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A Combined Morphometric and Statistical Approach to Assess Nonmonotonicity in
the Developing Mammary Gland of Rats in the CLARITY-BPA Study

Maél Montévil,”™* Nicole Acevedo,’” Cheryl M. Schaeberle,’* Manushree Bharadwaj,> Suzanne E. Fenton,”> and Ana M. Soto'$

'"Department of Integrative Physiology and Pathobiology, Tufts University School of Medicine, Boston Massachusetts, USA
National Toxicology Program (NTP) Laboratory, Division of the NTP, National Institute of Environmental Health Sciences, National Institutes of Health,
Department of Health and Human Services, Research Triangle Park, North Carolina, USA

BACKGROUND: The Consortium Linking Academic and Regulatory Insights on Bisphenol-A (CLARITY-BPA) is a rare collaboration of guideline-
compliant (core) studies and academic hypothesis-based studies to assess the effects of bisphenol A (BPA).

OBJECTIVES: We aimed to a) determine whether BPA showed effects on the developing rat mammary gland using new quantitative and established
semiquantitative methods in two laboratories, ) develop a software tool for automatic evaluation of quantifiable aspects of the mammary ductal tree,
and ¢) compare those methods.

METHODS: Sprague-Dawley rats were exposed to BPA, vehicle, or positive control [ethinyl estradiol (EE2)] by oral gavage beginning on gestational
day (GD)6 and continuing with direct dosing of the pups after birth. There were two studies: subchronic and chronic. The latter used two exposure
regimes, one stopping at postnatal day (PND)21 (stop-dose) the other continuing until tissue harvest (continuous). Glands were harvested at multiple
time points; whole mounts and histological specimens were analyzed blinded to treatment.

REesuLTs: The subchronic study’s semiquantitative analysis revealed no significant differences between control and BPA dose groups at PND21,
whereas at PND90 there were significant differences between control and the lowest BPA dose and between control and the lowest EE2 dose in ani-
mals in estrus. Quantitative, automatized analysis of the chronic PND21 specimens displayed nonmonotonic BPA effects, with a breaking point
between the 25 and 250 pg/kg body weight (BW) per day doses. This breaking point was confirmed by a global statistical analysis of chronic study
animals at PND90 and 6 months analyzed by the quantitative method. The BPA response was different from the EE2 effect for many features.

CoONCLUSIONS: Both the semiquantitative and the quantitative methods revealed nonmonotonic effects of BPA. The quantitative unsupervised analysis
used 91 measurements and produced the most striking nonmonotonic dose-response curves. At all time points, lower doses resulted in larger effects,
consistent with the core study, which revealed a significant increase of mammary adenocarcinoma incidence in the stop-dose animals at the lowest

BPA dose tested. https://doi.org/10.1289/EHP6301

Introduction

The Consortium Linking Academic and Regulatory Insights
on Bisphenol-A (CLARITY-BPA) is a collaboration between
academic and federal government scientists, organized by the
National Toxicology Program (NTP), the National Institute of
Environmental Health Sciences (NIEHS), and the U.S. Food and
Drug Administration (FDA) National Center for Toxicological
Research (NCTR). This research consortium was “expected to
significantly improve the interpretation of the wealth of data that
is being generated by all consortium partners, including the char-
acterization of the dose response of the effects observed and their
interpretation in an integrated biological context” (Schug et al.
2013; Heindel et al. 2015).
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The endocrine disruptor bisphenol A (BPA) is widely employed
in the manufacture of polycarbonate plastics and epoxy resins. Itis
present in various consumer products used on a daily basis
(Vandenberg et al. 2013b), such as thermal paper (Thayer et al.
2016; Hehn 2016). BPA had a >90% detection rate in urine from
samples representative of the U.S. population, suggesting that
human exposure to the chemical is widespread (Calafat et al.
2005). BPA has also been detected in the blood of adults and in the
placenta, umbilical cord, and fetal plasma indicating that the
human fetus is exposed to BPA in the womb (Vandenberg et al.
2010; Gerona et al. 2013). A large number of animal studies have
revealed that exposure to environmentally relevant levels of BPA
results in various deleterious effects including decreased fertility
and fecundity; neuroanatomical, behavioral, and metabolic altera-
tions; and obesity and an increased propensity of developing pros-
tate and mammary cancer (Soto et al. 2013; Acevedo et al. 2018;
Cabaton et al. 2013; Diamanti-Kandarakis et al. 2009; Zoeller et al.
2012; Mandrup et al. 2016; Hass et al. 2016). This body of evi-
dence resulted in BPA being listed by the European Chemicals
Agency (ECHA) as an endocrine disrupting chemical with an
impact on human health, and listed in the Candidate List of
Substances of Very High Concern (SVHCs) due to its reproductive
toxicity properties and later amended to identify it as an endocrine
disruptor for human health and the environment “which cause
probable serious effects to human health which give rise to an
equivalent level of concern to carcinogenic, mutagenic, toxic to
reproduction (CMRs category 1A or 1B) substances” (ECHA 2017,
2020). In addition, the European Food Safety Authority (EFSA)
temporarily lowered the tolerable daily intake (TDI), while waiting
for the CLARITY results (Christiansen and Hass 2015); however,
the National Food Institute of Denmark found that a TDI for BPA
has to be 0.7 pg/kg body weight (BW) per day or lower to be suffi-
ciently protective with regard to endocrine disrupting effects. In
France, there is legislation banning the use of BPA in food-contact
materials [Law no. 2010-729 of 30 June 2010 modified by Law no.
2012-1442 of 24 December 2012 (INERIS 2015)].
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Regarding the etiology of breast cancer, exposure to estrogens
during a woman’s lifetime has long been considered a main risk
factor (IBCERCC 2013; Kotsopoulos et al. 2010). Developmental
exposure (fetal and neonatal) to natural estrogens and estrogen
mimics has long been proposed to increase the risk of developing
breast cancer (Trichopoulos 1990). This hypothesis is backed by
more recent data showing that iatrogenic exposure to diethylstil-
bestrol (DES) as well as environmental exposure to the estrogenic
pesticide dichlorodiphenyltrichloroethane (DDT) during fetal life
increases the risk of developing breast cancer (Hoover et al. 2011;
Palmer et al. 2002; Cohn et al. 2015). Likewise, the ubiquitous xen-
oestrogen BPA increased the propensity of developing mammary
lesions in rodents (Murray et al. 2007; Acevedo et al. 2013;
Durando et al. 2007; Lamartiniere et al. 2011; Jenkins et al. 2011).
These data were gathered using different rat and mouse strains, dif-
ferent routes and timing of exposure, and different diets. Despite
all these differences, the increased risk of effect attributed to BPA
was consistent.

