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Abstract

Endocrine disrupting compounds (EDCs) are hypothesized to promote obesity and early puberty
but their interactive effects with hormonally active diets are poorly understood. Here we assessed
individual and combinatorial effects of soy diet or the isoflavone genistein (GEN; administered as
the aglycone genistin GIN) with bisphenol A (BPA) on body weight, ingestive behavior and
female puberal onset in Wistar rats. Soy-fed dams gained less weight during pregnancy and,
although they consumed more than dams on a soy-free diet during lactation, did not become
heavier. Their offspring (both sexes), however, became significantly heavier (more pronounced in
males) pre-weaning. Soy also enhanced food intake and accelerated female pubertal onset in the
offspring. Notably, pubertal onset was also advanced in females placed on soy diet at weaning.
Males exposed to BPA plus soy diet, but not BPA alone, had lighter testes. BPA had no
independent effects.
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1. Introduction

Human exposure to endocrine disrupting compounds (EDCs) is ubiquitous, and
accumulating evidence suggests that increasing incidence of endocrine disorders may be
related, at least in part, to these xenobiotic chemical contaminants [1-4]. Recently, it has
been hypothesized that some EDCs can promote persistent weight gain [5-8] consequently
heightening risk of obesity and related metabolic co-morbidities (particularly if exposure
occurs during development). Alternatively, early life weight gain could signify accelerated
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growth and maturation. Rapid peripubertal weight gain that normalizes in adulthood
accompanied by advanced pubertal onset would be consistent with this view. A variety of
anthropogenic and naturally occurring EDCs have been shown to accelerate pubertal onset
and increase body weight in a variety of animal models but concurrent information about
food intake by the exposed dam or the affected offspring is limited. Moreover, “real world”
exposure occurs as low dose mixtures under a wide range of dietary conditions, and there is
a paucity of data regarding the effects of co-exposure to EDCs with similar modes of action,
particularly in a dose range considered environmentally relevant. Finally, sex differences in
vulnerability and post-exposure phenotype remain poorly explored. Here we examined the
impact of the plastics component bisphenol A (BPA) on growth and pubertal onset under
two dietary conditions: soy rich and soy free.

Predisposition to diet-induced obesity following prenatal nutrient restriction is known to be
sexually dimorphic (males more vulnerable than females) as is age at pubertal development
(girls develop earlier than boys) and facets of “catch-up growth” [9,10] suggesting EDC
effects on maturation are likely sex specific. Advanced female puberty, for example, has
been associated with developmental EDC exposure in animal models and humans, including
BPA and soy phytoestrogens [11-15]. Thus impacts on maturational timing by EDCs can
also be sex specific. The neuroendocrine pathways underlying growth, energy balance, and
reproductive maturation are sexually dimorphic, organized via hormone-sensitive
developmental critical periods, and overlapping [16—18] supporting the hypothesis that
growth and pubertal maturation may be simultaneously impacted by EDCs.

BPA is a common component of numerous household products including polycarbonate
plastics, the epoxy linings of canned foods, thermal paper receipts, dental sealants and
plastic water pipes [19-22]. BPA exposure is low but frequent; thus nearly all Americans
have quantifiable urine levels, with children typically having higher body burdens than
adults [23-25]. Although long considered weakly estrogenic [26], the specific mechanisms
by which BPA interacts with molecular and cellular targets are not yet comprehensively
established [27] and the potential health impacts of BPA exposure remain controversial [28—
32]. BPA has been identified as a potential obesogen [33,34] but elevated weight gain and
adiposity has not been consistently observed in all laboratory animal studies [35] nor
universally associated with weight gain in humans [36,37]. Diet may be one factor
contributing to this lack of consistency across studies.

Phytoestrogens are non-steroidal estrogenic compounds produced by plants, most notably
legumes and thus abundant in soy-based foods and animal chows. Human exposure is
primarily via consumption of soy-based and soy-supplemented foods such as tofu, tempeh,
cereals, processed meats, protein-enhanced granola bars, soy milk and soy-based infant
formula [14]. Increased use of soy in processed foods [38] translates to rapidly elevating
global consumption rates. Soy-based foods contain a complex mixture of phytoestrogens,
many of which are hormonally active, but the most intensively studied of these is the
isoflavone genistein (GEN). Phytoestrogens such as GEN have long been recognized to
interact with the mammalian endocrine system [39-41] and, like BPA, estrogenic activity
has historically been identified as their primary mode of action [42]. There are conflicting
viewpoints on whether GEN or other soy phytoestrogens are obesogenic [43] or the
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opposite, and might counteract aspects of metabolic syndrome [44]. Results from available
rodent studies are discordant but reveal evidence of dose and sexually dimorphic effects
(including sex specific rates of GEN metabolism [45]) suggesting that weight-related effects
of GEN may vary with sex, age, and hormonal status [45-48].

Interactions between GEN and BPA have been reported for several endocrine endpoints
supporting the hypothesis that they may also interact to influence aspects of growth, weight
gain and puberty. For example, GEN has been shown to counteract the hypomethylating
action of BPA on the Avy gene in agouti mice [49]. We recently showed that a soy-rich diet
can obfuscate the anxiogenic phenotype induced by developmental BPA exposure [50], and
a soy-rich diet has also been shown to modulate BPA-related effects on meiotic processes in
the periovulatory oocyte [51]. While the mechanisms by which these interactions occur
remain unclear, understanding how dietary and environmental exposures interact to
influence growth and development is of seminal importance, particularly given that soy
consumption is growing in popularity among Western populations and BPA exposure is
nearly unavoidable.

