated body 

weight was not a contributing factor for advanced VO in the soy-fed groups. In contrast, 

among the females on the soy-free diet, the BPA exposure group was significantly heavier at 

VO than conspecifics on the same diet (P ≤ 0.03; Figure 1B) suggesting that weight gain 

could contribute to accelerated puberty in the BPA exposed females. EE exposed animals 

were significantly lighter than soy-free controls (P ≤ 0.001; Figure 1B) and all other groups.

There was a main effect of diet on average number of CLs on PND 34 (F(1,21) = 6.325; P ≤ 

0.02; Figure 1C) but no effect of, or interaction with, BPA exposure. Animals reared on soy 

had significantly more CLs than those reared on the soy-free diet, regardless of BPA 

exposure. EE exposed animals had fewer CLs compared to controls (P ≤ 0.04). The presence 

of morphological abnormalities was qualitatively assessed, with multioocyte follicles 

(MOFs) and primordial follicle clusters observed in some individuals (Figure 1D). While 

only 1 of 4 control females on the casein diet had MOFs, 4 of 6 exposed to BPA on the same 

diet and 5 of 7 exposed to BPA on the soy diet had MOFs. Primordial follicle clusters are 

unusual in animals of this age (approx. PND 34) but observed in 3 of 4 soy-free controls. By 

contrast, 3 of 6 animals exposed to BPA and reared on the casein diet had more than one. 

Although, qualitatively, the clusters in the BPA-exposed animals also appeared to be larger, 

the histological material was insufficient to assess this difference quantitatively.

3.3 Post-Weaning Body Weight

BPA exposure enhanced post-weaning body weight but, unexpectedly, the interaction 

between the two was not synergistic. At PND 21 (weaning), there was a significant effect of 

exposure (F(1,104) =17.038; P ≤ 0.001) as well as a significant interaction between diet and 

exposure (F(1,104) = 8.88; P ≤ 0.004; Figure 2) on body weight. Females exposed to BPA 

were heavier than unexposed conspecifics if reared on the soy-free diet (P ≤ 0.001) but not 

the soy diet (P = 0.17). Similarly, a main effect of BPA, and a significant interaction with 
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diet was found for all subsequent ages except PND 150 (Figure 2). Body weights at each age 

examined are depicted in Figure 2A and summarized in Figure 2C.

No main effect of diet was found for any age between PND 21 and PND 150. Follow up t-

tests revealed, however, that unexposed females reared on the soy diet were heavier than 

females reared on the soy-free diet on PNDs 21 (P ≤ 0.01) and 50 (P ≤ 0.001). This result is 

consistent with what was observed on PND 12. To more comprehensively assess cumulative 

weight gain over time, weight from PND 21 (weaning) through PND 120 (adulthood) was 

plotted (Figure 2A) and the AUC was calculated and compared between groups. AUC was 

significantly greater in animals reared on the soy diet (F(1,77) = 22.32; P ≤ 0.001) compared 

to those reared on the soy-free diet (Figure 2B). A t-test also found the EE animals to be 

significantly lighter than unexposed females on the same diet (P ≤ 0.001). The main effect of 

BPA exposure did not reach statistical significance (P = 0.08), but there was a significant 

interaction between exposure and diet (F(1,79) = 6.37; P ≤ 0.01). BPA exposed animals on 

the soy-free diet had a greater AUC than unexposed controls on the soy-free diet (F(1,30) = 

4.91; P ≤ 0.03).

Collectively, these data reveal that both soy and BPA promoted weight gain but instead of 

having an additive effect on body weight (as hypothesized), the soy diet mitigated the BPA-

induced weight gain to some degree.

3.4 Adult Glucose Challenge Results

Baseline glucose levels were significantly higher in animals reared on the soy diet (F(1,32 = 

13.99; P ≤ 0.001) and there was a significant interaction with exposure (F(1,32) = 4.53; P ≤ 

0.04; Figure 2D). Among the BPA exposed animals, females reared on the soy diet had 

elevated baseline glucose levels compared to those reared on the soy-free diet (F(1,13) = 

4.50; P ≤ 0.05). These results suggest that soy, not BPA, was driving the effect on baseline 

glucose levels. No significant group differences were observed at 10 or 30 minutes 

(although there was a modest trend for an effect of diet at 30 minutes (F(1,32) = 3.45; P = 

0.07), but an effect of diet again emerged at 60 min (F(1,32) = 4.89; P ≤ 0.03) and remained 

at 120 min (F(1,32) = 4.35; P ≤ 0.04) with animals reared on the soy diet having higher 

blood glucose levels than those reared on the soy-free diet. No interaction with BPA was 

identified. Thus, again, the effect on blood glucose was driven by diet, not BPA exposure. 

