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BACKGROUND: Continued efforts to phase out bisphenol A (BPA) from consumer products have been met with the challenges of finding safer alternatives.

OBJECTIVES: This study aimed to determine whether early-life exposure to BPA and its related analogues, bisphenol AF (BPAF) and bisphenol S
(BPS), could affect female pubertal mammary gland development and long-term mammary health in mice.

METHODS: Timed pregnant CD-1 mice were exposed to vehicle, BPA (0.5, 5, 50 mg/kg), BPAF (0.05, 0.5, 5 mg/kg), or BPS (0.05, 0.5, 5 mg/kg)
via oral gavage between gestation days 10-17. Mammary glands were collected from resulting female offspring at postnatal day (PND) 20, 28, 35,
and 56, and at 3, 8, and 14 months for whole mount, histopathological evaluation, and quantitative real-time polymerase chain reaction (QPCR); serum
steroid concentrations were also measured at these time points.

RESULTS: In the bisphenol-exposed mice, accelerated mammary gland development was evident during early puberty and persisted into adulthood.
By late adulthood, mammary glands from bisphenol-exposed female offspring exhibited adverse morphology in comparison with controls; most prom-
inent were undifferentiated duct ends, significantly more lobuloalveolar hyperplasia and perivascular inflammation, and various tumors, including
adenocarcinomas. Effects were especially prominent in the BPAF 5 mg/kg and BPS 0.5 mg/kg groups. Serum steroid concentrations and mammary
mRNA levels of Esrl, Pgr, Ar, and Gperl were similar to controls.

CONCLUSIONS: These data demonstrate that prenatal exposure of mice to BPAF or BPS induced precocious development of the mammary gland, and
that siblings were significantly more susceptible to spontaneous preneoplastic epithelial lesions and inflammation, with an incidence greater than that

observed in vehicle- and BPA-exposed animals. https://doi.org/10.1289/EHP3189

Introduction

The mammary gland is an essential tissue that is required for lacta-
tion and infant nourishment. Like other female reproductive tissues,
many hormones and growth factors influence mammary tissue, with
the primary drivers depending on the stage of development. Steroid
hormones regulate ductal growth, elongation, branching, and differ-
entiation, and exposure to environmental chemicals that mimic or
interfere with the action of endogenous hormones can alter normal
mammary development (Rudel et al. 2011). The earliest stages of
mammary development, during fetal mammary bud formation in
late gestation and the primary stages of ductal branching that occur
just prior to and after birth, have been reported as susceptible time
points for the effects of endocrine-disrupting chemicals (EDCs)
(Enoch et al. 2007; Macon et al. 2011; Padilla-Banks et al. 2006;
Tucker et al. 2015). Studies of prenatal and perinatal exposure to
human relevant doses of bisphenol A (BPA) in rodents have
reported increased epithelial tissue growth, decreased apoptosis,
decreased latency, and increased incidence of preneoplastic and
neoplastic lesions in the mammary gland (Acevedo et al. 2013;
Durando et al. 2007; Markey et al. 2001; Mufioz-de-Toro et al.
2005). Several rodent studies have also linked BPA exposure at
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human-relevant doses to neurobehavioral deficits (Dessi-Fulgheri
et al. 2002; Palanza et al. 2008; Ryan and Vandenbergh 2006),
reproductive alterations (Markey et al. 2005; Timms et al. 2005),
and hepatic tumors (Weinhouse et al. 2014).

BPA is a chemical commonly used in the manufacturing of
plasticizers, epoxy resins, thermal paper, dental sealants, and lin-
ings of canned foods. The fourth National Report on Human
Exposure to Environmental Chemicals (CDC 2017) suggested that
the highest human urinary geometric mean for total BPA in all age
groups occurred in the United States between 2003 and 2004, a
time when BPA was detected in urine samples of >90% of the gen-
eral population (Calafat et al. 2008; Ye et al. 2015). BPA has also
been recovered in human maternal serum (Schonfelder et al.
2002), maternal urine (Gerona et al. 2016), amniotic fluid (Pinney
et al. 2017), and fetal cord blood (Schonfelder et al. 2002; Todaka
and Mori 2002), suggesting that BPA readily crosses the placenta
to the unborn child. Distribution into milk in humans (Mendonca
et al. 2014; Sun et al. 2004) and rodents (Doerge et al. 2010;
Okabayashi and Watanabe 2010) has also been reported. Exposure
to BPA during the fetal or perinatal period is of concern, based on
many reports demonstrating BPA’s estrogenic and endocrine-
disrupting properties in both the toxicology and epidemiological
literature (reviewed in Gore et al. 2015). There remains some con-
troversy surrounding BPA’s impact on human health; as human
exposures are low when measured in urine, these chemicals are
thought to be quickly cleared, and biological activity of BPA
metabolites in humans is poorly understood (Vandenberg et al.
2013). However, numerous epidemiological studies report a range
of health effects associated with BPA exposure, such as increased
effects related to metabolic disease, neurobehavior, growth and de-
velopment, and reproductive tissue anomalies or dysfunction
(reviewed in Rochester et al. 2013 and Gore et al. 2015).

In 2010, the World Health Organization (WHO 2010) esti-
mated that breastfed infants between the ages of 0—6 months were
exposed to 0.3 pg/kg body weight (BW) BPA daily, and BPA lev-
els in infants fed formula from polycarbonate bottles were
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estimated at eight times breast-fed concentrations, and those given
canned formula in polycarbonate-free bottles were exposed to
0.5 pg/kg BW (WHO 2010). This finding suggested that most of
the exposure that infants acquired was through plastic bottles.
Petitioning from baby bottle manufacturers prompted the FDA to
ban the use of BPA in baby bottles and sippy cups in 2012 and
phase out use in infant formula packaging in 2013 (U.S. FDA
2014). However, infants and children were also exposed through
additional routes, including gestational and lactational transfer, in-
halation and ingestion of contaminated dust, and oral exposures
through food and beverage containers/films (Liao and Kannan
2013; Liao et al. 2012b; Mendonca et al. 2014). The combination
of FDA’s BPA use restrictions and voluntary recalls by some man-
ufacturers have led to the integration of other bisphenol analogues
that demonstrate similarity in structure and activity to BPA (Pelch
et al. 2017) into paper- and food-containing products, dental seal-
ants, or food-processing equipment.

The fluorinated bisphenol analogue, Bisphenol AF (BPAF), was
nominated for health effects assessment by the National Toxicology
Program (NTP) in 2008 because estrogenic activity assays reported
that BPAF (53.4 nM) is an agonist and binds to estrogen receptor
alpha (ERa) with ~ 20x greater affinity than BPA (1030 nM), and
BPAF is a full antagonist for ERP (Kitamura et al. 2005;
Matsushima et al. 2010). Production of BPAF is 10,000-500,000
pounds per year and considered to be moderate (NTP 2008); but
BPAF has been detected in contaminated air, soil, water, and sedi-
ment downstream of factories involved in fluoroelastomer production
(Song et al. 2012; Wang et al. 2015). Female workers in the molding
and casting machine operations industry are exposed to BPAF
(NIOSH 1990), and BPAF was detected in the urine of a Chinese
population downstream from a manufacturing plant (Yang et al.
2014). The general population may be exposed to BPAF through
products used for dental sealants and composites, as well as food con-
tainers and films (Hashimoto et al. 2001; Liao and Kannan 2013).

Bisphenol S (BPS), a common sulfated BPA analogue, has
been measured in thermal receipt papers, currency bills, and
canned foods, and it is also used as a modifier for leather fiber, for
polymers, and as an epoxy curing agent (Liao and Kannan 2013;
Liao et al. 2012c¢). Similar to BPA, BPS was detected in 100% of
indoor dust samples from the United States, China, Japan, and
Korea, indicating that oral ingestion, dermal exposure, and inhala-
tion are all potential routes of exposure (Liao et al. 2012b). Human
exposure to BPS has been confirmed by urinary measurements in
the United States and seven Asian countries, with the highest con-
centrations found in Japan, followed by the United States (Liao
et al. 2012a, 2012c). In a study of cashiers, an occupation that
requires extensively handling receipt paper, urine BPS concentra-
tions were significantly increased in post-shift measurements in
comparison with pre-shift measurements (Thayer et al. 2016).

Recent data from the Center for Disease Control (with human
samples collected in 2013-2014; see CDC 2017, Volume 1, pp.
42-43) has shown an overall decline in the creatinine-adjusted uri-
nary BPA geometric mean concentration in both sexes, and all eth-
nicities and age groups, between 2003 and 2014 (CDC 2017).
Similarly, urinary measurements from convenience sampling of
the U.S. general population between 2000 and 2014 showed a
decline in the percent detection and geometric mean urinary BPA
concentration, but the percentage of samples with detectable BPS,
and the average concentrations measured, steadily increased, sug-
gesting a change in exposure trends for BPS and BPA (Ye et al.
2015). Although BPAF was below the limit of detection (<LOD)
in most urine samples tested (detected in <3%; Ye et al. 2015),
BPAF has been extracted from mammary and abdominal tissue,
indicating that it may partition to adipose-rich tissues, including
the mammary gland because of its fluorine moiety (Fernandez et al.
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2004). This finding may also suggest that urine is not the most
accurate matrix for assessing BPAF exposure. To date, no study
has evaluated BPAF effects on the developing mammary gland,
nor any latent health repercussions that may be associated with
early-life exposure. BPS, however, has recently been reported to
alter the lactating mammary gland (LaPlante et al. 2017) and mam-
mary gland development of pups following perinatal exposure in
CD-1 mice (Kolla et al. 2018). The long-term mammary gland
effects of prenatal exposure to BPS are uncharacterized.