In foods, GEN is present as its glycosylated form (genistin; GIN). Thus, for the present
studies, GEN exposure was achieved via oral administration of GIN [52]. Additionally, a
group of BPA-exposed animals was switched from a soy-free diet to a soy-rich one at
weaning to assess how timing of dietary intervention influences outcomes. Peripubery has
been identified as a window in which sexual dimorphisms in ingestive behavior emerge
[53]. To model human exposure, BPA, soy and GIN were given orally at doses expected to
produce internal levels of the parent compounds and their primary metabolites akin to those
seen in humans. In addition to body weight and food consumption, timing of pubertal onset
(females) and testis weight (males) were obtained to assess reproductive maturation, and
heart weight (both sexes) was obtained to assess overall effects on growth and development
outside of the reproductive system.

2. Materials and methods

2.1. Ethics statement

Wistar rats were used for this study, obtained from an existing in-house colony maintained
on a soy-free, casein-based diet (Teklad 2020, Harlan Laboratories, Madison, WI), and
housed in a temperature, humidity and light controlled facility (23 °C, 50% average relative
humidity and 12:12h light:dark cycle; lights off at 10:00) at the Biological Resource Facility
of North Carolina State University (NCSU), 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. Animal care, maintenance and sacrifice for this study
were approved by the Institutional Animal Care and Use Committee of NCSU. All
procedures were approved and monitored by the supervising veterinarian for the duration of
the project. As in our prior studies [50,54], and in accordance with recommended practices
for EDC research [55-57], 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.
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2.2. Animal care and exposure

2.3. Diet

Parental animals (54 female and 54 male rats approximately PND 75) were paired (no
sibling pairings), and pregnancy monitored every 24 h via vaginal lavage. Date of sperm
detection was designated gestational day 0 (GD 0). On gestational day 1 (GD 1), dams
(equivalent body weight at pairing) were randomly assigned to six exposure groups (n=9
per group; Table 1): Casein (soy-free diet; Teklad 2020), Soy (soy diet; custom soy diet,
Harlan), BPA+Casein (soy-free diet plus water containing BPA), BPA+Soy (soy diet plus
water containing BPA), BPA/GIN+Casein (soy-free diet plus water containing BPA and
genistin (GIN) daily via food treat) and BPA/Casein/Soy PND 21 (soy-free diet plus water
containing BPA then pups switched to soy diet on PND 21). While not a balanced design,
these groups were included to test the primary hypothesis that BPA and soy (or GIN)
interact such that soy counteracts BPA-related effects. To minimize risk of cross-
contamination, the dams on the soy diet were housed in a different room from those
consuming the soy-free diet. Exposure (to BPA or GIN) started on GD 1 and continued until
postnatal day (PND) 21 (day of birth defined as PND 0). With the exception of the group
switched from soy-free (Casein) to soy-based diet on PND 21 (BPA/Casein/Soy PND 21),
all animals stayed on their respective diet for the duration of the study.

On PND 21 pups were weaned into pairs (same sex; same exposure group) and maintained
in the same diet room as dams with the exception of the BPA/Casein/Soy PND 21 group,
which was relocated to the room housing the animals on the soy diet to accommodate the
diet change.

The soy-free diet was Teklad 2020. The soy diet was a custom diet (Harlan Laboratories,
Madison, WI) with maximum similarity to the Teklad 2020 diet where some ingredients
(primarily casein and other protein sources) were replaced with soybean meal to achieve an
isoflavone (sum of daidzein and genistein; expressed as the aglycone) level of 400 mg/kg
diet. The energy density of the two diets was equivalent with the soy-based diet having 3.1
Kcal/g (24.1% from protein, 60.2% from carbohydrates and 15.7% from fat) and the Teklad
2020 diet having 3.02 Kcal/g (24% from protein, 60% from carbohydrates and 16% from
fat).

2.4. Bisphenol A (BPA)

BPA (2,2-bis(4-hydroxyphenyl) propane (Sigma-Aldrich, St. Louis, MO)) was administered
via drinking water as described previously [50] at 2 mg/L of water. This dose was selected
based on prior studies by us and others utilizing this method to achieve serum levels in the
human range (<4 ng/ml serum) [50,58-60]. Internal levels were assessed in the dams and the
offspring as described below. This assessment was undertaken because there is a paucity of
data regarding internal levels achieved following BPA intake via drinking water and how
co-consumption of soy may impact circulating BPA levels. Employing more than one dose
was not feasible for such a large, animal-intensive study.
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2.5. Genistin

In foods, GEN is present as its glycosylated form (genistin; GIN) so GEN exposure was
achieved via oral administration of GIN [52]. Because rodents and humans metabolize
isoflavones differently, rodents have to be fed greater amounts to achieve plasma levels
typical of humans [52,61]. Infants fed soy formula consume approximately 6-11 mg/kg total
isoflavones and 4-7 mg/kg GEN daily and have plasma GEN levels in the range of 381-
1455 ng/mL (1.4-5.4 uM) [62,63]. Prior work established that rats orally administered 60
mg/kg of GIN had stable GEN levels of 5 uM within 4h [52], which is on the high end of
levels achievable by diet in humans. Here, dams were fed 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.
All other rats in the study were fed peanut butter covered Nilla Wafers without GIN (as a
dietary control). This method was used because GIN does not readily dissolve in any vehicle
at concentration levels feasible for this type of study and we have successfully used food
treats to orally administer other EDCs [64]; an exposure route that is palatable and not
stressful to the animals.