Our previous work on BPA-induced mammary gland carcino-
genesis used the mouse model to address the effect of fetal and neo-
natal exposure on mammary gland morphogenesis (Vandenberg
etal. 2007; Markey et al. 2001; Mufioz-de-Toro et al. 2005; Wadia
etal. 2013; Sonnenschein et al. 2011). The tissue organization field
theory (TOFT) of carcinogenesis posits that carcinogenesis is
akin to development gone awry (Soto and Sonnenschein 2011;
Sonnenschein and Soto 2016). With this theoretical framework
and previous data in mind, the main objective of the present study
was to explore the effects of gestational and postnatal exposure to
BPA on the morphogenesis of the rat mammary gland, as part of
the CLARITY-BPA program.

Although the mouse mammary gland is easily amenable to
morphometric measurements from its earliest developmental
stage to full maturity due to the flat, planar structure of the ductal
tree, the rat mammary gland poses challenges due to the florid
structure of the ductal tree, which grows more conspicuously into
the third dimension. This feature of the rat mammary gland hin-
ders the application of conventional morphometric tools to the
analysis of the rat mammary ductal system (Stanko et al. 2015).
Hence, the second, subordinate objective of this work was to de-
velop a proper software tool to perform computer driven, unsu-
pervised analysis of the structure of the rat mammary ductal tree.
An associated objective was to provide a comparison between the
semiquantitative methods used to analyze the rat mammary gland
(Davis and Fenton 2013) and the novel quantitative methods we
are describing herein.

The use of five BPA doses over a wide dose range, allowed us
to explore the shape of the dose-response curve to BPA for the
mammary gland end points examined in this study. Traditional tox-
icological methods assume a linear response at low doses in order
to infer the lack of adverse effects at low dose from responses at
higher doses. By contrast, endocrinology acknowledges nonmono-
tonic responses, that is to say, situations where a compound can
lead to an effect at low dose and no effect or its opposite at a higher
dose. Nonmonotonic effects are more difficult to analyze statisti-
cally, in part because the shape of nonmonotonic response curves
is diverse—by definition they only need to display at least one
change of trend (Vandenberg et al. 2013a). The last objective of
this study was to assess and characterize the nonmonotonicity of
the dose response by a combination of methods.

The American Statistical Association (ASA) and, later, a broad
group of statisticians have recently criticized the overreliance on
p-values to decide whether a result is scientifically significant
(Amrhein et al. 2019) and the difficulty is peculiar in biology where
organisms are different individuals (Montévil 2019). We take into
account these perspectives in several ways. First, we distinguish
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exploratory and confirmatory analysis. In this study, we first per-
formed an exploratory analysis and subsequently a confirmatory
analysis on a different data set. These analyses provide evidence of
a peculiar feature in the response curve, where we build our argu-
ment by leveraging the nonlinearity of the response. However, fol-
lowing the ASA, the resulting statistical argument alone is
insufficient and we also perform a second round of exploratory
analyses to investigate more specific biological manifestations of
the phenomenon. The latter will hopefully be investigated further,
confirmed, and theorized in other studies.

Materials and Methods

Experimental Design

This study was conducted as part of the CLARITY-BPA consor-
tium and we were provided with uniquely identified samples. The
methods for this consortium have been published in detail (Delclos
et al. 2014; Heindel et al. 2015; Churchwell et al. 2014) but are
briefly described below.

Animals. The CLARITY-BPA studies used the NCTR-specific
Sprague-Dawley rat model and included five BPA doses, as well as
a vehicle control and two doses of a positive reference estrogen con-
trol [ethinyl estradiol (EE2)]. Although the entire study included a
very large number of animals, we were provided with tissues from a
subset of these animals (n = 8-12/treatment group). Exposure by
oral gavage to pregnant dams began on gestational day (GD)6 and
continued by direct dosing of the pups after birth. There were two
exposure regimes, one stopping at postnatal day (PND)21 and
another whereby daily exposure continued until the time of humane
euthanasia. All animal procedures for the subchronic and chronic
exposure studies were approved by the NCTR Laboratory Animal
Care and Use Committee and conducted in an Association for
Assessment and Accreditation of Laboratory Animal Care—accred-
ited facility and in compliance with FDA Good Laboratory Practice
(GLP) regulations. Sprague-Dawley rats (Strain Code 23), only
available from the NCTR rodent breeding colony, were used in all
experiments. Throughout the duration of the study, all animal rooms
were kept at 23 + 3°C with the relative humidity of 50 & 20% under
12-h light/dark cycles. Breeders were housed in polysulfone cages
with hard chip bedding and glass water bottles (silicone stoppers)
known to be free of contaminating BPA and provided food (soy-
and alfalfa-free verified casein diet 10IF, 5K96; Purina Mills) and
water for ad libitum consumption until weaning (approximately
PND21). The resulting offspring were housed under the same study
conditions from birth.

Reagents. BPA [Chemical Abstract Service number (CASN)
80-05-7; TCI America; >99% pure] and EE2 (CASN 57-63-6;
Sigma-Aldrich Chemical Co.; 99% pure) were used in these stud-
ies (Delclos et al. 2014). The purity of BPA and EE2 were veri-
fied at 6-month intervals during the study and again at the end of
the study to test article stability. The vehicle used to deliver BPA
and EE2 was 0.3% aqueous carboxymethylcellulose (CMC;
Sigma-Aldrich).

Dose groups. Timed-pregnant rats that generated offspring
used in these studies were dosed by gavage at a rate of 5 mL/kg
BW with vehicle control (0.3% CMC), BPA, or EE2.