The aim of this study was to determine whether fetal expo-
sures to BPAF or BPS at relatively low concentrations can alter
postnatal and adult mammary gland development of mice in a
similar fashion to BPA. Pregnant mice were orally exposed to ve-
hicle, BPA, BPS, and BPAF during the period of fetal mammary
gland development, and their female offspring were evaluated
until they were 14 months old for effects on puberty and mam-
mary gland lesion development.

Methods

Chemicals and Dosing Solutions

All chemicals, except Bisphenol AF (3B Pharmachem International
Co. Ltd.), were obtained from Sigma Aldrich. The purity of these
test chemicals was measured by the NTP chemistry contract and
was found to be >97.5% (BPS), 98% (BPAF), and >99.0% (BPA)
pure. All chemicals arrived in powdered form and were placed in a
DryKeeper (Sanplatec Corp.) at 25% humidity. Dosing solutions
were prepared daily by dissolving in pure sesame oil (Jedwards
International, Inc.,) and stored in clear glass vials with screw-on
caps to prevent exogenous bisphenol contamination.

Animals

Outbred timed pregnant CD-1 mice were purchased from Charles
River Laboratories, with breeding having occurred in the eve-
ning. Females observed to have a copulatory plug the following
morning were considered to be at gestation day (GD) 0.5 (GD 0).
Animals were received on GD 8.5 and acclimated 2 d prior to
dosing. Throughout the studies, animals were maintained at a
controlled temperature of 20°-24°C with 40-60% relative humid-
ity and a 12:12 light:dark cycle. Upon arrival, animals were
weighed and placed into polypropylene cages containing labora-
tory bedding (Sani-Chip Hardwood Bedding, PJ Murphy Forest
Products, Inc.) that had been tested and was free of estrogen-like
activity (Thigpen et al. 2013). Animals were randomly allocated
to treatment groups; similar initial BW means in each group were
maintained. Exogenous dietary estrogens were minimized by pro-
viding ad libitum access to AIN-93G (Harlan Laboratories) feed
and RO/DI water, in bottles known to contain no estrogenic ac-
tivity (Thigpen et al. 2013). All animals were treated humanely
and in accordance with the approved protocols of the National
Institute of Environmental Health Sciences Animal Care and
Use Committee specific to this study.

Dosing of dams was based on daily BW. All chemicals were ga-
vage administered to the animals by a trained technician. The tech-
nician was blinded to chemical/dose (color coded) and dams
received chemical exposure by concealed allocation. Female off-
spring were followed for up to 16 mo. Any dam that produced litters
with only males (1 control and 0.05 BPAF), or dams unable to care
for her litter were excluded from all final analyses (one control).

Experimental Design

These studies were designed to provide 90% power to detect
changes in pubertal indices, such as BW, vaginal opening ( ~ 3-day
difference), mammary development/score changes (~ 0.5 points),
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and 2-fold changes in gene expression in female pups. Disposition
studies in the pregnant CD-1 dam revealed that the bisphenol serum
half-lives ranged from 4.5 to 7.0 h, so to ensure that chemical steady
state was reached and maintained; animals were dosed between 0700
and 0800 and then again about 7 h later, at the doses stated. Beginning
on GD 10.5, just prior to formation of the rudimental mammary epi-
thelial bud, timed pregnant dams were gavaged twice daily (BID)
with BPA 50 (n=11),5 (n=12), or 0.5 mg/kg BW (n=13); BPAF
5 (n=11), 0.5 (n=11), or 0.05 mg/kg BW (n=10); BPS 5
(n=12),0.5(n=11)0r0.05 mg/kg BW (n = 12); or vehicle control
(pure sesame oil, n=12), in dose volumes of 10 pl/g BW. Dosing
was completed on GD 17.5 because, in our experience (Hines et al.
2009; White et al. 2011; Tucker et al. 2015), this strain normally gives
birth between GD 18.5 and GD 19. The vehicle control group served
as the common control group for all three compounds, and all groups
were represented concomitantly. Nontreatment related experimental
conditions were identical across all study groups. The BPA dose
range was based on a low observed adverse effect level (LOAEL) of
50 mg BPA /kg, a no observed adverse effect level (NOAEL) of
5 mg/kg for BPA, and the reference dose currently set by the U.S.
EPA, which is 0.05 mg BPA /kg/d (U.S. EPA 2010; WHO 2009).

Exposure to BPA at concentrations lower than the reference
dose set by the U.S. EPA has resulted in abnormal mammary gland
development during critical periods of development in several
rodent models (Durando et al. 2007; Moral et al. 2008; Vandenberg
etal. 2008); however, there was no data to suggest an effective dose
range for either BPAF or BPS. Therefore, the BPS and BPAF dose
range that included the BPA reference dose concentration
(50 pg/kg; 0.05 mg/kg BPAF and BPS) was chosen to estimate
the low-level response in the mammary gland, and the upper end of
treatment considered several studies that suggested estrogenic
potential of these two analogues at doses lower than that of BPA
(Matsushima et al. 2010). These doses, ending at a level 10 times
less than the highest BPA dose, were also chosen because we antici-
pate that potential exposure to these chemicals in humans may be
lower than BPA exposure. A summary of the experimental design
isshownin Figure 1.

Parturition occurred on the eve of GD 18.5, and the next day
was considered PND 1. Litters were culled to 10 pups at PND 3;
a minimum of 5 females were retained to ensure that there were a
sufficient number for analyses. In cases where there were >10
females in a litter, no males were retained. Female offspring were
assessed for pubertal maturation as detailed below and were
weaned at PND 21. Randomly chosen females at PND 20, 28, 35,
and 56 (1 per litter) and 3, 8, and 14 months (mostly 1, but some-
times 2 per litter) were weighed and euthanized by swift decapi-
tation to obtain trunk blood for serum analysis and mammary
glands for RNA, whole mount, and/or histopathological analysis.
Between 11 and 13 months, unscheduled necropsies were per-
formed because animals became moribund, the results of which

Parturition 3 mo.

triggered a necropsy of remaining animals at 14 months. Females
were euthanized approximately 1-2 h following a confirmed
estrus (for time points prior to 14 months) or diestrus smear (at
14-16 months; necropsied >14 months when exhibiting abnor-
mal cycles), and within 4 h of lights on, to minimize effects of
hormonal fluctuation. Necropsy usually occurred between 0900
and 1100. Data from mice necropsied at 3, 8, and 14 months
were reported herein, but accounting of all animals was made in
Table S1.

Mammary Gland Preparation and Analysis

The fourth and fifth inguinal mammary glands were removed and
processed for whole mounts, and contralateral glands were fixed
in 10% neutral buffered formalin (Fisher Scientific) for histopa-
thology. Fixed glands were embedded in paraffin and cut into
5-pum sections for hematoxylin and eosin (H&E) staining or
immunohistochemistry. Whole mounts were prepared by flatten-
ing glands on a charged slide for 1 h, followed by fixation in
Carnoy’s solution overnight, rinsing in 70% ethanol and transi-
tioning to water, staining with carmine alum (2 g/L carmine and
5 g/L aluminum potassium sulfate) overnight, rinsing in water,
then increasing gradually to 100% ethanol, and finally defatting
in xylene until visibly clear (Davis and Fenton 2013, Appendix).
Qualitative and quantitative assessments were performed at PND
20 and 35, hallmark timepoints associated with weaning and pu-
berty. Developmental scores were assigned separately by two
individuals, using a scale from 1-4 (1 =poor development and
4 =best development) (Hilakivi-Clarke et al. 1997). Depending
on age and level of development, scores were based on lateral
and longitudinal epithelial growth, presence or absence of termi-
nal end buds (TEBs), branching density, budding, and appearance
of ductal ends. In whole mounts, TEBs were defined as ends that
were >2x the diameter of its duct (Macon et al. 2011). Because
the samples were compared with vehicle controls, the assessors
were un-blinded to the vehicle control group, initially, and then
they evaluated all glands within an age group blinded to treat-
ment group.