2.6. Dam measurements

Dam body weight (BW) was measured on GDs 5, 12, 19 and PND 21, and gestational
weight gain was calculated from GD 5 to GD 19. Lactational BW loss was measured by
subtracting PND 21 BW from GD 19 BW. Food and water consumption was monitored
from GD 1 to PND 21 and BPA intake estimated from these measurements. Serum was
collected from a subset of dams on PND 2 (n =1 per group) and PND 21 (n = 4-13/per
group) to quantify serum BPA and GEN levels as well as their primary metabolites. All
serum was stored at —80 °C then shipped to Rutgers University for processing, as we have
done previously [50]. This assessment was intended to be a survey of internal levels and not
a formal pharmacokinetic-pharmacodynamic (PPK)-type analysis.

The number of dams (litters) included in the experiment is presented in Table 2. Some dams
were dropped from the study because they did not become pregnant within five days of
pairing, lost their litters, stopped regularly consuming the food treats, or drank significantly
less water than their within-group conspecifics. Litter size and sex ratio were measured on
the day of birth and litter composition was verified on PNDs 2 and 10 but birth weight was
not obtained.

2.7. Offspring measurements

After weaning (PND 21), all female offspring were checked for day of vaginal opening (VO;
a hallmark of pubertal onset in the rat). Pubertal onset (prepucial separation) was not
assessed in the males because we have repeatedly found no effect of BPA on this endpoint
in rats (unpublished data). BW in both males and females was measured on PNDs 10, 21,
33, 55, 76 and 104. Total post-weaning body weight gain was obtained by subtracting PND
104 BW from PND 21 BW. Dietary consumption was measured in the weeks spanning
PNDs 41 to 45, 58 to 62, 72 to76 and PNDs 104 to 108. From PND 34 to 36, approximately
half of the offspring were subjected to behavioral testing (data to be published elsewhere)
and sacrificed (juvenile cohort). The remaining animals were sacrificed on the day of estrus
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at approximately PND 120 (adult cohort). In both cohorts, testis (males) and heart (both
sexes) were wet weighed then frozen on powdered dry ice and stored at —80 °C.

2.8. Serum BPA and GEN measurements

Free and conjugated BPA and GEN serum levels were measured in a subset of animals (n =
1 PND 2 pup and dam; n = 4-13 PND 21 pups and dams) to confirm internal doses were
within a range considered human relevant. These assays required all available serum.
Because assessment of free (unconjugated) BPA has proven to be challenging, particularly
in small volumes, and contamination from plastics and other materials in the assessment
process is a known issue [25,47,65], conjugated BPA (and GEN) were considered to be a
more accurate reflection of internal exposure levels. In brief, serum BPA, GEN and their
primary metabolites (glucoronides and sulfates) were quantified as described previously
[50,66] with the following modifications: elution of the analytes from the Oasis HLB
(Waters, Milford MA) 1 ml solid phase extraction cartridges was accomplished with 1 ml
10% NH4OH methanol and 1 ml of a 1:1:1 MeOH:ACN:ethylacetate mixture. Analyte
separation was performed on an Xtera C8 3.5um column using a 1 mM NH4OAc (pH 9.5)
and 10% of a 10 mM NH40OA 90% ACN in a gradient elution UPLC with an Accela pump
system (Thermo Scientific, San Jose, CA) The Accela UPLC was interfaced to an LTQXL
ITMS (Thermo Scientific, San Jose, CA) Method detection limits for these samples were as
follows: 0.4 ng/ml for all Dam samples all analytes. Multiple factors including small sample
size and background concentrations of some analytes measured in the commercial blank
limited sensitivity for the pups. The method detection limits for the pups were: 28 ng/ml
Gen-glu, 13 ng/ml Gen, 4 ng/ml BPA, 2 ng/ml BPA-glu 0.4 ng/nl BPA-monosulfate and 4.7
ng/ml BPA-disulfate. All assays were performed in the CEED chemical analysis facility
core at the Environmental and Occupational Health Sciences Institute (a research Institute of
Rutgers University, Piscataway, NJ 8854, USA).

2.9. Statistical analysis

Offspring data were analyzed within sex. Prior to weaning, pup measures were averaged to
obtain a value (within sex) for each litter. Thus the litter was the statistical unit (n = 4-13
litters per group). It was not always statistically appropriate to compare all groups to each
other because it was not a balanced design so the analysis was hypothesis-driven. For pre-
weaning measures, the data were first analyzed by two-way analysis of variance (ANOVA)
with diet and BPA exposure as factors within only the Casein, BPA + Casein, Soy, and BPA
+ Soy groups. If main effects were identified, protected two-sample separate variance t-tests
were then used to compare two groups with either the same diet or the same BPA exposure
(exposed or unexposed). This post-hoc analysis included comparisons between the animals
exposed to BPA on the casein diet to animals exposed to BPA and GIN simultaneously
(assessed capacity of GIN to replicate soy-diet effects in BPA exposed animals). For all
post-weaning measures including age at VO, BW and food intake assessments, data from
individual pups within each litter were averaged (within sex) to obtain a value for that litter
and the litter was used as the statistical unit (n = 4-8 litters per group). The data were first
approached by two-way ANOVA (all groups included) with diet and BPA exposure as
factors and followed up with a post-hoc Tukey’s Multiple Comparison Test. All data are
presented as the mean * standard error (SE).
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3.1. Dam body weight across gestation and lactation

The overall trajectory of dam BW gain and loss over pregnancy and lactation is depicted in
Fig. 1A-C and the accompanying table. In general, dams on the soy diet gained less weight
during pregnancy than animals on the soy-free diet (Casein) and GIN did not reproduce the
soy diet outcomes. Similarly, body weight loss across lactation was greatest in the Casein
fed groups irrespective of BPA or GIN intake. Exposure to BPA did not appreciably affect
BW regardless of diet.