90-d subchronic study design (pilot study). Four doses of
BPA (2.5, 25, 260, 2,700 pg/kg BW perday) and two doses of
EE2 (0.5 and 5.0 pg/kg BW perday) were delivered from GD6
until the initiation of parturition (PNDO). Starting on PND1, pups
were directly gavaged with the same dose level of vehicle, BPA,
or EE2 as their dams until the termination of the study. These
treatment groups are referred to as Control, BPA2.5, BPA25,
BPA260, BPA2700, EE2 0.5 and EE2 5.0. The number of sam-
ples analyzed per treatment group and time point was n=9-12.
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Chronic study design. Five doses of BPA (2.5, 25, 250, 2,500,
and 25,000 pg/kg BW perday) and two doses of EE2 (0.05 and
0.5 pg/kg BW per day) were delivered from GD6 until the initia-
tion of parturition. Starting on PND1, pups were directly gavaged
for the period described below with the same dose level of vehicle,
BPA, or EE2 as their dams. The number of samples analyzed per
treatment group and time point was n=8-10. These treatment
groups are referred to as Control, 2.5BPA, 25BPA, 250BPA,
2500BPA, 25000BPA, 0.05EE2, and 0.5EE2 from here on.
Determination of BPA doses in the chronic study were based on a)
the results from the 90-d subchronic study (pilot), conducted by
NCTR prior to the CLARITY-BPA chronic study (Delclos et al.
2014); b) reported estimates of human exposure levels (Heindel
etal. 2015); and c) agreement among all CLARITY-BPA program
stakeholders to focus the dose range for regulatory concern.

All doses were administered at NCTR by daily gavage with a
modified Hamilton Microlab 500 series programable pump (Lewis
etal. 2010). Dosing was always conducted from the lowest to high-
est dose within a dosing pump, and cleaning and maintenance of
the equipment were performed as described by Delclos et al.
(2014). The accuracy of dose delivery from the pumps was
assessed every 3 months and established to be within 10% of the
target volume accuracy.

Litters were randomly culled to 3-5 female:3-5 male pups
per litter on PNDI1. Direct gavage dosing of pups at the same
dose level of vehicle, BPA, or EE2 as their dams started on
PND1 (day of birth is PNDQ). Therefore, negligible lactational
transfer of treatments was anticipated in this study (Doerge et al.
2010). Each dose group in the chronic study was split into two
dosing arms, a continuous-dose (CD) group and a stop-dose (SD)
group, with the latter having treatment terminated at weaning on
PND2I1. Terminal body weight was assessed for all animals at
time of humane euthanasia. Samples from each group (same end
point and study arm) all come from different animals from differ-
ent litters (one sample per litter).

Tissue collection. Offspring were euthanized on PND21 and
PNDO90 (both subchronic and chronic study), as well as at 6
months of age (chronic study only). One female per litter was
necropsied [n=9-12 (subchronic) and n=8-10 (chronic) per
treatment group per time point] for both Fenton and Soto lab
evaluations. Samples from the chronic study were received from
both the SD and CD arms of the study at the 90-d and 6-month
end points. In the chronic study, cycling females were euthanized

Age Animal set

Evaluation

when predicted to be in estrus based on a vaginal smear from the
previous day, but that was not the case in the subchronic study.
These latter females were necropsied at PND21 and PND90
(regardless of estrous stage). Estrous stage in PND90 animals
was determined postmortem based on vaginal histopathology, as
determined by a NCTR pathologist.

The fourth inguinal mammary glands were collected per ani-
mal. One mammary gland was whole mounted to a charged glass
slide and fixed in 70% ethyl alcohol (ETOH) while the contralateral
was placed in a cassette and fixed in 70% ETOH in a sealed plastic
bag. The fixed mammary glands were shipped from NCTR to Tufts
University School of Medicine. The whole mounted glands were
stained with carmine and processed as previously described
(Maffini et al. 2005), and the contralateral glands were processed
through ethanol gradients, paraffin embedded, and sectioned at
5 pum for histological sectioning. Figure 1 recapitulates the differ-
ent animal sets used and their analyses. The following abbrevia-
tions are used to reference the study and exposure—dose groups in
relation to the age of animal at time of tissue collection: PND21P
and PNDOOP refer to the subchronic (pilot) study animal sets. SD
and CD animals in the chronic study are referred to as PND21C,
PND90SD, PND90CD, 6MSD, and 6MCD.

The whole mounts were evaluated by morphometric analysis
using semiquantitative methods (PND21P, PND9OP, and PND21C),
an automatic morphometric method (PND21C), and a standard, non-
automatic quantitative morphometric assay (PND90SD, PND90CD,
6MSD, and 6MCD). Sections of the PND90 fixed mammary glands
were used to assess the time course of histoarchitectural changes and
the emergence of preneoplastic and neoplastic lesions. All samples
were received without knowledge of treatment group, and data were
not decoded until data collection of histological and morphometric
analyses were complete and the raw data were recorded in the NTP
Chemical Effects in Biological Systems database.

Mammary Gland Scoring of Development

Semiquantitative mammary gland scoring. In the subchronic
BPA study (Delclos et al. 2014), the negative and positive control
samples were identified a priori to the investigators and were
evaluated to determine the range of response. A stereomicroscope
(Nikon SMZ800; Nikon Instruments, Inc.) was used to develop
the range of scores reported in Figure S1, which was modified for
the range of responses in this study from the criteria reported by

Figures and tables

Pilot: PND21P|—){Semiquantitative Scoring Figure S1; Table S1

PND 21

Figure 4; Table S1

Chronic study: PND21C

|’—>{ Semiquantitative Scoring

Automatic quantitative

Figure 11; Table 4
Figure 2, 5, 6, 8, 10, S5,
S6, S9; Table 1, 2, S2

/lPilot: PND90P}————{Semiquantitative Scoring Figure S4; Table S1

[PND 90F—{Continuous Dose: PND9OCD 4{Nonautomatic quantitative|—{Figure 9, S10; Table 2, 54, S5]
: §

Stop Dose: PNDQOSD|—>|Nonautomatic quantitative

Figure 9, S10; Table 2, 54, S5]

Figure 3, 7; Table 3, S3

Figure 9, S10; Table 2, S4, S5|

Continuous Dose: 6MCD}—)|N0naut0matic quantitative
- — -
Stop Dose: 6MSD|—)|N0naut0mat1c quant1tat1ve|—){F1gure 9, S10; Table 2, S4, S5‘