Longitudinal growth, mammary epithelial area (MEA), duct
length, and TEB count (Macon et al. 2011) were quantitatively
measured using ImageJ (https://imagej.nih.gov/ij/). Glands were
also quantitatively assessed for branching density using ImageJ
and the modified Sholl analysis method (Stanko et al. 2015). A
detailed visual description of this method is illustrated by Stanko
and Fenton (Stanko and Fenton 2017). Briefly, images of glandu-
lar epithelium are skeletonized, binarized, dilated, and used to
measure the MEA and longitudinal distance, defined as the most
anterior position of the collecting duct to the most distal branch
on the gland, using ImageJ. The total number of radial intersec-
tions (N) in the MEA was determined by Sholl analysis. The

GDO 14 mo.
GD 10-17 I PND 20, 28, 35 and 56 I | |
1 1 1 1 1 1 1 1 1 1 1 1
I_m | 1 1 1 1 | 1 1 1 | T T T T T |
Dosing Procedures
BPA 0.5, 5, or 50 mg/kg/BID Body Weight Procedurfas
BPAF 0.05, 0.5 or 5 mg/kg/BID Vaginal Opening Body Weight

First Estrus

Cyclity

Mammary Gland Whole Mount
Serum Hormone Analysis

BPS 0.05, 0.5 or 5 mg/kg/BID
Vehicle 0 (Sesame Oil)

Mammary Gland Whole Mount Analysis
Mammary Histology

Mammary mRNA

Serum Hormone Analysis

Figure 1. Study design summary. Time-pregnant mice were gavage dosed from gestation day (GD) 10.5 until 17.5, twice daily (BID), with bisphenol A (BPA)
50 (n=11), 5 (n=12), or 0.5 (n=13) mg/kg body weight (BW); bisphenol AF (BPAF) 5 (n=11, 0.5 (n=11), or 0.05 (n=10) mg/kg BW; bisphenol S
(BPS) 5 (n=12), 0.5 (n=11), or 0.05 (n=12) mg/kg BW; or vehicle control (pure sesame oil, n=12). Procedures were performed on various postnatal days
(PND), including 3, 8, and 14 months.
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branching density of the gland was then calculated using the for-
mula N/MEA. All quantitative measurements were performed on
the fourth inguinal gland.

Numerous undifferentiated terminal ends, presumed to be TEBs,
were noted upon examining whole mounts at 3 months, which is un-
usual for this age of CD-1 mice (S. Fenton, oral communication,
June 2016). Therefore, all whole mounted glands were visualized by
light microscopy (Leica Z16 APO, Leica Microsystems), terminal
epithelial duct ends were measured and if greater than 2 times the di-
ameter of the duct, they were recorded as a TEB. Whole mounts
from 8- and 14-month-old mice were also examined for abnormal-
ities (potential lesions) using light microscopy as described above.
Unusual development was recorded. It should be noted that the
Sholl method and certain quantitative measurements were unable to
be performed on glands of animals >3 months old because of exten-
sive growth and tissue density.

Contralateral fixed glands from mice of 3, 8, and 14 months
old were embedded in paraffin, cut into 5-um sections, stained
with H&E, visualized on an Olympus BX41 (Olympus Scientific
Solutions Americas Corp.) and digitally captured on an Olympus
DP70 camera. A board-certified veterinary pathologist (S.H.B.)
evaluated all histopathology samples and was blind to treatment.

Neoplastic and nonneoplastic mammary lesions were diagnosed
using standardized nomenclature proposed by the International
Harmonization of Nomenclature and Diagnostic Criteria for Lesions
in Rats and Mice INHAND) (Rudmann et al. 2012). On occasions
where a definitive diagnosis could not be made, a pathology peer
review group was convened to resolve the diagnosis. Microscopic
lesions were graded using a standard four-point scale of minimal,
mild, moderate, and marked severity grade criteria (Rudmann et al.
2012), representing the extent of involvement and size within the
tissue.

Subsequent to evaluation and image capture of whole mounts
from 3-, 8-, and 14-month time points, it was noted that the whole
mounts contained gross abnormalities that were often not noted in
the single section from the contralateral gland. Therefore, all mam-
mary gland whole mounts from these ages were sectioned to observe
the cellular environment surrounding the abnormal lesion. A
detailed description and a visual tutorial of this method have recently
been published (Tucker et al. 2016, 2017). Briefly, mammary whole
mounts were immersed in xylene overnight to remove excess
Permount (Fisher Scientific) and allow for ease of removing tissue
from the slide. Glands were halved at the midline, placed in cas-
settes, and processed in a succession of xylene and xylene:molten
paraffin steps before final embedding. Glands were sectioned at
4 pm, stained with H&E and evaluated using the same criteria as the
contralateral glands, by the same pathologist. The sectioned whole
mount samples from 3-month-old mice were also evaluated for pres-
ence of retained TEB or intraductal hyperplasia, as stated above for
formalin-fixed, contralateral glands in those same animals.

Detection and Monitoring of Puberty and Estrous Cycle

Beginning on PND 16, all female offspring were checked daily for
vaginal opening (VO) by trained observers, using the methods
described in Goldman et al. (Goldman et al. 2007). Upon vaginal
opening, lavage was conducted, using 1X PBS, pH 7.4 (Gibco), to
determine the timing of first estrus and their estrous stage at VO.
Morning lavage was continued and read daily until each animal
exhibited estrus. Beginning when all animals had achieved VO and
for the next 4 wk, soiled bedding from age-matched male control
mice was collected into a homogenous mix and dispersed into all
female cages weekly to circulate male urinary proteins known to
promote cyclity. From PND 63 until PND 84, the same groups of
females were reassessed for estrous cyclity by examining cytology
using the above referenced methods (Goldman et al. 2007).
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Hormone Analysis

Briefly, following trunk blood collection in a BD Vacutainer SST
Plus tube (BD Bioscience), the blood was inverted and stored at
room temperature for 30 min. Samples were centrifuged at
1,100 g for 15 min, and serum was collected in a fresh tube and
stored at —80°C until processing.

Serum preparation and analysis were performed per the man-
ufacturer’s protocols. Samples were run on a multiplex Steroid
Hormone Panel Kit from Meso Scale Discovery (MSD) to deter-
mine estradiol, progesterone, testosterone, and dehydroepiandros-
terone (DHEA) concentrations. Samples and standards were
added to 96-well plates precoated with antibody and incubated
for 2 h at room temperature. A SULFOTAG label tracer was
added to each well, which generates a signal to determine the
analyte concentration. The plates were washed three times with
1X PBS-T and after final wash, 150 pL of a 1X Read-Buffer
added to each well, and plates were immediately imaged on a
Sector Imager 2,400 System (Meso Scale Discovery). All sam-
ples (50 puL) were run in duplicate, on the same day. Standards
for all hormones were supplied in the MSD reagent kit (lowest
standards were 0.005, 0.07, and 2.7 ng/ml for estradiol, proges-
terone, and DHEA, respectively), except for testosterone (range
0.02ng/ml-16 ng/ml), which was purchased from Steraloids,
Inc. The coefficient of variation varied from 2% (E2) to 11% (T)
for the four assay endpoints.

RNA Preparation

RNA was extracted from frozen mammary tissue by homogeniz-
ing the gland with Trizol using Lysing D Matrix tubes (MP
Biomedicals). Samples were homogenized in a MP Biomedical
Fast Prep-24 SG at 6.0 m/sec for 40-s intervals. Samples were
homogenized a total of 2-3 times and placed on ice between each
interval. Samples were transferred to a clean tube and centrifuged
to remove debris and the lipid layer. RNA was isolated following
the manufacturer’s protocol. Samples underwent on-column DNAse
I digestion using the RNA Mini Kit (Qiagen). RNA quantity and in-
tegrity were measured on a Nano Drop 2000c (ThermoScientific)
and Agilent Bioanalyzer. Samples with RNA integrity numbers
>7.9 were used for PCR. One microgram of RNA was reverse tran-
scribed with the High Capacity cDNA Synthesis Kit (Applied
Biosystems) using the MyCycler (BioRad Thermocycler, Hercules).
Complimentary DNA was amplified with Tagman Universal PCR
Master mix, No AmpErase UNG, with the following Tagman pri-
mers (Roche): Esrl (Mm00433149_m1), Pgr (Mm00435628_m1),
Ar (Mm00442688_m1), Gperl (Mm02620446_s1). Amplification
was performed on a QuantStudio 7 Flex PCR (Applied Biosystems)
and analyzed using QuantStudio Real-Time PCR Software and
Microsoft Excel™ 2010 (Microsoft Office Suite). Mean Ct values
>35 or with a standard deviation of >0.5 between duplicates were
not included in the final analyses. Cdknal was used as the house-
keeping gene for all samples. All analyses were performed using
the 27**™ method and are illustrated as the fold change relative to
vehicle control.

Statistical Analysis

Unless noted, all data are represented as mean + SEM. The dam
was considered the unit of measurement. In nearly all cases, one
pup per dam was sampled at any given time point. When multiple
pups per dam were evaluated in the same analysis of quantitative
endpoints, such as timing of VO and first estrus, mixed effects
analysis of variance (ANOVA) with Dunnett’s test was used to
account for potential litter effects. TEB (or retained undifferenti-
ated ends) occurrence was statistically evaluated using one-sided
Cochran-Armitage trend tests. ANOVA with Dunnett’s multiple
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comparisons test was applied to quantitative endpoints for
which one pup per litter was assessed. The Mann-Whitney test
was used to compare chemical dose group to control for Sholl
analysis and mammary gland quantitative measurements. One-
sided Jonckheere’s test (SAS/STAT® 9.2 User’s Guide) was
performed to determine dose-related trends. Hormone measure-
ments were log transformed prior to statistical analyses to
improve normality. Mean severity scores were calculated for 3-,
8-, and 14-month lesions whenever applicable, and one-sided
Fisher’s exact tests were performed to compare lesion inciden-
ces in each dose group with the vehicle control group. Cochran-
Armitage tests (SAS/STAT® 9.2 User’s Guide) were used to
analyze for trends across dose groups. All analyses were per-
formed using SAS 9.3 by G.E.K. All Graphs and tables were
generated using Microsoft Excel™ and GraphPad Prism, and
statistical significances were denoted at p <0.05.