Two-way ANOVA revealed a significant effect of diet on GD 5 (F(1,39) = 5.023, P <
0.031), with BPA + Casein dams heavier than BPA + Soy dams (P = 0.050). This main
effect of diet was also observed on GD 12 (F(1,39) = 11.65, P <0.001) and GD 19 (F(1,46)
=4.309, P < 0.044). Gestational weight gain (Fig. 1B) was significantly impacted by diet
(F(1,34) = 19.94, P < 0.0001) with the casein groups gaining more body weight regardless
of BPA exposure. BW in the group given GIN in addition to BPA did not differ from the
group given BPA but no GIN.

Lactational body weight loss (Fig. 1D) was highest in the casein fed group (main effect of
diet (F(1,30)) = 20.34, P < 0.0001) but no effect of BPA or GIN was detected. By PND 21
there were no longer any group differences in BW (Fig. 1 A).

3.2. Dam food and water consumption

In summary, dams on the soy diet ate less during gestation than dams on the casein diet,
regardless of BPA exposure, and the reverse was true during lactation (Fig. 2A and C). GIN
supplementation reduced food intake during gestation to a similar degree as the soy diet, but
had no impact during lactation. Water consumption did not significantly differ across groups
in either gestation or lactation (Fig. 2B and D).

During the gestational period, 2-way ANOVA revealed a main effect of diet (F(1,39) =
10.29, P < 0.003), with food intake lower in the groups on soy diet (Fig 2A). Among the
BPA-fed dams, the casein group consumed more chow than the soy-fed group (P < 0.01) or
the Casein with GIN group (P < 0.01). During lactation (Fig. 2C), a significant main effect
of diet was also detected (F(1,30) = 30.50, P < 0.0001), but not an effect of BPA, nor any
interaction. Among the BPA-exposed groups, diet had a significant impact. Consumption in
the BPA/GIN + Casein group was similar to the BPA + Casein group, and significantly
lower than the BPA + Soy group (P < 0.05) indicating that GIN did not recapitulate the
higher food consumption levels seen in the soy-fed dams.

3.3. Litter composition

The ratio of female to male pups did not differ between groups (Table 2). Two-way
ANOVA on litter size revealed no main effect of diet or BPA but a significant interaction
between the two (F(1,36) = 7.642, P < 0.009; Table 2). Compared to the Casein group, the
Soy group (P < 0.05) and BPA + Casein group (P < 0.05) had smaller litters. No significant
difference in litter size was found within the BPA-exposed groups.
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3.4. Internal dose of BPA, GEN and their primary metabolites

Water consumption did not significantly differ across groups (Fig. 2B and D). Estimated
BPA intake during gestation was 79-86 pg/kg BW and 150-195 ug/kg BW during lactation
(Fig. 2). Assessment of internal BPA, GEN and conjugate levels was conducted solely to
confirm dosing was within a human relevant range. Reported levels (Tables 3-5) are likely
only a “snapshot” and not reflective of peak or steady state levels as timing of food and
water intake were not controlled for (that would have been too disruptive). For both
compounds, their glucoronidated (glu) conjugate was quantified. For BPA, the sulfonated
forms (mono and di) were also assessed.

Free and conjugated GEN was readily detectable in the PND 2 dams fed soy diet or GIN
(Table 3), but only detectable in the GIN pups; likely reflecting poor lactational transfer
(Table 3) [67]. Dam levels in the BPA/GIN/Casein group were within the range typical for
vegetarians and other populations that regularly consume soyrich foods (wide variation
between studies but approx. 25 ng/ml) but below that seen in soy-fed infants (approx. 381—
1455 ng/mL) [14]. Dam free BPA levels on PND 2 were all below 4 ng/ml and thus in a
range that approximates the current estimated mean serum levels in humans [22,25]. As
predicted, BPA-gluc levels were highest in BPA-exposed dams. Results from the PND 21
pups and their dams (Tables 4 and 5) also confirmed human relevant exposure, with the
BPA/GIN+Casein group having higher GEN exposure than animals on the soy diet. Trace
levels of BPA-SO4 were present in all groups of dams and pups, and no BPA-(SO4) 2 was
detected in any group of dams or pups emphasizing that this is a minor metabolite.

3.5. Preweaning body weight

Body weight data were analyzed within sex (Fig. 1D and E; Fig. 4). On PND 10, two-way
ANOVA revealed a significant main effect of diet for females (F(1,31) = 17.65, P < 0.0002)
and for males (F(1,32) = 21.29, P < 0.0001), as well as a significant interaction with BPA
(females = F(1,31) = 6.976, P < 0.013); males = (F(1,31) = 5.224, P < 0.029 for males).
Pups (both sexes) born to Soy dams were significantly heavier than pups born to Casein
dams (P < 0.01). This effect of diet was lost in the BPA-exposed groups. GIN did not
recapitulate the heavier BW seen with soy diet.