Effects at each time point are summarized in Figure 2F.

AUC was calculated for each group and statistically compared to better characterize the 

impact of diet and BPA exposure on the time course of glucose metabolism. AUC did not 

significantly differ with exposure or diet, although there was a modest trend for an effect of 

diet (F(1,32) = 3.28; P = 0.08) with animals on the soy diet having a greater AUC than those 

on the casein diet (Figure 2E). This analysis thus confirmed what was revealed by 

comparing serum glucose levels at each individual time point.

In the EE animals, glucose levels were significantly higher than conspecifics on the same 

diet at baseline (P ≤ 0.02), 60 min (P ≤ 0.03) and 120 min (P ≤ 0.03) but only a trend was 

observed at 30 min (P ≤ 0.057). Body weight at the time of testing was not statistically 

compared because testing was conducted across multiple days.
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3.5 Estrous Cycle Regularity

Time from VO to cycle regularity differed by groups (Figure 3A). Soy-reared females 

(F(1,66) = 47.00; P ≤ 0.001) took significantly longer to establish a regular estrous cycle 

than animals on the soy-free diet. Additionally, an interaction between diet and BPA 

exposure was identified (F(1,66) = 4.98; P ≤ 0.03) revealing that BPA animals on the soy 

diet took longer to establish regular estrus than BPA animals on the soy-free diet. None of 

the EE animals began cycling and remained in persistent estrus for the duration of the 

experiment.

By seven weeks of age, all of the females on the soy-free diet displayed and maintained a 

regular estrous cycle for the remainder of the experiment (Figure 3B). By 28 weeks of age 

only 46% of the soy-reared females, and 43% of the Soy + BPA females had regular 4–5 

day estrous cycles compared to 100% of the soy-free controls. All of the acyclic females in 

the soy fed group were in persistent estrus, as were 21% of the acyclic Soy + BPA females. 

The remainder displayed prolonged (3 days or longer) estrus. Similarly, only 56% of the 

BPA exposed females on the soy-free diet were regularly cycling. Acyclic females in the 

BPA group were not in persistent estrous, but rather, a prolonged diestrus (3 days or longer) 

where some cornified cells remained and a few rounded cells, more characteristic of 

proestrus were present, resulting in a cellular mix not distinctive of any specific stage.

3.6 Adult Ovarian Histology

CL numbers in the adult ovaries (collected on the day of estrus) were not significantly 

impacted by diet or BPA exposure but CL numbers in the EE group trended lower (P = 0.06; 

Figure 3C). By contrast, there was a main effect of diet (F(1,61) = 11.09; P ≤ 0.001), but not 

exposure, on the number of cystic follicles with animals reared on the soy diet having 

significantly more cysts (P ≤ 0.001; Figure 3D). Compared to soy-free controls, EE exposed 

animals also had significantly more cysts (P ≤ 0.03). Histologically, no MOFs or primordial 

follicle clusters were observed in any of the animals.

3.7 Adult Circulating Androgen Levels

Circulating androgen levels in adulthood (sampled on the day of estrus) were not 

significantly impacted by exposure or diet nor was there a significant interaction (data not 

shown).

4. Discussion

Some PCOS-related hallmarks (cystic follicles, irregular estrus) and co-morbidities 

(elevated body weight and baseline serum glucose) were induced by soy diet, but BPA-

related effects at the single dose employed were not consistent with a PCOS phenotype. 

Soy-attributable differences in glucose metabolism were small, with soy diet modestly 

increasing time to which levels returned to baseline. Animals were tested while still fairly 

young, however, so it is possible that this effect could be exacerbated by age. 

Hyperandrogenemia was not observed in any group but was only assessed at a single time 

point and is not consistently reported in rat models of PCOS [7]. The etiology of PCOS 

remains obscure and although BPA and other EDCs have been hypothesized to be 
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potentially contributory [3, 4] the present results support a potential role for hormonally 

active diets but not BPA.