Results

Female Offspring BW

Body weight was assessed in vehicle, BPA, BPAF, or BPS prena-
tally exposed female offspring necropsied on PND 20, 28, 35, and
56 and at 3, 8, and 14 months (Figure S1). Few differences among
doses within a treatment group were observed; at PND 35, the
BPAF 0.5 mg/kg group was significantly smaller in comparison
with controls and transitioned back to control-comparable weight
by PND 56. Necropsied females at PND 56 in the 5 mg BPS/kg
BW dose group were approximately 6 grams smaller than controls
(17%; p < 0.05). At 3, 8, and 14 months, no significant differences
were observed between any exposure group and the vehicle control

group.

A

Pubertal Assessment

Females were assessed for timing of pubertal development,
including age at VO and first estrus, and mammary development.
The average age of VO was between 25 and 27 d old in all treat-
ment groups, with no significant differences observed among the
groups (Figure 2A). Similarly, time to first estrus in BPA-,
BPAF-, or BPS-exposed groups did not differ significantly from
that of the vehicle control group and occurred at a mean age of
27-28 d old (Figure 2B). Estrous cyclity was monitored for three
consecutive weeks between PND 63-83. The number of normal
estrous cycles (3—4 d) for each exposed group and the vehicle
controls were not significantly different (Table S2).

Pubertal Mammary Gland Development

Even though there was no effect on VO or estrous cyclicity, prena-
tal exposure to BPA, BPAF, or BPS significantly influenced devel-
opment of the mammary gland in female offspring evaluated on
PND 20 using quantitative criteria (Figure 3). Specifically, mam-
mary glands from females in the BPAF groups exhibited greater
longitudinal growth (Figure 3A) and branching density (and sum
of intersections; Figure 3B and 3C), higher TEB counts, and more
TEB/mm? (Figure 3D and 3F). Trend tests revealed a significant
relationship between increasing concentration of BPAF and effects
on sum of intersections, and treatment with both BPAF and BPS
resulted in a significantly higher TEB:Length and TEB Count, in a
dose-related manner (Figure 3B, D and F). Control glands aver-
aged ~2 TEB/gland on PND 20, whereas animals in the BPA
5 mg/kg, BPAF 0.05 and 5 mg/kg, and BPS 5 mg/kg groups
averaged close to 10 TEB/gland (Figure 3F). Significant differen-
ces in mammary epithelial branching density were also measured
between control vs. exposed groups (BPA 0.5 mg/kg, BPAF
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Figure 2. Pubertal assessment in CD-1 female offspring prenatally exposed to bisphenol A (BPA), bisphenol AF (BPAF), or bisphenol S (BPS). Data are
reported as mean age with standard error bars (days old) at (A) Vaginal opening (VO) and (B) Occurrence of first estrus for the various doses of bisphenols.
No statistical differences were observed when bisphenol-exposed animals were compared with vehicle controls using mixed effects ANOVA, with a Dunnett’s
post-hoc test. Number of animals per group is noted in Table 1.
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Figure 3. Sholl analysis [(B) sum of intersections, (C) branching density] and quantitative mammary gland measurements such as (A) longitudinal growth, (D)
terminal end bud (TEB) to length ratio, (£) mammary epithelial area, and (F) TEB count in bisphenol A (BPA), bisphenol AF (BPAF), or bisphenol S (BPS) pre-
natally exposed female offspring at postnatal day (PND) 20. Mean + SEM. *p < 0.05 and ** p < 0.01 is statistically significant in comparison with vehicle control
using Mann-Whitney test. Jonckheere’s test was used to determine statistical dose-response trends within treatment group (denoted with a bar). Number of animals
per group is noted in Table 1.
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Table 1. Pubertal mammary gland development scores of female offspring exposed in utero to bisphenol A (BPA), bisphenol AF (BPAF), and bisphenol

S (BPS).
Exposure (mg/kg) PND 20 (n) PND 28 (n) PND 35 (n) PND 56 (n)
Vehicle 2.03+0.07 (8) 2.33+0.18 (6) 1.92+0.21 (5) 239+0.15 (9)
BPA 0.5 2.41+0.12 (10) 3.00 £0.25 (6) 2.50 +0.33 (9) 3.00+0.12 (8)
BPA S 2.79+0.22 (10)™ 1.92+0.22 (6) 2.46+0.22 (6) 2.79+0.26 (6)
BPA 50 2.45+0.23 (10) 2.50 +0.26 (8) 2.89+0.21 (7)" 3.11+0.22 (7)
BPAF 0.05 2774027 (8)" 279 +0.33 (6) 3.1240.35 (6)" 2.95+0.17 (5)
BPAF 0.5 2.79+0.19 (9" 2.57+0.18 (7) 1.96 +0.18 (6) 278 +0.28 (8)
BPAF 5 2.80+0.17 (10)™" 3254023 ()" 3.05+0.46 (5)" 2.93+0.37 (7)
BPS 0.05 2.44 +0.14 (10) 2.75+0.22 (8) 3214023 (6)” 2.96 +0.34 (7)
BPS 0.5 2.38+0.19 (10) 2.38+0.19 (8) 3.00+0.23 (8)™ 3224022 (8)"
BPS 5 2.69+0.24 (10)™ 3.04+0.20 (6) 2.88+0.23 (8)" 2.61+0.21(9)

Note: Evaluations on postnatal days (PND) 20-56 demonstrate advanced glandular development in bisphenol-exposed animals. Glands are scored on a scale of 1 (poor development)
to 4 (best development) by two individuals blind to group allocation. There was a common vehicle control group for all chemicals. Data are presented as the mean + SEM. Dam is the
unit of measurement. Litter number = n (1 animal/litter/time point). Significantly different from the control group by Dunnett’s post-hoc test at *p < 0.05; **p < 0.01; ***p < 0.001.

0.5 mg/kg, and BPS 0.05 and 5 mg/kg; Figure 3C) using the
Sholl analysis (Stanko et al. 2015). Mammary epithelial area (an
indication of lateral and longitudinal growth) in the exposed groups
did not differ significantly from the vehicle control group.

Qualitative developmental scoring predicted these quantitative
findings on PND 20. BPA 5.0 mg/kg and BPS 5.0 mg/kg exposed
groups had significantly higher developmental scores than controls
suggesting an overall accelerated phenotype (Table 1). All BPAF
treated dose groups exhibited significantly accelerated mammary
gland development when assessed via developmental scoring
(Table 1), and this development is attributed to the increased num-
ber of TEBs (shown as arrowheads in Figure 4, top panel) and
branching points (Figures 3B, D and F).

By PND 35, the BPA 50 mg/kg, BPAF 0.05 and 5 mg/kg, and
every BPS exposed group exhibited developmental scores that
were significantly higher than those of the vehicle control group
(Table 1). In comparing vehicle control whole mounts to BPS-
exposed glands on PND 35, TEBs were visually apparent in the
leading edges of 100% of control glands; however, as BPS expo-
sure dose increased, the distance between the fourth and fifth
glands decreased, and many had grown together (5.0 mg/kg BPS;
shown as arrows Figure 4, bottom panel). It was also visually noted
that epithelial growth had either approached or surpassed the

A Control B

0.05 BPAF

PND 20

E Control F

PND 35

lymph node (LN in Figure 4), something that was observed in few
control glands. These visual landmarks were not quantitatively
measured but were taken into consideration when generating
blinded developmental scores. When glands were evaluated three
weeks later (PND 56), the control and low doses of all treatment
groups had caught up to the accelerated pace of growth and devel-
opment seen in bisphenol-exposed mice at earlier ages, and only
BPS 0.5 mg/kg group still exhibited an advanced mammary phe-
notype because of enhanced branching density (Table 1).

Latent Effects in the Mammary Gland

Mammary gland whole mounts and histological sections from
female offspring were also evaluated in early, mid, and late adult-
hood to determine the spontaneous occurrence and incidence of
mammary lesions following prenatal exposure to BPA, BPAF, or
BPS. When evaluating the whole mounts at 3 months of age, undif-
ferentiated terminal duct ends were apparent on the leading edge of
the fourth gland in approximately 41-75% of mammary glands in
each of the exposed groups (exception is BPAF 5 mg/kg group,
14%) in comparison with only 25% of vehicle control glands
(Figure 5). Differences in undifferentiated duct end occurrence
were not statistically significant using apparent vs. none criterion.