Figure 1. Study design. Each animal set contains a distinct group of animals and is therefore independent of the others. Animal groups correspond first to three
different ages: PND21, PND90, and 6 months. Animals stem either from the pilot study or the main, chronic study. In the latter, animals in PND90 and 6-
month groups were divided into a continuous-dose group (CD), exposed during their complete lifetime, and a stop-dose group (SD), where exposure stops at
PND21. To analyze mammary glands, we used semiquantitiative scoring in PND21 and PND90. For PND21, we also used a new, automatic quantitative
method. Last, for PND90 and 6-month-old animals, we used a nonautomatic quantitative method. In the subchronic (Pilot; P) study, there are n=9-12 animals
per group per end point and the groups are Control, BPA2.5, BPA25, BPA260, BPA2700, EE2 0.5, and EE2 5.0. In the chronic study (C), n=_8-10 animals
per group per end point and the groups are Control, 2.5BPA, 25BPA, 250BPA, 2500BPA, 25000BPA, 0.05EE2, and 0.5EE2. Units: pg/kg body weight
(BW) per day. Note: BPA, bisphenol A; Control, vehicle control; EE2, ethinyl estradiol; PND, postnatal day.
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Davis and Fenton (2013). A score of 7 represents a gland that is
most well developed, whereas a score of 1 suggests that few of
the necessary developmental criteria are present. The scoring was
adjusted to a 7-point scale, for both PND21 and PND90, because
there was a dramatic difference between control and high-dose
EE2 groups [5 pg/kg BW perday (Delclos et al. 2014)] in the
subchronic BPA study. All whole-mounted glands were given a
morphological developmental score from 1 to 7 that considered
a) the number of terminal end buds (TEBs) relative to the number
of duct ends, b) the degree of ductal branching and/or ductal bud-
ding, ¢) the number of primary ducts growing from the point of
attachment, d) the degree of lobule formation, and e) the lateral
and longitudinal growth of the gland (extension).

In a blinded manner, slides from PND21P-, PND21C-, and
PNDO90OP-treated and control animals were evaluated using the
scoring criteria summarized in Table S1. Stacks of slides were cre-
ated for each score and all mammary glands within each score were
reviewed a second and third time to ensure that the scores were
assigned consistently over the course of the evaluation. Two indi-
viduals with knowledge of rat mammary morphology independ-
ently evaluated all slide sets. Disagreement in score of more than a
full point for any sample required reconciliation between the two
scorers. When this occurred, the two scorers together revisited their
scores and notes on those slides in question and decided a new
score that was most appropriate given the criterion in Table S1.
The new scores were less than a full point from each other.

The PND90OP whole mounts were adjusted for age and stage
of development. For instance, number of branch points, size,
lobule formation, and density were important contributors to
assigned scores.

Nonautomatic Quantitative Mammary Gland
Morphometric Analysis

In the PND90 and 6-month mammary gland quantitative analysis,
mammary glands from PND90P, PND90CD, PND90SD, 6MCD,
and 6MSD animals were assessed for overall glandular develop-
ment and density. Wet mammary gland weight was recorded at the
NCTR at time of collection. The chronic study glands were imaged
with a Stemi 2000 stereomicroscope (Carl Zeiss) and Axiovision
software (Carl Zeiss). Image J (NIH) software (Schneider et al.
2012) was used to process and analyze captured images to assess
epithelial density of the gland (a measure of total fat pad area and
epithelial area). Three standardized separate areas of each gland
were measured to determine average density of the gland. Area 1
(rostral) was closer to the third mammary gland, Area 2 was in the
middle of the gland, and Area 3 (caudal) was closer to the fifth
mammary gland. The thickness of these whole mounts precluded a
complete scan using a confocal microscope. Moreover, the thick-
ness of these whole mounts was variable, preventing equivalent
sampling. Therefore, PND90 and 6-month glands were visually
scored for the following countable morphological parameters:
number of leading edge/internal terminal ends, as well as incidence
of lateral branching, lateral budding, alveolar budding, and lobu-
loalveolar development. Putative lesions identified in whole
mounts were excised for histopathological assessment.

Automatic Morphometric Analysis of PND21 Mammary
Glands in Chronic Study

Imaging. In order to reduce ambiguity in the analysis due to
overlapping branches, we obtained optical sections to generate a
three-dimensional (3D) image instead of a bright field image of
the gland. This method was only applicable to PND21 mammary
glands due to their smaller size and thickness compared with the
later time points. Samples were imaged with a Zeiss LSM 510
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confocal microscope using the auto-fluorescence of carmine as
the signal. Due to the large size of the whole glands, the imaging
was done on a grid, leading to 150-600 partially overlapping
stacks. The resolution used was 5 um for the optical plane (x—y)
and 3.5 pm for the depth (z). The resulting stacks were stitched
in Fiji using the method described by Preibisch et al. (2009).

Identification of epithelium. Segmentation separates a region
of interest from the background. In the mammary gland, the
region of interest is the epithelium, whereas the background
includes the stroma and the blood and lymph vessels. Currently
available algorithms for reconstructing branching structures in
the vascular system (Luboz et al. 2005) cannot be used for the
mammary gland owing to the presence of ductal buds (shown in
Figure 2A). Therefore, we designed a custom automatic method.
In addition, due to optical limitations, the presence of the lumen
did not provide a consistent pattern that could be used for seg-
mentation. Because of this limitation, we found it easier to seg-
ment the stroma first instead of focusing directly on the
epithelium. The segmentation algorithm used the following steps:

Step 1. To remove nuclei of stroma cells and noise from
image acquisition, we used bilateral filtering (with spatial radius
4 and range 150) followed by the subtraction of local back-
ground. The resulting image was then used for the segmentation.

Step 2. The image was inverted, and the stroma segmented as a
bright connected region, with a uniform threshold. Then, 3D Gaussian
blur (radius 2) was applied to the resulting binary image to remove
small structures such as blood vessels or adipocytes. Next, the image
was inverted and the epithelium was obtained as the connected region
above a given brightness, which included a point in the epithelial tree
that had been manually selected. Holes in the epithelium, which were
due to the lumen, were filled in and another Gaussian blur was per-
formed. Finally, we performed a second selection of the connected
region corresponding to the epithelium and above a given brightness.
This second segmentation reduced possible artifacts that mostly
stemmed from small blood vessels and adipocytes.