Available literature regarding the impact of BPA on rat ovarian development is limited but 

effects consistent with PCOS have previously been reported [19, 62]. These studies used 

significantly higher doses, shorter exposure windows (neonatal only) and direct injection, 

rather than oral administration, which can lead to higher internal doses of unconjugated 

(biologically active) BPA than was attained here (1.5 ng/ml or lower) or reported in humans 

(levels are controversial but approx. 4 ng/ml or lower) [49, 63, 64]. In the only published 

rodent study specifically examining a potential link between BPA and PCOS, Fernandez and 

colleagues reported that Sprague Dawley rat pups subcutaneously injected with 500 μg BPA 

per day (approx. 25 – 62.5 mg/kg) over the first 10 days of life had features consistent with 

PCOS including hyperandrogenemia, infertility, undersized ovaries, lower numbers of CLs, 

and atretic, cystic follicles [21]. Similar, but less pronounced, features were observed at 50 

μg BPA (approx. 2.5 – 6.2 mg/kg) but none were noted at 5 μg BPA (approx. 0.25 – 0.62 

mg/kg) a dose more consistent than the one used for the present studies (approx. 0.18 mg/kg 

to the dams during gestation, 0.35 mg/kg to the dams during lactation, and 0.44 mg/kg 

adolescent oral exposure to the pups). Because, for the present study, BPA was administered 

orally to the dam, and lactational transfer of BPA appears to be minimal [65], neonatal 

exposure was likely substantially lower in this study than in the one published by Fernandez 

and colleagues. Collectively, available rodent data remains limited but do not suggest 

elevated PCOS risk following developmental BPA exposure within a human-relevant range. 

Follow-up work spanning a broader dose range would enhance confidence in that reassuring 

but tenuous conclusion.

In PCOS patients, BPA levels have been positively associated with serum testosterone and 

androstenedione [12, 66], but this may be a consequence, rather than a cause, of PCOS 

because hyperandrogenemia has been shown to decrease BPA clearance [21]. Co-

morbidities including elevated inflammation, increased body mass index, and insulin 

resistance have also been associated with higher serum BPA levels (reviewed in [15]). The 

significance of these relationships is difficult to interpret, however, because they are not 

prospective and thus cannot account for developmental exposure when BPA is hypothesized 

to most significantly impact risk. Further work is needed to better elucidate how EDCs that 

interfere with sex hormone signaling, particularly during ovarian development, may 

contribute to PCOS risk.

In contrast to BPA where effects are universally presumed to be “adverse,” soy, although 

well known to be endocrine disrupting, has been evaluated as a potential therapeutic for 

PCOS [67, 68]. This conflicting attitude about the pros and cons of soy is not atypical and at 

least partly attributable to the view that because it is “natural” it must be “healthy” [14]. So 

far, soy has not been found to be effective for treating any aspects of PCOS and the data 

generated herein suggest that hormonally active diets may, in fact, exacerbate risk. 

Isoflavones including GEN, daidzein and their respective metabolites, can cross the placenta 

and are secreted in mammalian milk so the potential for developmental exposure is higher 

than for BPA, particularly lactational exposure. Although it is appealing to hypothesize that 

the estrogenic isoflavones found in soy are the causal agents of the effects reported herein, 
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further work will be needed to ascertain specifically how soy produces these features and 

over what dose and age range. That isoflavones such as GEN can impact female 

reproduction including ovarian development, ovulation, and fertility in rodents, sheep, and 

even humans is known (reviewed in [14] and [17]) but their potential relationship to PCOS 

is not well explored.

Equol, a metabolite of daidzein generated by intestinal microflora, has a higher estrogenic 

potency than GEN and other soy isoflavones and induces uterine hypertrophy [69, 70]. The 

single reproductive development study done to date, however, found no evidence that 

perinatal exposure to either of the two enantiomeric forms (250 mg/kg diet) compromises 

fertility or alters follicular features in young (PNDs 21 or 50) female rats [70]. One study in 

male rats has shown that equol can have anti-androgenic properties by binding, and thus 

deactivating, dihydrotestosterone [71]. Whether or not this happens in humans is unknown. 

