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Abstract

Concerns have been raised regarding the potential for endocrine disrupting compounds (EDCs) to
alter brain development and behavior. Developmental exposure to bisphenol A (BPA), a ubiquitous
EDC, has been linked to altered sociosexual and mood-related behaviors in various animal models
and children but effects are inconsistent across laboratories and animal models creating confusion
about potential risk in humans. Exposure to endocrine active diets, such as soy, which is rich in
phytoestrogens, may contribute to this variability. Here, we tested the individual and combined
effects of low dose oral BPA and soy diet or the individual isoflavone genistein (GEN;
administered as the aglycone genistin (GIN)) on rat sociosexual behaviors with the hypothesis that
soy would obfuscate any BPA-related effects. Social and activity levels were unchanged by
developmental exposure to BPA but soy diet had sex specific effects including suppressed novelty
preference, and open field exploration in females. The data presented here reinforce that
environmental factors, including anthropogenic chemical exposure and hormone active diets, can
shape complex behaviors and even reverse expected sex differences.
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Introduction

Bisphenol A (BPA), a monomer used in epoxy sealants and plastics, has become ubiquitous

in our environment and bodies, prompting concerns about its potential health impacts
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especially on neural development and behavior (Beronius et al., 2010; Chapin et al., 2008;
FAO/WHO, 2011; FDA, 2012). Understanding how environmental factors, including
endocrine disrupting chemicals (EDCs) such as BPA, contribute to impairments in affective
and reciprocal social behaviors, are of considerable interest because they are features of
psychosocial disorders for which incidence is rapidly rising, including autism spectrum
disorders (ASDs) (Aguiar et al., 2010; Gore et al., 2014). Elevated gestational urinary BPA
concentrations have been associated with adverse behavioral outcomes in children, including
social deficits, hyperactivity, anxiety, and executive function deficits (Mustieles et al., 2015)
suggesting the possibility that early life BPA exposure could impact behaviors related to
emotionality. Numerous animal-based experiments have generated corroborating evidence
for disruptions of sexual and mood-related behavior, most notably heightened anxiety, but
supporting experimental evidence for impacts on social investigation and affiliation is
extremely limited and highly discordant across animal models (Cox et al., 2010; Jasarevic et
al., 2011; Sullivan et al., 2014; Wolstenholme et al., 2013). Diet is one factor thought to
contribute to this variability, particularly hormonally active diets such as soy (Thigpen et al.,
2013). Here we examined the impact of developmental, oral BPA exposure (at a dose
considered human-relevant) alone and in combination with a soy rich diet or the individual
soy phytoestrogen, genistein (GEN) on social investigation and exploratory behavior. A final
group was exposed to BPA in peripubertal development and then placed on a soy diet at
weaning to establish the impact of sequential exposure.

Soy contains numerous phytoestrogens, many of which are endocrine active but GEN is
arguably the most well studied (Patisaul and Jefferson, 2010). That soy-based diets can
confound EDC studies has been known for decades, but remains generally unrecognized by
most researchers (Thigpen et al., 1999; Thigpen et al., 2013). The need to more
comprehensively establish how hormonally active diets influence neural development and
behavior (independently and in the presence of BPA and other ubiquitous anthropogenic
EDC:s) is pressing because of rapidly increasing soy consumption rates (Patisaul and
Jefferson, 2010), particularly of soy-based infant formula.

The studies herein were undertaken to test the hypothesis that developmental, low dose BPA
exposure has sex specific effects on social and exploratory behaviors, and that a soy rich diet
or the isoflavone, GEN may modify these effects depending on timing of consumption.
While the impacts of developmental BPA exposure on anxiety-related behaviors have been
explored in some depth by us and others in a variety of species, impacts on social
interactions have only been assessed in a handful of studies (with mixed results) and
potential interactions with diet are virtually unknown. Thus the present studies fill a critical
data gap and, importantly, incorporated research design recommendations for EDC studies
on behavior and the sexual differentiation of the nervous system (Beronius et al., 2013; Li et
al., 2008) including robust sample sizes (Chadman et al., 2009), controlling for possible
litter effects, and minimizing exogenous EDC exposures which could confound study
outcomes.
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Materials and methods