Step 3. Human intervention was required for comparing the
segmented epithelium with the original image. Although this
means that the method is semiautomatic in the strictest sense, we
will continue to refer to it as automatic here to avoid confusion.
The purpose of this comparison was, first, to assess whether all
the epithelium was accurately segmented. Missing epithelium
typically corresponds to a loss of brightness in deeper parts of the
sample or particularly thin epithelial structures. Second, the user
ensured that structures other than mammary epithelium were not
segmented (such as blood and lymph vessels or lymph nodes). If
the output was deemed acceptable, segmentation was complete;
otherwise, human intervention was required to correct the
segmentation issues. Intervention corrected the stacks that were
used at the beginning of Step 2. Epithelial structures lost during
segmentation were recovered by increasing the brightness.
Nonepithelial structures were removed either completely or by
decreasing the brightness around these structures. After this oper-
ation was performed, the program went back to Step 2, perform-
ing the segmentation and subsequent verification again.

Extraction of quantitative morphological features. The result
of segmentation was a 3D reconstruction of the epithelium, which
is illustrated by the green layer of Figure 2B. This representation
of the epithelium was then used to extract several quantitative
morphological features of mammary glands. Analyses were per-
formed using ImagelJ. Before performing these analyses, we auto-
matically standardized the orientation of the glands on the basis
of the axes of inertia. We first analyzed the properties of the 3D
epithelial reconstruction on the x—y plane, which was comparable
with assessments performed on bright field microscopy, such as
the semiquantitative scoring. The analysis included quantities such
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Figure 2. PND21 mammary gland from chronic study at different steps of analysis. All images are projections and all data are processed as 3D stacks. (A)
Original image after stitching. (B) Green overlay of the epithelium after segmentation (identification of the epithelium). (C) Analysis of the local thickness of
the epithelium, warmer colors correspond to thicker parts of the epithelium in 3D. (D) Estimated skeleton of the epithelial tree, the color of a branch corre-
sponds to the depth of the tree that starts at this branch. Scale bars: 1 mm. Note: PND, postnatal day; 3D, three-dimensional.

as the aspect ratio (AR; length/width), the epithelial area, and the
fractal dimension of the epithelium in two-dimensional (2D) (the
projection of its 3D image). The same kind of global analysis was
also performed in 3D and included an evaluation of the surface of
the epithelium, of its volume, and of its 3D fractal dimension
(based on the box counting method) (Longo and Montévil 2014).

Last, the analysis used several plugins from Imagel: the 3D
object counter (Bolte and Cordelieres 2006), the plugin 3D shape
(Sheets et al. 2013), and the bonej plugins (Doube et al. 2010).
The latter included an evaluation of the local thickness (Figure
2C), which was performed after the normalization of the scales of
the three spatial dimensions. The epithelium was skeletonized
(Figure 2D) and this skeleton was analyzed by generic methods
(counting the number of branches, average branch length, and so
on). The analysis was performed both with and without terminal
branches (pruning) given that some of the terminal branches may
not have corresponded to actual epithelial structures but may
have been artifacts from the process of skeletonization.

Finally, a more specialized approach to reconstructing the epi-
thelial tree was performed by a custom plugin. This plugin started
from the skeleton generated as discussed above and a manual selec-
tion of the starting point of the gland (the point of attachment). The
plugin then reconstructed the mammary tree with the main duct as
the root. To identify secondary branching, we performed the follow-
ing operation recursively: For each branching, the size (depth) of the
two subtrees was assessed; if the ratio between these depths was
smaller than 0.3, then the branch associated with the smaller subtree,
A, was identified as a secondary branch and the other, B, was identi-
fied as a part of the parent duct. In this case, the parent branch and B
were merged. This reconstruction was then used as the basis for
evaluating various properties. When quantities are defined per
branch, the average over all branches is reported. To filter
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biologically relevant shapes, we report two versions of these quanti-
ties: one where we excluded branches smaller than 20 pm and
another were we excluded branches smaller than 75 pm, thus
removing buds. Quantities reported are, for example, the length of
branches, the distance from a branch to the point of attachment
counted both in terms of the number of branching points and as the
sum of the lengths of the branches that linked the two. We also con-
sidered branching angles and the tortuosity of the branches (i.e., for
a branch, the ratio between its length by the length of a straight line
between its extremities: the less straight the branch, the higher the
tortuosity). Other quantities such as the local thickness, both in 2D
and 3D, were also determined by considering the average and stand-
ard deviation of their values on the skeleton points of every branch.

Overall our method assessed 91 structural features of mam-
mary glands (see Table S2). Three complementary features were
added: animal weight, mammary gland weight, and manual assess-
ment of the number of TEBs.

Statistical Analysis

Rationale of the statistical analysis. In the automatic analysis, six
dose groups (vehicle and five BPA doses) containing 10 animals
each were used and all animals came from different litters. More
than 90 end points for each animal were measured to assess dose
responses. This is quite different than the customary situation when
one animal provides a much smaller number of end points, with the
exception being certain types of -omics studies (transcriptomics-
metabolomics). These situations (our quantitative measurements
and the -omics) are more conducive to different types of analysis,
such as principal component analysis (PCA), the permutation tests,
and so on (Goh and Wong 2018). In addition, classical statistical
tests such as Dunnett’s ¢ and Student’s ¢ lose power rapidly when
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the numbers of end points and doses increase. With the number of
tests necessary for our quantitative experimental designs, these
tests are not generally useful.

Another consideration is that there are neither theoretical nor em-
pirical bases that predict a specific type of dose-response curve for
BPA. Empirically, BPA dose-response curves could be monotonic
for some end points and nonmonotonic for other end points (Villar-
Pazos et al. 2017); this is also the case with natural estrogens when
comparing the effects on the uterus (monotonic) and the mammary
gland (nonmonotonic), using the same animal set (Vandenberg et al.
2006). Here, we consider morphological features that are the result
of nonlinear processes of morphogenesis at the tissue level in vivo,
where many levels of organization are entangled.

We focus on showing that a specific dose is the locus of a break-
ing point that is a specific kind of nonlinear behavior and use the
permutation test to assess this hypothesis. In our analysis, we dis-
tinguish exploratory and confirmatory statistics and perform both
to show the presence of this breaking point. Then, we performed
exploratory analysis to further characterize this response, the main
biological features involved, and the shape of their response by
phenomenological curve-fitting.