BW effects were similar at PND 21 (Fig. 1E). A significant main effect of diet was found for
females (F(1,31) = 21.23, P < 0.0001) and males (F(1,31) = 21.61, P < 0.0001), as well as a
significant interaction (F(1,31) = 8.755, P < 0.006) for females and F(1,31) =5.827, P <
0.022) for males). Pups (both sexes) in the Soy group were significantly heavier than pups in
the Casein group (P < 0.01). As in the PND 10 animals, no effect of diet was detected in the
BPA-exposed groups, but BPA+Soy pups (both sexes) were significantly heavier than
BPA/GIN/Casein pups (P < 0.05).

3.6. Timing of female pubertal onset

Two-way ANOVA indicated a significant main effect of diet (F(1,157) = 49.86, P < 0.0001)
on day of VO (Fig. 3A). All soy fed groups (including the group switched to soy diet on
PND 21) had advanced VO compared to all Casein fed groups (including the group
ingesting GIN) (P < 0.0001). BW on PND 33 (Fig. 3B and Fig. 4) was also examined
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because heavier animals tend to progress through puberty earlier. Two-way ANOVA
indicated a significant main effect of diet (F(1,24) = 20.50, P < 0.0001) on PND 33 BW
with the Soy group heavier than the Casein group (P < 0.001). Similarly, the BPA +Casein
group was lighter than the BPA + Soy group (P < 0.05). BW of the BPA/Casein/SoyPND 21
group was between that of the BPA + Casein and BPA + Soy groups and greater than the
BPA/GIN + Casein group (P < 0.05). Thus soy at weaning was sufficient to significantly
advance VO and increase juvenile BW, and GIN did not recapitulate the effects of soy diet.

3.7. Postweaning BW

Trajectory of offspring BW gain across the entire study, including the postnatal period, is
depicted in Fig. 4. Impacts were sex specific. Among the females, two-way ANOVA did not
detect any main effects of diet or BPA exposure on post-weaning BW gain (Fig. 4B). Within
the BPA-exposed groups, however, the BPA/GIN/Casein group gained the least compared to
the BPA +Casein (P < 0.05), BPA + Soy (P < 0.05) and BPA/Casein/Soy PND21 (P < 0.01)
groups. By early adulthood (PND 104) BW was similar across groups and the only
statistically significant differences were between the BPA/GIN + Casein group and the other
BPA-exposed groups. Collectively these data show that female BW gain over postnatal
development and adult BW was not appreciably impacted by soy diet or BPA, but reduced
in females developmentally exposed to GIN.

Effects in males differed from effects in females (Fig. 4). A significant main effect of diet
(F(1,24) = 7.997, P < 0.009), was found by two-way ANOVA for total postnatal BW gain
(Fig. 4C) with soy-fed males significantly heavier than those on the casein diet. The Soy
group was heavier than the Casein group (P < 0.05) but no difference between the BPA +
Casein and BPA + Soy groups was detected. The BPA/GIN + Casein males gained less
weight than BPA + Soy group (P < 0.05) and the BPA/Casein/Soy PND21 group, again
revealing that GIN alone did not have the same effect as soy diet on BW. By early adulthood
(PND 104) Soy males were heavier than Casein males.

3.8. Postweaning food intake

Food intake across the postweaning period for both sexes is depicted in Fig. 5 and effects
differed by sex. At all ages examined, there was a main effect of diet with females on the
soy diet (including those switched to the soy diet on PND 21) consuming more than females
on the casein diet. This effect of diet was most pronounced in the BPA-exposed groups.
BPA-exposed females on the soy diet consumed more food than those on the casein diet
(tabulated in Fig. 5). Body size influences food intake (heavier animals eat more). Thus
daily food intake across the entire perinatal period was calculated in two ways: average food
intake, and average food intake relative to body weight (Fig. 6). For females, results were
similar. A significant main effect of average intake over the entire observation period was
observed in both analyses (F(1,28) = 10.49, P < 0.003 and (F(1, 28) = 14.29, P < 0.0008)
when normalized for BW; Fig. 5C and 6C). Post-hoc testing found that, while appreciable
when not normalized for BW (Fig. 5C), heightened intake in the Soy group compared to the
Casein group was statistically significant (P < 0.01) only when BW was accounted for (Fig.
6C). BPA had no impact on female food intake regardless of how the data were analyzed.
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In males, a significant effect of diet was also found at all ages examined, with males on the
soy diet (including those switched to the soy diet on PND 21) consuming more than males
on the casein diet (Fig. 5). At all ages, this difference was more striking in males than
females (Fig. 5B). For males, average consumption across the entire perinatal period is
depicted in Fig. 5D, with consumption relative to BW depicted in Fig. 6D. A main effect of
diet was found for average food consumption (F(1,28) = 27.97, P <0.0001) but this effect
was lost when consumption was calculated relative to BW. Within the BPA-exposed groups,
however, those on the soy diet ate more than those on the casein diet (P < 0.01 for average
consumption and P < 0.05 for consumption relative to BW), with those moved to the soy
diet on PND 21 consuming the most relative to their body weight.