Antiandrogenic action would presumably reduce PCOS risk, but equol has been recognized 

since the 1940’s to contribute to Clover Disease in legume-grazing sheep [72]; a condition 

characterized by impaired fertility, endometriosis, dystocia, abortion, and other female 

reproductive abnormalities. Although rats efficiently metabolize daidzein to equol, this is 

not the case for humans. At best, only 20–30% of Westerners and 50–60% of Asians are 

capable of making this bioconversion [73–75].

PCOS prevalence and symptomology have well characterized ethnic differences with the 

disorder appearing to be more common among Asians; populations in which soy 

consumption (and equol production) is historically high. In general, patients of Asian 

descent have a lower body mass index and mild hyperandrogenemia compared to 

Caucasians. South Asians, however, are at greater risk for type 2 diabetes, insulin resistance 

and metabolic syndrome [1]. PCOS is known to run in families, but the relative 

contributions of genetics and environment (including diet) remain poorly understood [76]. 

The present data suggest it is at least plausible that soy may contribute to risk, and could 

contribute to multigenerational prevalence; results which emphasize the need for further 

work exploring potential relationships between PCOS and hormonally active diets.

Further work in rat models should rule out related disorders which produce similar 

symptoms, such as hyperprolactinemia and thyroid dysfunction, particularly since soy is 

known to be goiterogenic and has other modes of action including inhibition of tyrosine 

kinases [14]. Species differences in PCOS-related characteristics should also be considered 

(reviewed in [7]). Notably, elevated androgen levels are not consistently observed in 

neonatally androgenized rats but reliably produced in non-human primates. Similarly, 

although levels of lutenizing hormone (LH) are typically higher in PCOS patients, and can 

thus be considered diagnostic, they are not consistently elevated in androgenized rodents. 

The Rotterdam consensus panel considered routine assessment of LH levels unnecessary, 

and they could not be measured here due to limited serum quantities. Rodent models using 

estrogen-induction have typically exposed older animals, but the resulting phenotype does 

not include altered follicular dynamics or the predicted metabolic co-morbidities so early 

life exposure to estrogen has not been implicated as a risk factor for PCOS. Here we found 

no clear EE-related PCOS phenotype, thus perinatal estrogen appears to be inadequate to 

generate a human-relevant model of PCOS in rats.
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Finally, consistent with prior studies by us and others, evidence of early puberty was 

observed in both soy and BPA exposed females [19, 77, 78]. Soy fed females also had 

elevated CL numbers at puberty, an observation which suggests they were ovulating earlier, 

even though their estrous cycles were not yet regular, than conspecifics on a soy-free diet. It 

is unclear if this would have translated to an earlier age at first pregnancy or premature 

follicular depletion. Obesity can accelerate puberty and thus must be considered as a 

potentially contributory factor. In general, body weight was elevated by soy diet but the 

effect was transient and lost by early adulthood. This may indicate accelerated growth and 

development rather than increased adiposity. By contrast, elevated body weight in the BPA 

exposed animals was observed at all ages, and the soy diet mitigated this to some degree. 

Although concordant with prior work in rodents also showing BPA-related weight gain, and 

the working hypothesis that BPA is an “obesogen” [4, 79], the present data are insufficient 

to distinguish if BPA is enhancing adiposity or overall growth and development.

4.1 Conclusions

In conclusion, soy diet induces some ovarian and metabolic hallmarks of PCOS in rats, a 

phenotype not seen with BPA at the single, but environmentally-relevant, dose employed. 

The effects of soy may be attributable to the endocrine disrupting actions of isoflavones 

such as GEN and their respective metabolites, most notably equol, but further work is 

needed to more comprehensively explore this possibility. Effects were not entirely 

recapitulated by EE exposure suggesting a mode of action other than interference with 

estrogen signaling.
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PND postnatal day

VO vaginal opening
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Research Highlights

• Polycystic ovarian syndrome (PCOS) has a prevalence as high as 8–15% 

depending on ethnicity.

• Developmental exposure to endocrine disruptors is hypothesized to exacerbate 

risk.

• We show that a soy-based diet, but not BPA, induces PCOS-like features in rats.

• Exposure was oral throughout gestation and posnatal development, and in a 

human-relevant range.