C 0.5 BPAF D

G 0.5 BPS H 5 BPS

Figure 4. Representative mammary gland whole mounts from bisphenol AF (BPAF)-exposed females on postnatal day (PND) 20 (top panel) and bisphenol S
(BPS)-exposed females on PND 35 (bottom panel). Each image represents the mean scores shown in Table 1 for these ages/dose groups. (A) and (E) Vehicle
Control; (B) BPAF 0.05 mg/kg; (C) BPAF 0.5 mg/kg; (D) BPAF 5 mg/kg, (F) BPS 0.05 mg/kg; (G) BPS 0.5 mg/kg; and (H) BPS 5 mg/kg.
Scalebar=1 mm (A-H). Arrowheads denote terminal end buds increased in mid- and high-dose BPAF groups, LN =lymph nodes, and arrows indicate the
area of the fat pad in which the fourth and fifth glands typically meet. BPS-treated animals demonstrated precocious epithelial growth, and fourth and fifth
gland ends met sooner than controls. Number of animals per group is noted in Table 1.
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Figure 5. Occurrence of terminal end buds (TEBs) in mammary glands of 3-mo old females prenatally exposed to bisphenol A (BPA), bisphenol AF (BPAF),
or bisphenol S (BPS). Representative images shown are A) Control and B) 0.5 mg/kg bisphenol AF (BPAF)-exposed mammary whole mounts. Inset: Arrows
represent putative TEBs retained at 3 months in BPAF-exposed mammary gland. Scale bar=1 mm (A-B, inset). C) Occurrence of retained TEBs was deter-
mined as a percentage of total animals in each dose group (apparent/none) with TEBs. Vehicle (n=8), BPA 0.5 (n=11), BPA 5 (n=11), BPA 50 (n=9),
BPAF 0.05 (n=9), BPAF 0.5 (n=28), BPAF 5 (n=7), BPS 0.05 (n=10), BPS 0.5 (n=38), and BPS 5 (n=8).

As it is uncommon to see retained undifferentiated duct ends in 3-
month-old CD-1 mice, more than 50% of the whole mounts from
each treatment group, including those containing putative TEBs,
and all control glands were removed from slides and sectioned. We
aimed to determine if the undifferentiated duct ends were TEBs
and if they were typical, or exhibited atypia. TEB were visible in
sectioned tissues of treated, but not control animals and were con-
sidered to be within normal range (not preneoplastic); however the
pathologist noted that half the animals in the BPS 0.5 mg/kg group
had increased TEB (see Table 2). The contralateral glands, which
had been processed for H&E at necropsy, were also void of preneo-
plastic lesions.

Table 2. Mammary gland whole mount evaluation results in 3-month-old
mice.

NSF n Any diagnosis n
Mg/kg dose of bisphenol (% of total) (% of total) p-value”
0BPA (1=8) 7 (87.5%) 1(12.5%) 0.003
0.5 BPA (n=11) 11 (100%) 0 (0%) 1.000
5BPA (n=11) 10 (90.9%) 1(9.1%) 0.836
50 BPA (n=9) 5 (55.6%) 4 (44.4%) 0.183
0 BPAF (n=8) 7 (87.5%) 1 (12.5%) 0.119
0.05 BPAF (n=9) 6 (66.7%) 3 (33.3%) 0.335
0.5 BPAF (n=28) 7 (87.5%) 1(12.5%) 0.767
5 BPAF (n=7) 4 (57.1%) 3 (42.9%) 0.231
0BPS (n=8) 7 (87.5%) 1 (12.5%) 0.190
0.05 BPS (n=9) 8 (88.9%) 1(11.1%) 0.794
0.5BPS (n=9) 3(33.3%) 6 (66.7%) 0.036
5BPS (n=9) 8 (88.9%) 1(11.1%) 0.794

Note: NSF, no significant finding. n = no. litters represented. Bisphenol A (BPA), bisphenol
AF (BPAF), and bisphenol S (BPS). Any Diagnosis = inflammation or increased TEB;
some animals had both diagnoses. Inflammation = mixed cell inflammation of all severities,
Increased TEB = increased terminal end buds, all severities.

“Treated vs. control was evaluated by Fisher’s exact test; significant trend for dose—
response by Cochran-Armitage test is shown in control column; P < 0.05. Bolded values
were significant in these tests.
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In addition to retained TEB, mixed cell inflammation was noted
in the sectioned tissues of 3-month-old mice (Table 2), although no
gross lesions were evident in reviewing the whole mounts prior to
sectioning. Mixed cell inflammation was characterized by lympho-
cytes, plasma cells, macrophages, and low numbers of neutrophils
located within the adipose tissue of the mammary gland. Mixed
cell inflammation was diagnosed in one animal from the control
group and in at least one animal from several of the exposed groups
(BPA 5 and 50 mg/kg, BPS 0.5 and 5 mg/kg, and all doses of
BPAF; Table 3). However, there was a significant dose trend for
more abnormalities in the BPA-exposed animals (44% with a diag-
nosis in high dose group) and significantly higher incidence of
diagnoses in the BPS 0.5 mg/kg dose group (25% exhibited
inflammation, and 50% had increased TEB; Table 2).

Inflammation (lymphoplasmacytic, perivascular, and/or mixed
cell inflammation) was the only finding observed in the control
mammary glands evaluated in this study (from 3 to 14 months of
age), present in 3 of 26 animals (11.5% incidence, Table 3; one
14-month-old animal had both diagnoses). Inflammation was the
most common finding observed in the prenatally exposed adult
mammary glands with 26% (69/266) of the animals diagnosed with
inflammation with or without a proliferative lesion (lobuloalveolar
hyperplasia or adenocarcinoma). The total number of animals
affected included those euthanized early because of various mor-
bidities or were found dead (summarized in Table S1). Bisphenol-
exposed animals >14 months old had the highest incidence of
inflammation [ ~ 53% of all cases; Table 3 (14 months old) and
Table S1 (all animals)].

In animals necropsied at 14 months of age, the BPS 0.5 mg/kg
group had a statistically higher incidence of perivascular lym-
phoplasmacytic inflammation than controls (Table 3; represented
in Figure 6D). The BPAF-exposed animals exhibited a greater
incidence of mixed cell inflammation than control animals, with
a significant dose trend noted (Table 3). When all types of
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Table 3. Mammary gland lesion incidences by age and treatment group following prenatal exposure to bisphenol A (BPA), bisphenol AF (BPAF), and

bisphenol S (BPS).

Vehicle

BPA (mg/kg) BPAF (mg/kg) BPS (mg/kg)

Lesion development

0

0.5 5 50 0.05 0.5 5 0.05 0.5 5

3 months (n)
Inflammation, mixed cell

8 months (n)
Lobuloalveolar hyperplasia
Inflammation, mixed cell
Squamous metaplasia, ductal

14 months (n)
Carcinoma
Fibroadenoma
Histiocytic sarcoma
Lipoma
Cyst
Duct dilation
Hemorrhage, focally extensive
Inflammation, Lymphoplasmacytic perivascular
Inflammation, mixed cell
Inflammation, neutrophilic
Inflammation, not specified
Keratin
Lobuloalveolar hyperplasia
Lymph node: inflammation, neutrophilic
Lymph node: Inflammation, mixed with eosinophilic crystals
Lymph node: squamous cell carcinoma or met from Zymbal’s gland
Lymph node: vascular angiectasis
Lymph node: increased cellularity, plasma cells
Papillary hyperplasia, multifocal
Squamous metaplasia, ductal
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Note: Six moribund animals necropsied between 11 and 12 months also displayed mixed cell inflammation (BPA: 5 and 50, BPAF: 0.05 and 0.5, and BPS 0.05 and 5 mg/kg) and are

represented in Table S1.

*Significantly differs from the control group by Fisher’s exact test at p <0.05.
Significant dose trends are shown in control columns:

TSignificant trend for BPAF by the Cochran-Armitage trend test at p <0.05;
*Significant trend for BPAF by the Cochran-Armitage trend test at p < 0.01.
SSignificant trend for BPS by the Cochran-Armitage trend test at p < 0.05.

inflammation (perivascular and mixed cell inflammation) were
combined (Table 4), and multiple diagnoses were controlled for,
there were significantly more inflammation diagnoses in the BPAF
5 mg/kg group in comparison with controls. The lowest BPAF ex-
posure group also exhibited a strong inflammatory response that did
not reach significance (p = 0.08), and this resulted in a dose-related
trend in inflammation in the BPAF group, although this difference
did not reach significance (p = 0.06). Significantly more inflamma-
tion diagnoses in comparison with the control group were also evi-
dentin the BPS 0.5 mg/kg group.