Subjects

Animal Care and Use—Complete study design details are described in a prior study in
which we used the same animals (Cao et al., 2015). Briefly, 54 pairs of Wistar rats were
obtained and their offspring tested for these experiments. Rats were housed at the Biological
Resource Facility of North Carolina State University (NCSU; 23°C, 50% average relative
humidity and 12:12 h reverse light: dark cycle; lights off at 10:00), according to 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. All aspects of this study
were approved by the Institutional Animal Care and Use Committee of NCSU. As in our
prior studies (Cao et al., 2012; Patisaul et al., 2009), and in accordance with recommended
practices for EDC research (Beronius et al., 2013; Li et al., 2008), rats were housed in
conditions specifically designed to minimize unintended EDC exposure including
thoroughly washed polysulfone (BPA-free) caging with glass water bottles and wood chip
(not corn cob) bedding.

Exposure—On gestational day 1 (GD 1), dams were randomly assigned to six exposure
groups (n = 9 per group; Table 1): Soy-Free (soy-free diet; Teklad 2020), Soy (soy diet;
custom soy diet, Harlan), BPA+Soy-Free (soy-free diet plus water containing BPA), BPA
+Soy (soy diet plus water containing BPA), BPA/GIN+Soy-Free (soy-free diet plus water
containing BPA and genistin (GIN) daily via food treat) and BPA/Soy-Free/Soy PND 21
(soy-free diet plus water containing BPA then pups switched to soy diet on PND 21).
Exposure continued until weaning (postnatal day (PND) 21), with the exception of the group
switched from soy-free (Soy-Free) to soy-based diet on PND 21 (BPA/Soy-Free/Soy PND
21). The soy diet was a custom diet (Harlan Laboratories, Madison, WI) with maximum
similarity to Teklad 2020 with isoflavone levels ~400 mg/kg diet. Effects on growth, body
weight, age at puberty and other developmental parameters for these animals are detailed in
a prior publication (Cao et al., 2015).

BPA (Sigma-Aldrich, St. Louis, MO) was administered via drinking water, as described
previously (Cao et al., 2012), at 2 mg/L of water; to produce serum levels in the human
range (<4 ng/ml serum) (Cao et al., 2015). GEN levels (dams and pups) in the soy-fed group
were 3 — 31 ng/ml (Cao et al., 2015). Genistin (GIN; the glycosylated form of GEN found in
food (Jefferson et al., 2009)) was administered (40 mg GIN (LC Laboratories, Woburn,
MA)) on a peanut butter (Skippy Natural Creamy, Englewood Cliffs, NJ) covered Mini Nilla
Wafer (Nabisco, East Hanover, NJ) (1 wafer/day/dam), daily through PND 21 (resulting
serum GEN levels in the range of 18 — 48 ng/ml) (Cao et al., 2015). This range is
approximately equivalent to vegetarians but below that of soy formula-fed infants (Patisaul
and Jefferson, 2010). The detected range was wide but not atypical for a single measurement
taken from animals given free access to the diet. This assessment was intended to be a
survey of internal levels and not a formal pharmacokinetic-pharmacodynamic (PPK)-type
analysis.
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Two tests were conducted: social choice (juveniles) and open field (adults). All testing was
conducted within the first four hours of the dark cycle under red-light, video recorded, and
scored using TopScan (Clever Sys Inc) software as we have done previously (Rebuli et al.,
2015; Sullivan et al., 2014) using published testing methodologies (Crawley et al., 2007;
Insel et al., 1999; Winslow and Insel, 2002). Test order was randomized among subjects and
a randomly selected subset of videos was scored by hand by an independent observer to
validate the computer scoring (Pearson Correlation r = 0.98). Juveniles (PND 24-28) were
tested for 20 min in a three-chambered social choice apparatus (Sullivan et al., 2011).
Familiar animals were same-sex sibling cage-mates and novel animals were age and sex-
matched conspecifics. No more than two animals per sex per litter were used and sample
size was within the range recommended for behavioral studies (Chadman et al., 2009). Final
animal numbers were as follows: Females: Soy-Free n = 15, Soy n = 10, BPA + Soy-Free n
=15, BPA + Soy n = 16, BPA/GIN + Soy-Free n = 11, BPA+Soy-Free/Soy PND 21 n = 12.
Males: Soy-Free n =9, Say n = 16, BPA + Soy-Free n = 12, BPA + Soy n = 19, BPA/GIN +
Soy-Free n = 11, BPA+Soy-Free/Soy PND 21 n = 13.