• We conclude that hormonally active diets throughout gestation and postnatal life 

may contribute to risk.
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Figure 1. 
Indices of pubertal maturation. (A) Age at vaginal opening (DVO; puberty) was 

significantly advanced by the soy diet and BPA exposure but there was no significant 

interaction so exposure to both did not augment the effect. As expected, DVO was 

significantly earlier in the positive control (EE) group. (B) Body weight on DVO was 

elevated in the BPA exposed animals reared on the soy-free diet compared to controls on the 

same diet. EE exposed animals were significantly lighter. (C) Number of CLs on PND 34 

were significantly greater in animals reared on soy but there was no interaction with BPA. 

Age matched EE exposed animal has fewer CLs. (D) Numbers of multioocyte follicles 

(depicted in E), and primordial cell clusters (depicted in F) observed in each exposure group. 

Graphs depict group means ±SE; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001
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Figure 2. 
Body weight gain post-weaning. (A) Plotted weight gain between PNDs 21 and 150. (B) 

Area under the curve (AUC) was significantly greater in the soy fed animals, regardless of 

BPA exposure. Among the BPA-exposed animals, weight was only significantly elevated in 

the group reared on the soy-free diet. EE exposed animals were lighter than controls on the 

same (soy-free) diet. *P ≤ 0.05, ***P ≤ 0.001 (C) Body weights for each group at each age 

examined. Groups on the soy diet are shaded in gray. Bolded groups are significantly 

different than controls on the same diet. Main effects of BPA exposure were found for all 

ages except PND 150: aP ≤ 0.05, aaaP ≤ 0.001. No statistically significant main effect of soy 

diet was observed at any age in the 2-way ANOVA, but t-tests revealed that controls on soy 

diet were significantly heavier than controls on soy-free diet on PNDs 21 and 50: bbP ≤ 

0.01, bbbP ≤ 0.001. EE animals were lighter than same-diet conspecifics on PNDs 50 and 

120. (D) Plotted blood glucose levels across the 120 minute test. (E) No significant 

differences of diet, BPA or EE were found for glucose AUC but differences at the time 

points were observed and summarized in (F). Bolded groups are significantly different than 

controls on the same diet. Main effect of soy diet: cP ≤ 0.05, cccP ≤ 0.001
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Figure 3. 
Adult indices of ovarian development and function. (A) Soy-fed animals took longer to 

establish a regular estrus cycle but BPA had no effect and EE animals were in persistent 

estrus from the time of VO. (B) Percentage of cycling females in each group at each age 

examined. All groups except the EE group ultimately established a regular estrus cycle but 

by 28 weeks of age only 46% of the soy-reared females, 43% of the Soy + BPA females, 

and 56% of the BPA females had regular 4–5 day estrous cycles compared to 100% of the 

soy-free controls. (C) Numbers of CLs did not statistically differ between groups. (D) Soy-

fed animals had greater numbers of cystic follicles (depicted in the inset) compared to 

conspecifics on the soy-free diet regardless of BPA exposure. Graphs depict group means 

±SE; *P ≤ 0.05, ***P ≤ 0.001
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Table 1

Preweaning measures. Groups on the soy diet are shaded in gray. Bolded groups are significantly different 

than controls on the same diet. Litter size and ratio was not impacted by diet or exposure. Compared to the 

Soy-Free controls, PND 12 weight was elevated by BPA exposure (aP ≤ 0.05) or soy diet (bP ≤ 0.006) but 

there was no significant interaction between the two factors. EE exposed animals were lighter than 

conspecifics on the same diet (Soy-Free; cP ≤ 0.02)

Exposure Group Litters (n) Litter Size (Mean ± SEM) Percent Males (Mean ± SEM) PND 12 Weight (g)

Soy-Free 6 13.33 ± 0.84 46.69 ± 6.92 23.00 ± 0.52

BPA 5 10.40 ± 1.25 41.73 ± 3.78 25.03 ± 0.73a

Soy 7 11.29 ± 1.04 40.53 ± 6.66 24.87 ± 0.86b

BPA + Soy 5 11.20 ± 0.37 46.83 ± 7.01 27.39 ± 0.58ab

EE 4 11.00 ± 1.73 36.31 ± 4.70 20.45 ± 1.19c
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