As early as 8 months of age, nonneoplastic lesions were
observed in bisphenol-exposed animals at a higher incidence in
comparison with the vehicle control group. Non-neoplastic lesions
consisted primarily of squamous metaplasia and hyperplasia (papil-
lary or intraductal) of the mammary gland duct (examples in Figure
6A and B), and lobuloalveolar hyperplasia (Rudmann et al. 2012;
Figures 17 and 18). Squamous metaplasia was characterized by
replacement of the normal differentiated epithelium of the mam-
mary duct with squamous epithelium. Ducts often became cystic
and were lined by multiple layers of squamous epithelium and con-
tained intraluminal keratin (Figure 6A). Areas of squamous meta-
plasia were often focal and were surrounded by low numbers of
inflammatory cells that consisted of neutrophils, lymphocytes,
plasma cells, and macrophages. Papillary hyperplasia was observed
in one animal in the 0.5 mg/kg BPS groups. Cases of intraductal
hyperplasia consisted of an irregular proliferation of the epithelium
lining the mammary gland duct (Figure 6B). Lobuloalveolar hyper-
plasia was characterized by focal to multifocal enlarged lobules con-
sisting of an increased number of relatively normal alveolar
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epithelial cells. Alveolar epithelial cells were well differentiated,
round, and often vacuolated, and they formed one concentric layer
around a lumen that typically contained proteinaceous fluid. Ducts
were lined by columnar cells and were similar to alveolar cells, with
well-differentiated epithelium that formed one concentric layer.
Alveoli and ducts were normally distributed, and there was no evi-
dence of compression or cellular atypia. Squamous metaplasia of
the mammary gland duct was observed in one animal in the BPAF
5 mg/kg group. By 14 months of age, there was a significant dose-
related increase in diagnoses of non-neoplastic lesion development
in the BPAF-exposed groups, and significantly higher incidence
in the BPAF 5 mg/kg group than in the vehicle control group
(Table 4). Although the BPS-exposed group had no significant
trend, the BPS 0.5 mg/kg group developed significantly more
non-neoplastic lesions than the vehicle controls (Table 4). The
BPS 0.5 mg/kg group had a significantly higher incidence of
lobuloalveolar hyperplasia than vehicle controls, whereas the
BPAF 5 mg/kg group demonstrated greater incidence of ductal
squamous metaplasia and a significant dose-related trend for the
same diagnosis (Table 3). A total of 24 exposed animals were
diagnosed with lobuloalveolar hyperplasia of the mammary
gland between 8 and 16 months (18 from timed necropsies and 6
from moribund animals; see Table 3 and Table S1).

There were no neoplastic lesions detected in any vehicle con-
trol group mammary glands at any time up to 14 months (Table 3),
and spontaneous mammary neoplastic lesion development in CD-1
mice is rare, especially in the ages necropsied in this study
(Chandra and Frith 1992; Maita et al. 1988; Son and Gopinath
2004). Histopathology identified neoplastic lesions as early as 11
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Figure 6. Histological presentation of mammary lesions following early life bisphenol analogue exposure. Representative images illustrate some nonneoplastic
lesions: (A) Squamous metaplasia, 20x, bar=10 um, (B) Intraductular hyperplasia 20x, bar =10 pm, and (D) Perivascular inflammation, 10x, bar =20 pm.
Representative image of a neoplastic lesion in (C) Papillary adenocarcinoma, 20x. Bar=10 pm.

months (Table S1) in mammary glands of prenatally bisphenol-
exposed females. Although statistical significance was not achieved
for any chemical or dose group, potentially because this study was
not powered for tumor formation and because neoplastic lesions
were not all diagnosed at the 14 months necropsy, eight different
neoplastic lesion types were identified in bisphenol-exposed ani-
mals. The multiple mammary neoplastic lesion types diagnosed
between 11 and 16 months of age included squamous cell carcinoma
(n=2; BPAF 5, BPS 0.5), papillary carcinoma (n=1; BPS 0.5;
shown in Figure 6C), adenocarcinoma (n=2; both BPS 5), carci-
noma (n = 1; BPS 0.5), histiocytic sarcoma (n = 1; BPS 0.5), and be-
nign fibroadenoma (n=1; BPS 5), with 88% of those tumors
occurring in the BPS 0.5 or 5 mg/kg dose groups.

Serum Hormone Analyses

Serum estradiol, progesterone, testosterone, and dehydroepian-
drosterone (DHEA) were measured on PND 20, 35, 56, and at 3, 8,
and 14 months in prenatally exposed female offspring (Figure 7
and Figure S2). Prior to VO at PND 20, mean serum estradiol con-
centrations for animals in all BPAF-exposed and the high- and
mid-dose groups of BPS were significantly higher (90-160%) than
vehicle control levels. The estradiol level in animals treated with
the highest BPA dose was also higher than that of control animals
but failed to reach statistical significance (Figure 7A). Serum
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progesterone levels were also significantly higher than controls
in BPAF 5 mg/kg and BPS 0.05 mg/kg groups prior to VO
(Figure 7E). The BPS 0.05 mg/kg and BPA 50 mg/kg groups
demonstrated elevated DHEA concentrations in comparison with
controls (Figure 7M). By PND 28, estradiol, progesterone, and
DHEA serum concentrations in all treated groups were similar to ve-
hicle control concentrations, with the exception of testosterone
(Figure 7J), which was significantly lower in BPAF 0.05 mg/kg
and higher in BPS 0.05 mg/kg groups. Interestingly, at PND 35,
testosterone concentrations were still lower in BPAF 0.05 mg/kg
(Figure 7K), but not in the same BPS group as at PND 28.
Testosterone concentrations at PND 35 in the BPA 5.0 mg/kg,
BPAF 0.05 mg/kg, and BPS 0.5 mg/kg and 5 mg/kg groups were
significantly lower than vehicle control concentrations, some
reduced more than 50%. By PND 56, the only significant differences
were higher testosterone and DHEA for the BPA 50 mg/kg group
(Figure 7L and P).

In contrast to notable differences between treated and vehicle
control groups in early life, there were few serum hormone changes
in later life (Figure S2). At 3 months, progesterone concentrations
tended to be depressed in bisphenol-exposed animals and were sig-
nificantly lower in BPS 5 mg/kg groups, in comparison with con-
trols (Figure S2 D). DHEA was also significantly lower, by 27-42%
in at least one dose group, for each compound (Figure S2 J).
Estradiol (BPS 0.05 mg/kg), testosterone and DHEA (BPS
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Table 4. Evaluation of combined incidences of mammary gland inflammation, neoplasia, non-neoplastic lesions, or lymph node effects at 14 months of age fol-

lowing prenatal exposure to bisphenol A (BPA), bisphenol AF (BPAF), or bisphenol S (BPS).

Vehicle BPA (mg/kg) Vehicle BPAF (mg/kg) Vehicle BPS (mg/kg)
Lesion 0 0.5 5 50 0 0.05 0.5 5 0 0.05 0.5 5
Incidence n=13 n=14 n=11 n==6 n=13 n=14 n=18 n=22 n=13 n=11 n=18 n=13
Inflammation, 3 (0.156) 5 (0.385) 3 (0.590) 3 (0.257) 3 (0.062) 8(0.079) 9(0.126) 14 (0.023)" 3 (0.159) 4 (0.395) 15(0.001) " 4 (0.500)
all types
Neoplasia 0 0 0 0 0 . 0 0 0 0(0.287) 0 2 (0.329) 1 (0.500)
Non-neoplastic 0 (0.375) 3 (0.124) 2(0.199) 1(0.316) 0(<0.001)* 1(0.518) 3(0.182) 10 0.004)™ 0(0.500) 1(0.458) 7(0.012)" 2 (0.240)
lesions
Lymph 0 0 0 0 0 (0.076) 0 0 1(0.629) 0(0.287) 0 2 (0.329) 1 (0.500)
node, all

Note: p-values for dose-response trends are in parentheses in the Vehicle column; pairwise p-values are in the dose columns.
n=indicates number examined.

*Differs from the control group by Fisher’s exact test at p < 0.05; **p <0.01.

*Significant trend for BPAF by the Cochran-Armitage trend test at p < 0.01.

0.5 mg/kg) were lower in single-dose groups at 8 months (Figure Mean serum estradiol and progesterone concentrations did not

S2 B, H, K), and no dose-related trends were evident. Serum hor- change over this 11-month period, across dose groups. Overall,
mone measurements from 14-month-old animals revealed no sig- there was no trend over time or within a chemical or dose group
nificant differences between vehicle control and treated groups. that were detected for any of the serum measurements even
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Figure 8. Expression of steroid receptor mRNA in the mammary glands of bisphenol A (BPA), bisphenol AF (BPAF), or bisphenol S (BPS)-exposed females
at (A) 8 and (B) 14 months. Mean + SEM. * p <0.05 and ** p <0.01 is statistically significant compared with vehicle control. n=3-4 litters represented,

except for 8-month- old BPS 0.05 mg/kg group (n=1).

though the females were carefully estrous cycle staged prior to
necropsy.

Nuclear Receptor Expression in Mammary Tissue

Because BPA, BPAF, and BPS are all considered to act as endo-
crine disruptors (Pelch et al. 2017), and specifically act on estrogen
receptors, we wanted to test whether an early-life exposure could
alter global nuclear receptor expression in the mammary gland and
potentially pose as a mechanistic underpinning for phenotypic
effects seen later in life. Esrl, Pgr, Ar, and Gperl expression was
measured in a subset of mammary gland tissues by RT-PCR at 8 and
14 months (Figure 8), and data are presented relative to the control
levels. At the 8-month evaluation (Figure 8A), Esrl expression was
significantly decreased in mammary tissue of BPA 0.5 mg/kg and
50 mg/kg and BPAF 0.05 mg/kg groups. Exposure to BPA
50 mg/kg group resulted in downregulation of Ar, whereas expo-
sure to BPAF 0.05 mg/kg and BPS 5 mg/kg reduced Pgr expres-
sion. No significant differences in steroid receptor expression were
observed at 14 months between exposed and vehicle control groups
(Figure 8B).