Beginning on PND 60, the rats were then subjected to a standard 20 minute open field (OF)
test (Sullivan et al., 2014). Adult females were tested in estrus (assessed by vaginal cytology
(Becker et al., 2005)) by PND 110. Distance traveled, entries and time in the center, edges
and corners were quantified using TopScan and validated by an independent observer
(Pearson Correlation r = 0.98). No more than two animals per sex per litter were used. Final
animal numbers were as follows: Females: Soy-Free n = 17, Soy n = 16, BPA + Soy-Free n
=17, BPA + Soy n = 15, BPA/GIN + Soy-Free n = 13, BPA+Soy-Free/Soy PND 21 n = 15.
Males: Soy-Free n = 16, Soy n = 19, BPA + Soy-Free n = 15, BPA + Soy n = 15, BPA/GIN +
Soy-Free n = 12, BPA+Soy-Free/Soy PND 21 n = 14.

Statistical Analysis—To probe for baseline behavioral sex differences, t-tests were used
to compare males and females within the Soy-Free and Soy groups (not exposed to BPA).
For each task, evidence of expected sex differences (as discerned from prior, published
literature) in the soy-free group was considered validation that the testing protocol was
successful. If sex differences were not found in both groups, diet was interpreted to have
played an intervening role. Effect size was estimated using Cohen’s d.

For all endpoints, the four core exposure groups (Soy-Free, Soy, BPA+Soy-Free, and BPA
+Saoy) were then analyzed (Sigmaplot 13) by a three-way ANOVA with exposure, diet and
sex as factors as we did for our prior study examining different endpoints in the same
animals (Cao et al., 2015). If any main effects or interactions were significant (P < 0.05) they
were followed up with a protected Fisher’s least significant differences (PLSD) post-hoc
test. ANOVA effect size was calculated by Eta squared (77). PLSD effect size was calculated
using Cohen’s d.

The BPA/GIN+Soy-Free group and BPA/Soy-Free/Soy PND 21 group were included in the
experiment only to test specific hypotheses related to the capacity of soy phytoestrogens to
interact with BPA, and thus not included in the main statistical analysis. Instead, two-way
ANOVA was used to compare the BPA+Soy-Free group to the BPA/GIN+Soy-Free group
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(sex and GIN as factors) and the BPA+Soy-Free group to the BPA+Soy-Free/Soy PND 21
group (sex and Soy as factors). If main effects or interactions were significant (P < 0.05)
then a PLSD post-hoc test was performed to evaluate pair-wise differences. Effect size was
estimated using 772 or Cohen’s d as appropriate. Results were graphed using Prism 6. As per
Cohen’s guidelines, effects for 77 were considered small at 0.01, medium at 0.06 and large
at 0.14, effects for Cohen’s d were considered small at 0.2, medium at 0.5 and large at 0.81
(Cohen, 1988; Lakens, 2013).