Principal component analysis. We performed PCA with R
(version 3.5.3; R Development Core Team) and the FactoMineR
package (L& et al. 2008). We use the dimdesc function of this pack-
age to assess the meaning of dimensions resulting from PCA and the
effect of treatments; for further details see “Supplementary Analysis
by PCA” in the Supplemental Material.

Global analysis to identify a breaking point. Motivation. In
PND21C, we noted that the response curve of many features
seemed to possess a specific property. However, there are several
problems to analyzing this situation. @) In many cases, individual
features and specific doses are not statistically significant alone
because variability is high and generic corrections of multiple
comparisons cripple statistical significance. b) The recurrence of
this pattern could very well stem from a common, random origin
because different features of an animal can be correlated. ¢)
Introducing a specific target of statistical analysis always bears
the risk of choosing a pattern specific to the data—provided that
even purely random data will have patterns.

Overall strategy. To build on the diversity of features meas-
ured above (a) and avoid errors stemming from multiple compari-
sons of nonindependent variables (a and b), we designed an
analysis at the level of whole data sets combined. To validate the
analysis beyond a single data set (c), we used the PND21C data set
to formulate a precise statistical hypothesis and we used the four
other animal sets of the chronic study (PND90CD, PND90SD,
6MCD, and 6MSD) together for a confirmatory analysis.

Each data set stemmed from a unique set of animals. However,
the different features observed for an animal are not independent
a priori (b); for example, the total length of the epithelial branches
and their volume are correlated. To accommodate this complex
structure, we use the permutation test. Unlike traditional tests that
use a standard distribution, the permutation test builds the statistic of
the intended random variable on the basis of the data and the statisti-
cal hypothesis. Because some animals of different data sets come
from the same litter, we also evaluated possible litter effects by the
permutation test.

Defining the random variable X. The responses detected in
PND21C were not U-shaped; instead they seem to be character-
ized by a sudden drop or a breaking point—these two latter pat-
terns cannot be set apart on purely empirical bases. We used the
PND2I1C data set to propose a variable X describing the presence
of an overall breaking point between the consecutive treatments,
Cp. X is large when Cj, is the locus of the largest change for most
variables over the four remaining data sets.
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More precisely, for each variable measured (see list in Table
S2 for PND21C), we identified the consecutive concentrations
where the difference was the largest. To avoid differences that
stemmed from noise, we added an algorithmic criterion to check
whether a difference was large enough to be included. We pro-
posed two types of criteria:

The first series of criteria, A(rg:), was met when the ratio
between the mean values at consecutive conditions was larger than
a threshold ry,. The larger ry,, the stricter this criterion became.
For each variable, we looked for the consecutive concentrations
with the largest ry, ratio.

The second series of criteria, B(pg,), was met when a t-test
between the consecutive conditions had a p-value that was smaller
than a threshold py,,. Therefore, the smaller py,,, the stricter this cri-
terion was. With this criterion, we compared the difference
between the means of the consecutive conditions and looked for
the largest difference meeting this criterion. Note, that we did not
take pur =0.05 because this condition was too strict. The aim of
using the threshold was to disregard very small differences
between consecutive conditions taking into account standard devi-
ation, not to assess significance. The latter is done using the statisti-
cal test below.

We considered the variables:

Count( Cp.t)

()= S Count(C,r)

and X= Zx (1)
where ¢ corresponds to one data set (PND9OCD, PND90SD,
6MCD, 6MSD) and C corresponds to consecutive concentrations
(Control-2.5BPA, 2.5-25BPA, and so on). The division, here,
aimed to normalize the impact of the different data sets so that
they all contributed equally to X. As an illustration of the varia-
bles, assuming that there is no specific breaking point, given that
there were five groups of two consecutive concentrations, the
mean of X(r) would be 1/5=0.2 for all data set ¢ and the expect-
ancy of X should be 0.2 x4 =0.8. This approximation is not used
in our statistical analysis. Note that X summarizes the four data
sets and does not enable us to draw conclusions for each data set
taken individually.

Statistical hypotheses. The null hypothesis (Hy) is that the
treatment did not impact the rat mammary gland morphology, or
in other words that all treatment conditions are equivalent. On the
basis of the PND21C data set, we formulate the alternative hy-
pothesw [Hypothesis 1 (H})]: Xobserved 18 higher than in Hj, mean-
ing that there is a remarkable change at Cp,.

Statistical test. To assess whether our results were significant,
we used the Monte Carlo permutation test (Nichols and Holmes
2002). Like most statistical tests, the permutation test assesses
whether Xpserveq 18 likely under the Hj. The statistics of X is com-
plex because the different variables describing a mammary gland
are not independent. The permutation test provides an accurate so-
lution to this problem. The permutation test provides an estimation
Xsim,» Of the distribution of X under the H,, that treatment has no
effect.

No effect of the treatment means that randomly shuffling the ex-
posure group label in the data set yields an outcome that is equally
probable as that of the initial data set. Therefore, performing sev-
eral such permutations and computing the resulting value of X ev-
ery time generates an estimation of the statistic of X: Xg,. The
operation of permutation is equivalent to randomly assigning the
condition (exposure) of each animal but holding the number of ani-
mals for every condition constant and, for each individual animal,
preserving all its measured biological properties. Because all varia-
bles describing individual animals except their condition (BPA ex-
posure dose) are left unchanged, all correlations between the
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Figure 3. Distribution of X, as a result of permutations of animal exposures. X evaluates whether the change from 25BPA to 250BPA is different from changes
between other consecutive concentrations in data sets from the chronic study. To evaluate the significance of results concerning X, we used the permutation test. The
measurements performed in each animal were not rearranged; only the exposure labels were permutated. We computed X for 10,000 permutations and performed a
convolution for the contribution of each data set. We generated the distribution Xg;,,, which approximates the one of X. We marked the thresholds for values higher
than 95% and 99.5% of the distribution of Xin. Xobserved above this threshold leads us to decide against the Hy with p <0.05 and 0.005, respectively. (A) Xgim for
Criterion A(1.2) with 10,000 iterations: the ratio between consecutive values has to be at least 1.2 to be taken into account. (B) X, for Criterion B(0.5) with 10,000
iterations: the p-value between consecutive values has to be at least 0.5 (#-test) to be taken into account. In both cases, we see that the simulation converges toward a
smooth distribution. Number of animals per group n =8-10, number of groups: 6. Note: BPA, bisphenol A; Hy, null hypothesis.

morphological features in data sets are preserved in the permuta-
tions and taken into account in the test. The permutation test
requires that the order of the observations can be exchanged. It
does not require independence of the different features observed
for each animal.