3.9. Offspring testis and heart weight

Data regarding testis weight differed depending on how it was calculated (absolute or
normalized to body weight). In juveniles, absolute testis weight was greater in the animals
reared on soy but this effect was not observed when testis weight was normalized to body
weight (Fig. 7A and B). BPA abrogated this soy-related size increase. Similarly, in the
adults, there was also main effect of diet on absolute testis weight (F(1,61) = 10.41, P <
0.002) and an interaction with BPA (F(1,61) = 7.68, P < 0.007) such that the BPA + Soy
males had lighter testes than Soy males (Fig. 7C) but did not meaningfully differ from
casein-reared males. When testis weight was normalized to body weight (Fig. 7D) there was
an interaction of diet and exposure (F(1, 61) = 7.811, P < 0.007)) such that within the BPA
exposed males, those on the soy diet had lighter testes than those on the casein diet, even
those switched to soy diet at PND 21 (weaning).

Heart weight relative to body weight was not significantly impacted by diet or BPA (Table
6) in either the juveniles or the adults of either sex. GIN had no statistically significant effect
on heart weight, although juveniles of both sexes in the BPA/GIN + Casein group had the
largest hearts.

4. Discussion

Soy diet promoted enhanced food intake, weight gain and early pubertal onset (females). In
contrast, animals developmentally exposed to GIN (metabolized to GEN) were ultimately
lighter in adulthood than their same sex conspecifics, and BPA had no meaningful effect on
any outcome. Dams on soy diet gained less weight during pregnancy than dams on soy-free
diet, but as early as PND 10 their offspring (both sexes) were significantly heavier than pups
on the casein diet (Fig. 1); an effect which persisted through weaning and was more
pronounced in males. Dam ingestive behavior also differed by diet with lactating dams on
the soy diet eating more than dams on the casein diet. They did not, however, become
heavier suggesting that the soy-fed dams disproportionally shifted resources to their
offspring resulting in higher pup BW, particularly in males. This soy-related effect on BW
was accompanied by evidence of accelerated reproductive maturation including advanced
VO in females and elevated absolute testis weight in juvenile males. In adulthood, (PND
~108) elevated BW and increased food consumption were more robustly evident in males;
an outcome concordant with landmark work showing that males are more susceptible to
maternal diet-induced obesity and adult metabolic disease [9]. Collectively, these data are
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consistent with the “thrifty phenotype” concept (also known as the Barker Hypothesis)
which posits that environmental factors can induce fetal reprogramming to make offspring
more efficient at scavenging calories and nutrients but also, consequently, put them at higher
risk for adult obesity, diabetes, metabolic syndrome, and cardiovascular disease [68—70].
Soy-related effects on BW and female VO were also observable in the group reared on the
casein diet but then switched to the soy diet at weaning suggesting that peripuberty is a
“critical window” for sex specific EDC effects on growth, reproductive maturation and
metabolic reprogramming [53].

The scale of this study precluded us from examining different mixtures of soy isoflavones or
more than one dose of GIN, but prior data suggest the dose response for GEN on BW may
be nonlinear. In male C57BL/6 mice (females not tested) GEN exposure (50-200,000 pg/kg
BW/day for 15 days beginning at 5 weeks of age (~PND 28)) increased BW and elevated
renal and epididymal fat deposition at doses up to 50,000 pg/kg diet/day but the opposite
was observed at higher (pharmacological) doses [47]. Males on a 800 ppm (800 pg/kg) GEN
diet also had elevated adiposity [47]. For doses found to be adipogenic, serum free GEN
levels were <100 nM, which is consistent with the internal levels found for the dams and
pups in the present study. Increased BW accompanied by elevated blood glucose and insulin
resistance has also been reported in adult Wistar rats (placed on diet as adults) but effects
resolved once soy diet was discontinued [71]. Collectively these data suggest that, in males,
soy promotes weight gain at low doses but weight loss at high (not readily achieved by
dietary intake) doses. While adult effects are seemingly transient, the studies reported herein
provide evidence that developmental exposure (gestational through peripuberty) can produce
persistent effects.

Females appear to respond differently. Here we found soy diet elevated BW prior to
weaning, but this normalized. Females in the GIN group ultimately became lighter than their
conspecifics even though exposure stopped on PND 21, suggesting that GIN induced
developmental reprogramming which attenuated weight gain (although further work using
GIN in the absence of BPA would be needed to confirm this). Serum GEN levels in the GIN
group were in the 70 nM range. These results are consistent with reduced adiposity in
ovariectomized juvenile female C57BL/6 mice fed a diet supplemented with 500, 1000 or
1500ppm GEN for 28 days [46] and internal free GEN levels averaging 1.79, 2.55 and 3.81
UM respectively. Similarly, C57BL/6 females consuming a diet supplemented with 50—
200,000 pg/kg diet/day showed a dose dependent decrease in adiposity and body weight
which only reached statistical significance at the highest dose [47]. Ovariectomized juvenile
(PND 25-27) C57BL/6 mice injected daily for 28 days with GEN at 20 and 80 mg/kg bw
but not 8 mg/kg bw also displayed reduced adiposity [46]; results providing further evidence
that high doses of GEN are required to reduce body weight. Serum GEN levels were not
reported, but because injection bypasses first pass metabolism internal levels of free GEN
are ostensibly higher than those obtained by equivalent oral exposures.