Juvenile Novel Social Task

Because rats of both sexes prefer and spend more time with the novel animal in the novel
social task, for each subject the difference between time spent with the novel animal versus
the familiar was calculated to quantify the strength of novelty preference, and those
differences were used for the statistical analysis and depicted in the graphs (Figure 1). No
main effects of sex, diet or BPA exposure were found for entries made into the novel animal
chamber, time spent in the chamber with the novel animal, time spent investigating (in
contact with) the novel animal, or the overall proportion of time spent in contact with the
novel animal versus the familiar animal (Figure 1). Behavioral sex differences were only
observed in the Soy group with males spending a greater proportion of time with the novel
animal versus the familiar (t = 2.42; P <0.02; d = 1.03). There was also evidence for
increased time investigating the novel animal (t = 1.95; P = 0.06; d = 0.85) but although
effect size fit Cohen’s classification of “large,” it did not reach statistical significance
(Figure 1C and D). GIN had no effect on social behavior in either sex and although males
reared on BPA and a Soy-Free diet and then switched to a soy diet at weaning (BPA/Soy-
Free + Soy PND21) appeared to spend a greater proportion of time with the novel animal
versus the familiar (Figure 1D), than the animals reared on Soy-Free and BPA (diet not
switched), inter-individual variability in this trait was too high to reach statistical
significance. Time spent investigating the novel animal, however, was sexually dimorphic in
the group switched to soy at PND 21 (t = 2.08; P < 0.05; d = 0.91; Figure 1C).

Adult Open Field (OF)

Total distance traveled (t = 2.01; P < 0.05; d = 0.64), and time spent in the center chamber (t
=2.06; P <0.05; d = 0.52) were sexually dimorphic in the Soy-Free group (Figure 2A and
D) as expected based on a large prior literature (ex. Masur et al., 1980; Slob et al., 1986;
Valles, 1976), but not the Soy group, with females more active and less anxious than males.
Given those sex differences, plus a main effect of sex for time in the perimeter (F(1,129) =
10.65; P < 0.009; 77 =0.07), all OF data were further analyzed within sex. Within females,
there was an exposure by diet interaction (F(1,64) = 8.41, P < 0.006; 77 = 0.04) with BPA
having opposite effects on time in the perimeter (Figure 2B) depending on diet (increased on
soy diet, decreased on Soy-Free). Within males, there was a main effect of BPA exposure
(F(1,63) = 4.78; P < 0.03; 72 =0.02), with decreased time in the perimeter reaching
significance in the Soy-Free (P < 0.05; d = 1.04), but not the Soy, group. Outcomes on time
spent in the corners (Figure 2C) were similarly complex. Again, because a main effect of sex
was identified (F(1,129) = 7.08; P < 0.009; 77 =0.05), the data were analyzed within sex.
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Within females, there was a significant interaction between diet and exposure (F(1,64) =
10.39; P < 0.002; 77 =0.14) with BPA increasing time in the corners only within the soy-
reared group (P < 0.002; d = 1.64). Among unexposed females, soy reared females spent
more time in the corners (P < 0.05; d = 1.02) while within BPA exposed females, soy-fed
females spent less time in the corners (P < 0.02; d = 1.21). In males, there was a main effect
of BPA exposure on time spent in the corners (F(1,64) = 4.18; P < 0.04; 772 = 0.06), an effect
almost entirely attributable to the Soy-Free group (P < 0.05; d = 1.05). Center activity was
also influenced by sex and diet. There were no main effects in males. Among females, there
were main effects of diet (F(1,64) = 8.71; P < 0.004; 77 =0.14) and exposure (F(1,64) =
9.32; P <0.003; 77 =0.10) as well as a significant interaction between the two (F(1,64) =
6.23; P < 0.02; 77 =0.09) on time in the center. Both BPA and soy significantly reduced time
in the center, but the effect of BPA was only observed in females on the Soy-Free diet (P <
0.001; d = 1.38). Within the Soy-Free group, females spent more time in the center (t = 2.16;
P <0.05; d = 0.89) and this sex difference was either lost or trended towards reversal in the
other groups, particularly the BPA+Soy group (P = 0.06; d = 0.68). Compared to the BPA
+Soy-Free group, time in the center was not affected by GIN or the switch to a soy diet on
PND 21 in either sex. For each region, number of entries was not affected by sex, diet or
BPA (data not shown).