This operation was iterated 10,000 times to obtain the distribu-
tions of Xm(¢) for each of our four data sets. Then we added the
values of Xgm(7) to obtain the approximate distribution of X, X,
under the Hy. Because the data sets were independent, we com-
puted X, by an approximation of the convolution of the distribu-
tions Xgim (7) to obtain a more precise approximation of X. Figure 3
shows the resulting distributions for Criterion A(1.2) (Figure 3A)
and Criterion B(0.5) (Figure 3B) with C, =25BPA-250BPA.
10,000 iterations and convolutions were sufficient to obtain smooth
distribution in both cases.

Next, we looked at the threshold (Xy,s) for significance
(» <0.05 and p < 0.005) in the simulated distribution Xgin,. Xihrs 1S
such that 95% (0.995%) of X, is smaller than Xi,. Given that
we did not perform multiple tests and the permutation number is
high, our estimation of the p-value can be identified with the
actual p-value (Phipson and Smyth 2010). Last, we compared
Xobserved With Xis to choose between the null or alternative
hypothesis.

Validation. For this method, we assessed type 1 and type 2
error rates by simulations. To this end we used distributions mim-
icking our data. First we used Gaussian distributions with stand-
ard deviation 1 and mean O, a/2, a, 0, a/2, a, where a is a
parameter that determines the magnitude of the breaking point
(the standard deviation being 1, a=a/SD). In our experimental
data, we have four sets (PND90CD, PND90SD, 6MCD, 6MSD)
with six doses and roughly 10 animals per group (see Figure S2).
In each of our simulations, we used this format to generate data
10,000 times (1,000 times in the case of type 2 errors). To take
into account correlations in our data, we also used simulations
where the different Gaussian variables are correlated according to
the correlations of the N first variables of the 6MCD data. For
computational reasons, we estimate the statistic of X only in the
first of the 10,000 generated data sets, which we expect, leads to
a moderate increase of errors rates.

Mean comparisons and correlations. The semiquantitative
developmental score is a synthetic quantity where the problems
mentioned above do not apply, and its use corresponds to the
assumption that BPA effects are similar to EE2 effects. Analysis
of variance was used to assess the effect of BPA treatment
on body weight and mammary gland weight, as well as the
interaction of body weight or mammary gland weight with
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semiquantitative developmental scores. The effect of BPA or
EE2 on semiquantitative developmental scores were analyzed by
Kruskal-Wallis nonparametric tests and a Dunn’s post hoc com-
parison of vehicle vs. treated glands [all at PND21, and at
PNDO90 from females in the estrus stage only, and in all stages
not including diestrus and metestrus (GraphPad Prism, version
7.05)]. Trends in effect were indicated at p < 0.1 and significant
effects were noted at p < 0.05.

For other quantitative and unsupervised measures, we used the
Student’s #-test to perform an exploratory comparison of means
between control, 0.5EE2 and a dose singled out by the other analy-
ses on PND21. The normality of the distributions was assessed by
the Shapiro test. When this criterion was not met, we used a simple
permutation test for the absolute difference in mean. We control
the false discovery rate due to multiple comparisons, g, by the
location-based estimator method described in and implemented in
the LBE package for R (Dalmasso et al. 2005).

We also performed multiple comparisons between control
and the other doses using Dunnett’s #-test, controlling normality
with the Shapiro test. To analyze correlations, we used Pearson’s
product-moment correlation implemented in R (version 3.5.3; R
Development Core Team). In the box plots, we define outliers
using the 1.5 interquartile range method.

Regression. To perform regression, we used the linear model
(Im function of R) on variables of interest. We compared the per-
formance of the chosen model with simpler models (having fewer
parameters) with a likelihood ratio (LR) test (using the Irtest func-
tion of R). We produced graphs for the qualitative assessment of
normality and the distribution of residuals in supplementary mate-
rials. Given that we were performing multiple regressions, we used
the LBE package to control the false discovery rate g.

Results

We considered three hypotheses: (i) BPA effects were qualita-
tively similar to the effects of 0.5EE2, (ii) BPA impacted differ-
ent features and/or had opposite effects of 0.5EE2, and (iii) BPA
had no effect on mammary gland development.

Semiquantitative Developmental Scoring of Glands

PND21 mammary gland development. Assessment of PND21P
mammary gland development parameters showed that EE2 5.0 pro-
duced extensive ductal growth, twice the average semiquantitative
developmental score of vehicle controls (see Figure S1A). These
weanling mammary ductal trees displayed developmental charac-
teristics akin to adult mammary glands (see Figure S1D). Therefore,
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Figure 4. PND21 Mammary gland development across all exposure groups
in the chronic study (Fenton group). Units: pg/kg body weight (BW) per
day. Based on data from the pilot 90-d subchronic study, glands were scored
on a 7-point scale, where a score of 1 relates to poor development and score
of 7 relates to accelerated growth and development for this age group (see
Table S1). Values shown are mean + SEM for n=8 (2500BPA only) or 10
(all others) females per dose group. *, p=0.001 when compared with VC
(Kruskal-Wallis, Dunn’s post hoc). Note: BPA, bisphenol A; EE2, ethinyl
estradiol; MG, mammary gland; PND, postnatal day; SEM, standard error of
the mean; VC, vehicle control.

this dose was deemed inappropriate as a positive control and doses
were reduced to 0.5 and 0.05 for the chronic study. Although the
effects of EE2 (at both 0.5 and 5.0) were significant, there were no
statistically significant effects of BPA on the PND21P mammary
glands in the subchronic study (see Figure S1A).

In the chronic study, analysis of variance did not show signifi-
cant effects of BPA and EE2 exposures on the body weight of
female weanlings nor on the weight of the excised mammary fat
pad (see Figure S3). Scoring of PND21C mammary gland mor-
phology revealed that only treatment with 0.5EE2 resulted in sig-
nificantly different glandular development compared with vehicle
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control (p =0.001) (Figure 4). There was a significant correlation
between body weight and semiquantitative developmental score
(»p=0.009), as well as mammary tissue weight and semiquantita-
tive developmental score (p =0.04). However, there was not a sin-
gle dose group driving those effects (as evidenced in Figure 4).