Discussion

Altered pubertal mammary gland development and increased sus-
ceptibility to tumors following early-life exposures to BPA have
been illustrated in CD-1 and C57Bl/6 mice (Markey et al. 2001;
Muiioz-de-Toro et al. 2005; Wadia et al. 2007). We report not only
significantly altered development of mammary tissue, but also dose-
related increases in epithelial nonneoplastic lesions and inflamma-
tion, and evidence of latent mammary tumor formation, suggesting
that structurally related analogues are not suitable BPA replacements
and may present more of a risk to the developing breast than BPA
presents. Our findings in CD-1 mice suggest that acute prenatal ex-
posure to the BPA analogues, BPAF and BPS, accelerated normal
mammary gland development, caused extended retention of TEBs
and possible intraductal hyperplasia, and increased the incidence of
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persistent proliferative effects in the mammary gland in exposed sib-
lings. Significantly higher incidence of inflammation was detected in
exposed groups exhibiting nonneoplastic lesions (lobuloalveolar
hyperplasia, intraductal hyperplasia, ductal squamous metaplasia)
and spontaneous adenocarcinomas. The BPS 5 mg/kg group adeno-
carcinomas appeared at <12 months of age, and 88% of all neoplasia
formed at the two highest BPS doses tested (2 occurred in one litter).

Importantly, the mammary gland was a sensitive target for BPA,
BPAF, and BPS, as exposure caused accelerated pubertal mammary
development without altering other pubertal indicators (VO timing,
age at first estrus, or estrous cyclicity) or BW. This finding is not the
first report of the mammary gland being a sensitive pubertal end-
point; BPA (Murray et al. 2007; Mufioz-de-Toro et al. 2005; Jenkins
etal. 2009), PFOA (Tucker et al. 2015), atrazine, and other structur-
ally varied chemicals (summarized in Rudel et al. 2011) have specif-
ically affected pubertal mammary development at doses that were
without effect on other pubertal indices in rat and mouse models.
The importance of identifying environmental modifiers that signifi-
cantly alter mammary development without affecting other aspects
of puberty is paramount, as girls worldwide are developing breasts
months to years earlier than those a generation before them did,
without changes to their menstrual timing (Biro et al. 2013 and
Aksglaede et al. 2009).

Compromised mammary gland development before birth may
account for the many alterations and manifestations that arise in
the gland later in life, especially following endocrine-disruptor
exposures. This study showed that by PND 20 mammary glands
from treated groups had an increased number of TEBs, as well as
increased branching density and TEBs per glandular area; these
characteristics occurred in a dose-dependent manner, persisted
into young adulthood (PND 56; 8 wk), and were concomitant
with a prepubertal rise in serum estradiol. An increase in TEB
counts and TEB and ductal area within one month of birth fol-
lowing low-level BPA exposure has been previously observed in
CD-1 and C57BIl/6 mice (Markey et al. 2005; Muifioz-de-Toro
et al. 2005; Wadia et al. 2007), but here, TEBs were still present
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in 41-75% of mammary glands from nearly every chemically
exposed group at 3 months. Retention of the TEB into adulthood
was unexpected, as rapidly proliferating epithelium typically
undergoes precocious differentiation of its duct ends. Their presence
and differentiation are typically carefully orchestrated through a se-
ries of paracrine, endocrine, and autocrine events; however, the shift
of these events may alter the timing and longevity of their presence.
Rapidly dividing cells of the TEB are sensitive to the effects of carci-
nogens and endogenous hormones critical for cell proliferation
(Russo et al. 1983), and a recent study evaluating mammary
response to fracking chemicals in C57B1/6 mice has also reported
TEB-like structures in whole mounts that were diagnosed as intra-
ductal hyperplasia after sectioning (Sapouckey et al. 2018). Future
studies should employ sectioning of whole mounted mouse mam-
mary tissue, or at least potential lesions and their surrounding tissue,
to further identify EDCs adversely affecting mammary health. The
presence of TEBs over multiple estrous cycles introduces intermit-
tent exposures to endogenous hormones, and our data suggest that
such intermittent exposures may have increased the risk for later life
lesion development.

Studies in Sprague-Dawley rats have demonstrated the effects of
early BPA exposure on the formation of preneoplastic and neoplas-
tic mammary gland lesions (Betancourt et al. 2010; Jenkins et al.
2009). Fetal exposure to low doses of BPA via osmotic pumps pro-
duced ductal hyperplasia and carcinoma, in situ in Wistar-Furth rats
at PND 50 and 95, that were confirmed to be actively proliferating
(Murray et al. 2007). Similarly, Sprague-Dawley rats developed
mammary adenocarcinomas following “gestational only” and a
“combination of gestational and lactational” exposure to BPA
(Acevedo et al. 2013). The few studies shown to induce mammary
tumors following BPA exposure in a rat model have involved a
mammary carcinogen (e.g., DMBA; Betancourt et al. 2010, Jenkins
et al., 2009). Also, Weber et al. (2011) have shown that, following
prenatal exposure to 25 or 250 pg/kg BPA, FVB/N female mouse
offspring given DMBA had a significantly higher predisposition for
mammary tumors. In our study, no animals from the BPA-dosed
dams developed a tumor of any type (although BPAF and BPS-
exposed mice did). We presume that the inability to obtain the same
results in this study as the results of previous BPA-specific studies
may be attributed to a difference in internal dose, use of a strain of
mouse that is not prone to mammary tumors, or more important, the
lack of a “second hit” from a chemical carcinogen.

Insufficient evidence in humans exists to delineate a role for
BPA in adversely changing the breast environment, and a limited
number of studies have adequately evaluated associations between
BPA exposure and breast cancer risk in women (Sprague et al.
2013; Trabert et al. 2014; Yang et al. 2009). Canadian women
working in the following occupations had elevated breast cancer
risk: occupational and industrial manufacturers of automotive plas-
tics, food canning, agriculture, and service in bar or gambling
establishments, with the highest risk for premenopausal women
working in food canning [odds ratio (OR) = 5.70; 95% confidence
interval (CI): 1.03, 31.5] and automotive plastics (OR =4.76; 95%
CI: 1.58, 14.4) (Brophy et al. 2012). These women were likely
exposed to a mixture of bisphenol analogues (although they were
not measured), among other industrial chemicals. At best, these
studies provide a relationship between adult exposure to plasticiz-
ers and the risk for breast cancer but do not begin to address the sev-
eral established and emerging breast cancer risk factors identified
in premenopausal women, which include increased breast density,
lifestyle, menstrual history, and exposure to chemicals during sen-
sitive life stages (e.g., DES, PAHs, DDT, and BPA) (Gammon et al.
2002; Gammon et al. 2004; Troisi et al. 2007; Cohn et al. 2015).

Increasing evidence suggests that the role of the immune
system is critical in the manifestation of breast cancer (Brady
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et al. 2016; Condeelis and Pollard 2006; Coussens and Pollard
2011). We noted a higher incidence of inflammatory infiltrates
composed primarily of lymphocytes, plasma cells, and macro-
phages in the mammary gland of every bisphenol-exposed group,
with the suggestion of a dose-response trend (p =0.06) in the
BPAF group, and significantly more inflammatory infiltrates in
the BPAF 5 mg/kg and BPS 0.5 mg/kg- exposed groups than in
vehicle controls. Macrophages play an essential role in the mam-
mary microenvironment during normal development and breast
cancer progression. A recent study in strains of mice with a high
propensity to form mammary tumors describes increased macro-
phage recruitment to mammary tissue prior to tumor formation
following high-fat diet treatment. Modified immune function was
theorized to drive increased tumor burden in treated mice (Zhu
et al. 2017). With respect to our data, the increased incidence of
inflammation throughout mammary development may have been
influenced by early changes in immunomodulatory responses.
Further studies, focused on early-life mammary-specific chemo-
kine/cytokine changes, will be necessary to evaluate this mecha-
nism. The fact that over 90% of the inflammation diagnoses
occurred in doses <5 mgbisphenol/kg in our study may suggest
that inflammatory responses are sensitive endpoints for BPA and
the other analogues. It should also be noted that macrophages
and other leukocytic infiltrates are necessary during pubertal and
adult human breast development for the formation of the first
TEBs; macrophages regulate and maintain an immunostimula-
tory presence throughout the estrous cycle (Gouon-Evans et al.
2002; Howard and Gusterson 2000). It is not clear if the noted
inflammatory patches in our study are an acute immune response
to a perceived “injury,” or if this finding is part of a tissue-
remodeling event that prepares a niche for tumor development. A
potential shift in important immune responses may suggest the
reason for the extended presence of the TEBs at 3 months and
requires further investigation.