Discussion

Consistent with prior studies by us and others, these experiments provided confirmatory
evidence that developmental BPA exposure is anxiogenic. As we have reported previously
(Patisaul et al., 2012), effects were sex specific, modest, and obfuscated by hormonally
active diet. By contrast, we found no compelling evidence that BPA impacts social
interactions. Juvenile sociality was not affected by BPA in either sex but soy diet influenced
some parameters, including potential sex differences for some measures. In females, soy diet
also suppressed novelty preference, and exploration of the OF, results which collectively
suggest heightened anxiety and a tentativeness to explore novel individuals and spaces.
Males placed on a soy-rich diet at weaning had enhanced novelty preference to some degree,
an outcome which supports the hypothesis that the peripubertal period could be a sensitive
window for hormonal influences on sociality in males. The results presented here emphasize
that hormonally active diets, such as soy, can be endocrine disrupting, even more so than
anthropogenic compounds like BPA, and emphasize the importance of considering diet
when assessing environmental or other impacts on sexually dimorphic, hormone-sensitive
behaviors.

As expected in the juvenile novel social task, both sexes showed heightened investigation of
novel animals compared to familiar cage-mates (Crawley et al., 2007; Gabor et al., 2012),
but sex differences in time spent investigating the novel animal and the proportion of time in
contact with the novel animal was only detected in the soy-reared animals. Compared to the
Soy-Free animals, this resulted from a combination of decreased novelty preference in
females and slightly elevated novelty preference in males. A sex difference in investigation
time was also apparent in the animals switched to soy at PND 21 suggesting that hormonally
active diets can also impact behavior during adolescence. This result is confounded by the
fact that the animals were also given BPA, but concern about the potential impact of BPA is
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minimal because there is no evidence that BPA affected any aspect of sociality in this
experiment. Although concerns have been raised that BPA and other EDCs may contribute
to disorders of social behavior (de Cock et al., 2012; Grandjean and Landrigan, 2014;
Kalkbrenner et al., 2014), the experimental and epidemiological literature is sparse, and
discordant (Mustieles et al., 2015; Wolstenholme et al., 2013). For example, a study in deer
mice reported limited evidence of demasculinization of some social behaviors by dietary
BPA, such as mate choice (Jasarevic et al., 2011), and Wolstenholme et al. reported evidence
of transgenerational effects on sociability in mice, but the direction of the effect differed
across generations, making the overall outcome difficult to interpret. A few studies have
found no main effects of developmental BPA exposure on social interactions but an
abrogation of expected sex differences (Cox et al., 2010; Kundakovic et al., 2013). We
observed some evidence for effects in the prairie vole (Microtus ochrogaster), a species
which naturally displays more “human typical” social behaviors than rats including partner
preference, paternal care, and pair boding, including the loss of sex differences in social
investigation (Sullivan et al., 2014). Collectively these available data suggest that any effect
of BPA on social behavior is small and thus unlikely to be meaningfully contributory to
human disorders of social interaction, such as ASD. Going forward, animal models which
are naturally more prosocial may be more utilitarian for examining the impacts of other
EDCs and toxicants on social behaviors.

In the OF, expected sex differences were observed in the Soy-Free controls including greater
OF exploration by females and time in the center (indicative of lower anxiety) (Frye et al.,
2000; Gould, 2010; Jefferson et al., 2009; Valles, 1976). These sex differences were not
observed in the soy-fed animals, and, in the BPA+Soy group, reversed for time in the center.
These observations corroborate prior work by us and others showing that hormonally active
diets can obfuscate sexually dimorphic behaviors and other neuroendocrine traits (Cao et al.,
2012; Patisaul and Jefferson, 2010; Thigpen et al., 2013). Loss of sex differences by soy diet
was primarily attributable to behavioral changes in females (Figure 2A and D). Soy reduced
female exploration of the OF, and exploration shifted from the center and perimeter to the
corners, a pattern indicative of higher anxiety. BPA had minimal impact on males, with only
time in the perimeter slightly reduced, but measurable anxiogenic effects on females
regardless of diet.