Opposite results were reported in two studies in CD-1 mice [48,72] using different soy and
casein based chows, but with similar compositions to those used here. Because rats and mice
appear to absorb and metabolize soy isoflavones similarly [73] significant species
differences likely do not account for the discrepancy. Instead, this reversed response might
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reflect a unique response of CD-1 mice. Like Wistar rats, C57BL/6 mice are known to have
a high susceptibility to diet-induced obesity and glucose intolerance (JAX Mice Database
and [74]). CD-1 mice can phenotypically differ by source and lab; differences reflected in
their genome [75]. BPA has been shown to promote obesity and metabolic syndrome in
CD-1 mice from one lab [76,77] but a different group, using a different set of CD-1 mice,
concluded that BPA promotes growth acceleration and not obesity [76]. In isogenic a/a mice
BPA induced hyperactivity and lean body composition. The possibility that EDC effects in
rodents are likely strain and species specific should be accounted for in subsequent studies
seeking to assess the “obesogenic” properties of EDCs and other compounds.

In a prior study with a similar design, we showed that a soy-rich diet (Purina 5001)
generating approximately 20 ng/ml (74 nM) free GEN levels in the dams [50], promoted
early VO, weight gain, elevated baseline glucose levels and increased area under the curve
in the classic glucose challenge test [78]. Isoflavone levels in the custom diet for the present
study were 400 mg/kg, and produced dam serum GEN levels in the range of 2.8-31 ng/mL.
Thus exposure/intake was likely similar or somewhat lower in the present study compared to
our prior study. By contrast, GIN levels were significantly higher and had profoundly
different effects. BW gain lagged behind in this group, even long after exposure ceased.
Collectively these data suggest that dose and bioavailability are important considerations
when assessing the metabolic and growth promoting effects of soy and soy isoflavones.
Interestingly, BPA-exposed dams (on both PND 2 and PND 21) and PND 21 juveniles on
the soy diet had the lowest levels of free BPA and BPA-glu, potentially indicating that soy
alters the absorption and metabolism of BPA. This data needs to be interpreted with caution,
however, because serum levels were only assessed to confirm that exposure levels were in a
range considered human-relevant not to make inferences about pharmacokinetics. The
observation that BPA appeared to block elevated testis weight in the soy-fed juveniles and
adults supports they hypothesis that BPA activity can be modified by diet, and warrants
further study.

A caveat of this study is that BW does not necessarily reflect adiposity. We hypothesize that
the heavier animals in the present study are larger and developing at a faster rate than their
lighter conspecifics; a supposition consistent with the available literature but requiring
confirmatory studies. Litter size was smaller in the Soy and BPA/Casein groups but these
differences did not appear to meaningfully correspond to differences in BW, pubertal onset,
testis weight, or other outcomes. Litter size can impact growth/puberty because of maternal
over/underfeeding but litter sizes were within the range considered typical for this species
and not small enough to promote overfeeding [16]. A final potential caveat is that trace
levels of free BPA and GEN were detected in unexposed dams. But this is not inconsistent
with prior, similar studies because contamination (either from trace levels in the diet ortrace
levels introduced in the post-collection process) has proved difficult to overcome when
assessing unconjugated serum levels in a variety of species, including humans [25,47,65].
For example, unintended exposure of unexposed controls and low dose BPA groups
occurred in an FDA study where rats were housed in the same room with animals being
given much higher doses [79]. For the present study, extensive precautions were taken to
minimize risk of contamination. Only one BPA dose was used, the water bottles were
prepared in a different building, and animals on different diets were housed in different
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rooms. Conjugate levels are likely more reflective of exposure levels and were markedly
higher in the exposed groups, particularly on PND 21.

5. Conclusions

It has been hypothesized that developmental EDC exposure can accelerate puberty, promote
weight gain and be “obesogenic.” Rat dams on a soy-rich diet gained less weight during
pregnancy but their pups ultimately displayed more rapid weight gain than conspecifics
reared on a soy-free diet, suggesting that soy-fed dams disproportionally shifted resources to
their offspring resulting in higher pup BW, particularly in males. BPA exposure neither
modified this effect nor had an independent effect on any assessed endpoints. The only
evidence for an interaction between BPA and soy was on testis weight, but those effects
were modest and further work is needed to better characterize this potential effect. By early
adulthood, BW normalized in females but remained elevated in males revealing that long
term BW effects are sex specific and may signify a “thrifty phenotype” in the males. These
data highlight that not all EDCs are anthropogenic and that hormonally active diets, such as
soy-rich diets, can also be endocrine disrupting. The long term health consequences of
developmental EDC exposure remain controversial but of critical interest, as are the
mechanisms by which they occur and their relative contributions to the obesity epidemic and
accelerated female puberty [11,80].
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Fig. 1.

Dam and pup body weight through weaning. (A) A main effect of diet was found for dam
BWonGDs 5,12 and 19 with dams on the soy diet weighing less than dams on the casein diet
regardless of BPA exposure (groupings indicated by parentheses). GIN had no impact on
dam weight. Dams on the soy diet gained less weight over the course of gestation (B) and,
consequently, lost less weight during lactation (C). BW was equivalent in all groups by PND
21. Conversely, pups (both sexes) born to dams on the soy diet weighted more than casein-
reared conspecifics on PND 10 (D) and 21 (E). This enhancement of pup weight by soy diet
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was not observed in the pups born to mothers consuming GIN. *P < 0.05; Graphs depict
means + SD. Sample size is the litter.
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Dam food and water intake through weaning. (A) Soy fed animals ate less during gestation
than casein fed conspecifics and there was a significant interaction with BPA exposure.
Among the BPA-exposed dams, gestational food intake was lower in the females consuming
soy or GIN. Similarly a main effect of diet was found for lactational ingestive behavior. Soy,
but not GIN, fed dams consumed more than casein fed conspecifics. Water intake did not
vary between groups in either gestation (C) or lactation (D). BPA intake estimated from
water intake rates is depicted below panels (C) and (D) with values for the soy-reared
animals shaded gray. Graphs depict means + SD. Sample size is the litter.
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Fig. 3.