Lobuloalveolar hyperplasia was also observed in every bisphe-
nol treated group by 14 months, with the exception of BPAF and
BPS 0.05 mg/kg groups. In rodents, lobuloalveolar hyperplasia of-
ten resembles the mammary gland from pregnant female rodents or
pseudopregnancy and, in some but not all cases, may lead to an
advanced hyperplastic state of the mammary gland. Vandenberg
et al. (2008) observed increased alveolar buds and lobuloalveolar
units as early as 3 months in CD-1 females following a perinatal ex-
posure to BPA (0.25, 2.5, or 25 pg/kg). By 9 months, intraductal
hyperplastic lesions or “beaded ducts” were prevalent in multiple
animals, similar to ductal bridging reported following perinatal ge-
nistein administration in CD-1 mice (Padilla-Banks et al. 2006).
BPA also produced lobuloalveolar hyperplasia at PND 90 and 140
in Sprague-Dawley rats exposed through a gestational (250 pg/kg)
or gestational/lactational (0.25- and 25-pg/kg) exposure (Acevedo
et al. 2013). Mammary glands from Crl:CD BR rat offspring
exposed to estradiol from gestation to PND 90 also developed these
structures(Biegel et al. 1998). Lobuloalveolar hyperplasia is consid-
ered a nonneoplastic lesion and to date no associations have been
made between these structures and tumor formation, but they fre-
quently develop following exposure to hormones and endocrine dis-
ruptors. Studies are needed to identify which preneoplastic lesions
contain cells capable of producing tumors in transplant studies.

Although the sequence of events that leads from prenatal chem-
ical exposure during organogenesis to altered morphogenesis and
cancer is not understood, a weight of evidence is emerging that ex-
posure to these chemicals during sensitive developmental periods
produces persistent changes in growth, function, and cancer in that
tissue over the lifespan. BPA is considered an estrogenic com-
pound, and therefore we were interested in determining if there
would be changes in serum hormone concentrations well after
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prenatal exposure to BPA, BPAF, or BPS. Both BPAF and BPS
have been shown to be agonists for ERa, (Pelch et al. 2017) and
produce proliferative effects in MCF-7 cells (Hashimoto et al.
2001; Matsushima et al. 2010; Perez et al. 1998; Rivas et al. 2002).
In our study, serum estradiol, progesterone, and DHEA concentra-
tions were increased very early during puberty (PND 20), comple-
menting or potentially stimulating precocious mammary gland
morphological changes. At PND 28 and 35, only testosterone con-
centrations were altered and were mostly reductions; by PND 56,
increases in estradiol and DHEA were observed in the BPA
50 mg/kg group. By 3 months, no dose-related trends were noted;
however, all significant hormone changes were noted as reductions.
DHEA, in particular, was reduced in several bisphenol groups at 3
months and BPS 0.5 mg/kg at 8 months. In humans and other pri-
mates, the adrenal glands serve as a main contributor to DHEA
secretion, which can then be converted to both estrogens and andro-
gens in target tissues, including the ovaries (Labrie 2006). DHEA
and other androgens have been implicated as having inhibitory
effects against mammary proliferation, and because circulating con-
centrations of DHEA tend to decrease in women between the ages
of 20 and 50, there is reason to believe that the decline in DHEA
may contribute to incidence or progression of breast cancer (Birrell
etal. 1998; Buchanan et al. 2005; Labrie et al. 2003).

The mammary gland is composed of various tissue and cell types
that are governed by endocrine, autocrine, and paracrine signals.
Therefore, there is probably no definitive mechanism of action for
BPA and mammary tumor formation, and the same may be true for
BPAF and BPS. Our data suggests a link between bisphenol expo-
sure and the development of lobuloalveolar hyperplasia formation
in the mammary gland, and we theorize that prolactin is possibly
playing a role. Exposure to estrogenic xenobiotics have caused
hyperprolactinemia and lobuloalveolar hyperplasia in female rats
(reviewed in Lucas et al. 2007), but it is not clear if this is a strain- or
species-related phenotype. This potential mechanism warrants fur-
ther investigation, but study samples were not collected in a way
that allowed for proper evaluation of prolactin-related responses, so
further studies are needed.

ERa is expressed in fetal stromal cells but not in epithelium
(Speroni et al. 2017). This finding suggests that because estrogenic
pathways are less influential in the epithelium during fetal mam-
mary gland development, the stroma plays a major role in the sig-
naling changes seen within the epithelium. It is quite possible that
these early-life mechanistic changes are driving the altered pheno-
types observed at puberty and in later life. Mammary gland gene
expression analysis of Esrl, Pgr, Ar, and Gperl as well as serum
hormone concentrations showed very few changes at § months and
no changes at 14 months that would point to a direct classical
estrogen-mediated mode of action. In a previous study at PND 50,
BPA treated Sprague-Dawley rats (250 pg/kg) had no change in
protein expression of ERo; however, PR-A, which is vital for duc-
tal elongation, and the downstream coregulators SRC-1, SRC-2,
and SRC-3, were all significantly increased (Jenkins et al. 2009).
Rosenmai et al. (2014) also showed that although BPS increased
estrogenic activity in vitro, it was the least potent and showed only
a decreasing trend in activity for the androgen receptor assay.
Therefore, it will be necessary to explore other additional pathways
and mechanisms, including pubertal mammary stem and progeni-
tor cell changes and the epigenome for these persistent effects of
bisphenols.

When this research began, the only human bisphenol data that
existed was on BPA. One report published recently measured se-
rum BPS in cashiers pre- and postshift (Thayer et al. 2016), but
besides that report, there are limited quality reports of BPAF and
BPS serum measurements from the general human population.
Therefore, estimating an administration dose for human relevance
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relied on using BPA data, and therefore our lowest BPAF and
BPS doses are at the calculated EPA reference dose for daily
BPA exposures: 50 pg/kg/BW (0.05 mg/kg/BW) (U.S. EPA
1988). Regardless, strength of this work is that the affected off-
spring were exposed to low, potentially human-relevant concen-
trations of these bisphenol metabolites (not parent chemical)
through placental transfer. Our data indicate that whatever modi-
fication was made to the bisphenols in the pregnant mother, they
actively affected the mammary gland of the developing fetus.
Current research is focused on determining the disposition and
speciation of the effective bisphenol components.

This study has limitations: It was not powered for detection of
tumors in late life, thus dose group sizes were not consistent over
time, and our findings regarding tumor development are prelimi-
nary. However, an adenocarcinoma was identified as early as 11
months in the BPS high-dose group, with a second finding a
month later in the same dose group. The BPS 0.5 mg/kg group
presented with a multitude of tumors likely arising from one or a
combination of the many cell types that compose the mammary
gland. The CD-1 strain is an outbred strain that has been shown
to develop spontaneous mammary tumors in both control male
and females at 18 months or 2 y; however, many of these lesions
were not identified until the animals were 2 years old, with the
exception of one analysis where a single female developed a
mammary adenocarcinoma at 41-45 wk (Chandra and Frith
1992; Giknis and Clifford 2013; Maita et al. 1988; Son and
Gopinath 2004). Although it is possible that the 2-year-old ani-
mals developed tumors that went undetected, the fact that none of
our vehicle controls at 3, 8, or 14 months developed a neoplasm,
or nonneoplastic lesion of any sort, may suggest that the diag-
nosed tumors in our study may truly be because of early-life ex-
posure to the bisphenols. Future studies addressing the propensity
for tumor development following prenatal bisphenol analogues
exposure should be more well powered than ours and should
investigate early biomarkers of late life disease that were evident
in this study. Another minor limitation is that in the design of this
study, insufficient quantities of tissue and serum were collected
for early-life gene and hormone evaluations. Since this study was
conducted, another short-term study with identical treatment con-
ditions has been conducted so that mammary tissue could be ana-
lyzed for early-life gene changes on a genome-wide level. Those
data are undergoing analyses. The validity of mass spectrometry
methods for measuring several (>6 or 8) hormones in a small
volume of mouse blood is also being investigated to improve the
ability to associate hormone changes with phenotypic outcomes.

Conclusion

Our findings suggest that exposure to BPAF and BPS by consum-
ers such as women of child-bearing age or infants and children
should be restricted. The fetal mammary gland is a sensitive tar-
get organ for these chemicals. BPAF and BPS prenatally exposed
female mice developed proliferative epithelial lesions by midlife,
concomitant with a significant inflammatory response that may
predispose them to tumor formation later in life. In fact, animals
in the high-dose BPS group developed adenocarcinomas prior to
one year of life and those diagnoses triggered a necropsy at 14
months of age in the remaining animals. Most neoplasia incidents
in this study (7/8) occurred in the BPS-exposed animals. The
extended presence of TEBs into adulthood (confirmed by histopa-
thology), the significant prepubertal spikes in serum estradiol,
and the altered immune responses (e.g., increased perivascular
inflammation) may have been important modifiers of the persis-
tent adverse effects observed later in life. To our knowledge, this
study is the first report of BPAF- and BPS-induced adverse de-
velopmental effects in the mammary gland, and these findings
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warrant further studies to determine relevance of these findings
for human breast cancer susceptibility.
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