Published data regarding BPA-related effects in rodents generally suggests heightened
anxiogenic activity (Wolstenholme et al., 2011), a factor which contributed to the conclusion
by the National Toxicology Program and the World Health Organization that there is some
concern for BPA-related effects on brain and behavior, particularly anxiety (Beronius et al.,
2010; Chapin et al., 2008; FAO/WHO, 2011; FDA, 2012). Sex-specific effects are typical
but inconsistent. For example, two mouse studies published since the WHO assessment
reported evidence of increased anxiety in juvenile C57BL/6J males, but not in females (Cox
et al., 2010; Matsuda et al., 2012), while another reported the opposite in CD1 mice (Gioiosa
et al., 2013). Using an experimental design similar to the one used for the present studies,
we previously reported heightened anxiety in BPA-exposed juvenile Wistar rats (Cao et al.,
2012) using the elevated plus maze and the light/dark box. This effect was not sex-specific
and abrogated by soy diet. Here, we did not observe a protective effect of soy-rich diet. This
difference between study findings could be due to several factors including time of testing
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(juvenile versus adult), dietary composition (the prior study used a standard commercial diet
and this one used a custom diet where isoflavone levels were controlled) and behavioral
assays employed. Collectively these data provide yet further evidence supporting the
concern that developmental BPA exposure can heighten anxiety, and also emphasize that
species, strain, and diet are all factors which likely contribute to outcome variability in the
literature. Finally, although BPA is associated with hyperactivity in humans and some animal
models (Anderson et al., 2013; Kinch et al., 2015; Mustieles et al., 2015; Sullivan et al.,
2014; Wolstenholme et al., 2011), we observed no supporting evidence of that here.

Conclusions

Consistent with what has been previously reported in multiple animal models and humans,
here we show that developmental exposure to BPA and soy can affect anxiety-related
behaviors and that there may be sexually dimorphic aspects to vulnerability. Confirmatory
information is critically important when considering the potential health impacts of BPA,
and these studies enhance available evidence for behavioral impacts in that regard. Social
and activity levels were unchanged by developmental exposure to BPA, a result which was
not entirely unexpected based on the discordance of the available literature and the known
modes of action for BPA. Social investigation and recognition is not widely reported as
being sexually dimorphic in rats, and we did not find strong evidence for that here either. As
we have observed previously (Patisaul et al., 2012), soy diet can influence the ability to
detect behavioral sex differences and obfuscate BPA-related behavioral outcomes,
emphasizing the importance of considering diet when assessing hormone-sensitive outcomes
in neuroendocrine systems. The data presented here reinforce the long-recognized concept
that environmental factors, including anthropogenic chemical exposure and hormone active
diets, can shape complex behaviors and potentially eliminate or reverse expected sex
differences.
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Highlights
Environmental chemicals can affect brain development and behavior.

Hormonally active diets may also affect behavior and sexual
dimorphisms.

Here we tested the individual and interactive effects BPA, soy diet and
genistein.

Behaviors examined included juvenile sociality and open field
behavior.

Soy diet but not BPA had sex specific effects.

Impacted behaviors included suppressed novelty preference, and open
field exploration in females.

These data reinforce the importance of considering environmental
factors when examining brain and behavior.
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Figure 1.
Novel social behavior as juveniles. BPA had no effect on social interactions with a novel

conspecific including exploration of the chamber (A, B) or contact with the conspecific (C,
D). Diet impacted the capacity to detect sex differences and there was some evidence that
soy diet (C, D) including the introduction of soy diet at weaning (C) heightened male
sociality. Data are shown as the mean + SE. Significant difference from control indicated by
*P < 0.05.
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Figure 2.
Open field performance as adults. As anticipated, total distance traveled and time in the

center was sexually dimorphic (A, D). Neither diet nor BPA affected overall activity (A).
Impacts of BPA on exploration were diet and sex specific and generally indicative of
heightened anxiety. In Soy-Free fed females, time in the center was decreased by BPA (D).
Soy was also decreased time in the center and BPA did not modify this effect (D).
Accordingly, as time in the center decreased, time in the perimeter (B) and/or corners (C)
was increased. Data are shown as the mean + SE. Significant difference from control
indicated by *P < 0.05, **P < 0.01, ***P < 0.001.
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