Fegmale pubertal onset and weight. A main effect of diet was found forage at VO (A) and
PND 33 BW (B). Age at VO was advanced in the soy-fed females, compared to the casein-
fed females, even those switched to the soy diet on PND 21. Soy-fed females were also
heavier than casein-fed conspecifics suggesting greater BW may have contributed to
accelerated VO. Those beginning the diet on PND 21, however, were not as heavy as those
who were reared on the soy diet. Graphs depict means£SD. Sample size is the litter(pups
pergroup ranged from 25-51).
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Post-weaning weight gain. No main effect of diet or BPA exposure was found for female
BW at any age examined (A) or overall (B). Soy-reared females were heavier than casein-

reared females (comparisons indicated by * in the table) through PND 33. Among the

groups developmentally exposed to BPA, those co-exposed to casein were significantly
lighter beginning on PND 55 (depicted in the table) which translated to lower overall BW
gain between weaning and early adulthood. Females on the GIN diet were lighter than BPA-
exposed conspecifics (comparisons indicated by & in the table). Weight gain in males is
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depicted in (C). A main effect of diet was found for overall weight gain (D) with soy reared
animals heavier than casein reared males. Weight gain was less pronounced in males
switched to soy diet at PND 21. In contrast to females, GIN had no effect on male weight
gain compared to conspecifics also reared on BPA and casein diet. Graphs depict means +
SD. Sample size is the litter. Symbols represent comparisons to *Casein; #BPA +Casein;
&BPA/GIN/Casein, $Soy. Number of symbols depicts level of statistical significance (ex:
*P < 0.05; **P <0.01, ***P < 0.001).
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Fig. 5.

Postnatal food intake. A main effect of diet was found for mean daily food intake at all ages
examined in females (A) and males (B) with the soy reared animals consuming more than
casein reared animals. Within BPA-exposed females, those on the soy diet consumed more
than those on the casein diet (comparisons indicated by # in the table). GIN-exposed females
ate less than conspecifics also raised on BPA and casein (comparisons indicated by & in the
table). Similar eating patterns were observed in males. Average consumption levels over the
entire sampling period were also higher in females (C) and males (D) reared on soy. Group
differences are depicted. Graphs depict means = SD. Sample size is the litter. Symbols
represent comparisons to *Casein; #BPA +Casein; &BPA/GIN/Casein, $Soy. Number of
symbols depicts level of statistical significance (ex: *P < 0.05; **P < 0.01, ***P < 0.001).
Consumption normalized for BW produced similar results and are depicted in Fig. 6.
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Fig. 6.

Pc?stnatal food intake relative to body weight. A main effect of diet was found for mean
daily food intake at all ages examined in females (A) but not males (B) with the soy reared
animals consuming more than casein reared animals. Group differences over the age ranges
sampled are depicted in the table. Average consumption levels over the entire sampling
period were also higher in females (C) but not males (D) reared on soy. Within BPA-
exposed males, those on the soy diet consumed more than those on the casein diet. Graphs
depict means £ SD. Sample size is the litter. Symbols represent comparisons to *Casein;
#BPA + Casein; &BPA/GIN/Casein, $Soy. Number of symbols depicts level of statistical
significance (ex: *P < 0.05; **P < 0.01, ***P < 0.001).
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Fig. 7.

Ju?/enile and adult absolute and relative testis weight. A main effect of diet was found for
juvenile testis weight (A) but not relative testis weight (B) with soy increasing absolute
testis weight and BPA abrogating this effect. Similarly a main effect of diet was also
observed for adult testis weight (C) with absolute testis weights higher in the soy groups.
This effect was opposite, however, when testis weight was normalized to BW (D) and BPA
enhanced this effect in some groups. Graphs depict means + SD; *Compared to Casein.
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Litter size and sex ratio.

Table 2

Exposure group Dams (n)  Litter size

Sex ratio (F:M)

Casein 9 15.14 £ 0.90
Soy 9 13.33+1.947
BPA + Casein 16 12.67 +2.35"
BPA + Soy 9 14.44 +1.88
BPA/GIN +Casein 4 1450+ 1.29

1.03+0.61
0.75+0.25

1.27+0.78

1.13+0.46
1.08 +0.44

*

P < 0.05 compared with the Casein group.
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Relative heart weight in the offspring.

Table 6

Juvenile heart (mg/g BW)

Adult heart (mg/g BW)

Exposure groups Female Male Female Male

Casein 599+0.40 5.84 +0.54 3.22+0.46 3.03+0.35
Soy 592+0.86 563+0.54 337+039 3.18+0.37
BPA + Casein 6.01 +0.54 5.75+1.04 3.19+0.36 3.26+0.32
BPA + Soy 566+0.66 581+0.64 3.00+£053 3.18+0.28
BPA/GIN + Casein 6.67+153 6.19+0.75 3.17+040 3.20%0.53
BPA/casein/Soy PND21 5.84+0.75 5.97+059 3.07+040 3.23+0.36

Table depicts means + SD.
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