PNDY0 and 6-month mammary gland development. Mammary
whole mounts of PND90OP animals were assessed for semiquantita-
tive developmental scoring. Females in the subchronic study were
not necropsied at a predetermined stage of the estrous cycle.
Analyses of semiquantitative developmental scores accounted for
dose group and vaginal pathology-based cycle stage, and those
data demonstrated significant estrous stage X score interaction
(p=0.05), and significantly accelerated gland development in the
BPA2.5 and EE2 5.0 animals, compared with vehicle controls,
when evaluated in estrus (see Figure S4A). A drop between
BPA25 and BPA260, consistent with the global analysis of non-
monotonicity, was detected in animals in estrus. The EE2 0.5 and
BPA25 group was also advanced in development but did not reach
significance. No developmental effect of treatment (BPA or EE2)
was seen when all cycle stages were considered within a group or
across groups of glands (see Figure S4B).

Global Analysis: 25-250BPA as a Breaking Point

Exploratory PCA on PND21C computer-assisted morphological
measurements. PCA provided an overview of the 91 structural
features (see Table S2) assessed in PN21SD mammary glands
through our computational analyses, plus three additional features
assessed separately (body and mammary weights and TEB num-
ber). PCA revealed that the high dose 0.5EE2 produced a strong
change in mammary gland morphology (Figure 5A). Dimension
(Dim) 1 represented the size of the gland and its highest correla-
tion was with the number of branches and the surface area of the
epithelium in 3D [correlation coefficient (CC): 0.97; p < 107%].
Dim 1 separated 0.5EE2 glands from the other exposure groups
(t-test: p=6.4X% 107™). Dim 2 was related to the thickness of
ducts in 3D and was more highly correlated with the average
thickness of ducts (CC: 0.84; p=4.1x10"2%). Dim 2 also
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Figure 5. Principal component analysis (PCA) of data obtained by the quantitative analysis of PND21C animals. Units: pg/kg body weight (BW) per day. In
all cases, we represent only the mean of each exposure group. (A) Dim 1 (correlated to the size) and Dim 2 ( ~ local thickness). (B) Dim 2 ( ~ local thickness)
and Dim 3 (~ ductallength) Ellipses show some confidence intervals, and the variability of the data remains high. Number of animals per group n=8-10.
Note: BPA, bisphenol A; Control, vehicle control; Dim, dimension; EE2, ethinyl estradiol.
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Table 1. Number of observed quantities out of 94 total where the largest difference is between each consecutive condition in the PND21C data set.

Dthr Control-2.5BPA 2.5-25BPA 25-250BPA 250-2500BPA 2500-25000BPA
0.05 3 0 17 0 0
0.5 14 5 57 6 9
1 (no threshold) 15 6 52 7 9

Note: Differences are counted when the significance of this difference has a p-value lower than py, for a t-test [Criterion B(pu,)]. BPA, bisphenol A; C, chronic study; PND, postnatal day.

separated 0.5EE2-exposed glands (p =0.031, Figure 5A). Dim 3
corresponded to mean duct length (CC: 0.75; p=2.9x 10™'*) and
separated 250BPA-exposed group from the others (p=0.038)
(Figure 5B). Dim 3 was the first dimension with significant differ-
ences for BPA exposure. Graphically, the response seemed non-
monotonic with a breaking point between 25 and 250 BPA:
2.5BPA and 25BPA are close, whereas 250BPA is very different
from 25BPA and control, and high BPA doses are roughly between
25BPA and 250BPA. (Figure 5B). Dim 5 was correlated with the
AR (length/width; Figure 8F presents an illustration) of the gland
0.72, p=9.3x 107'%). For this variable, control was higher
(»p=0.043) than the other exposure conditions. Dim 7 was corre-
lated with the maximum duct length (—0.64, p=3.3x 107'°). For
Dim 7, 25BPA was higher than other conditions (p=0.018),
whereas control and 0.5EE2 were lower (p =0.038 and 0.0060,
respectively).

Because the dimensions of PCA depend on the data set used
and EE2 conditions have a specific biological meaning, we
assessed whether excluding them changes the results. We did not
find a significant difference. For example, Dim 3 again separates
250BPA from other conditions (p =0.022) (see “Supplementary
analysis by PCA” in the Supplemental Material and Figure S5).

PCA provides clues against hypothesis (i), BPA effects are similar
to EE2, and for (ii), BPA treatment is associated with different mor-
phological changes than that of 0.5EE2. Moreover, PCA shows sig-
nificant differences between BPA treatments and vehicle, which
suggests that the hypothesis that BPA has no effect (iii) does not hold.

In the following section we assess whether the nonmonotonic
pattern around 25BPA and 250BPA is real, provided that it could
be nonsignificant or an artifact from PCA.

Hypothesis formulation on the basis of PND21C data sets.
We used our PND21C results as the basis to formulate our statis-
tical hypothesis, and we used the four other independent data sets
(PND90CD, PND90SD, 6MCD, 6MSD) to test this hypothesis.
As detailed in the “Methods” section, a simple way to formulate
our question was to look at every feature we measured and for

0
Original Data

each of them to assess which consecutive concentrations have the
largest difference. We used criteria to assess differences and
decide whether they were sufficient to be taken into account.
With the Criterion A(ry,), we compared the ratio between means
(met when the ratio between the consecutive conditions was
larger than ry,), and, with Criterion B(pg,), we considered the
arithmetic differences (met when a #-test between the consecutive
conditions had a p-value smaller than the threshold p,).

In PND21C, with Criterion B(py,) the consecutive concentra-
tions of 25-250BPA were associated with the largest number of
changes in morphology for all values of py, (Table 1). Figure S6
illustrates this result graphically: yellow represents the largest
difference between consecutive concentrations for a feature and
the 25-250BPA column has more yellow than the others. The
different criteria B(py,) and A(ry,) provided similar results.
Figure 6 illustrates the number of features having their strongest
difference between each consecutive doses in the PND21C data
set in comparison with data sets generated by random permuta-
tions of the treatments. The consecutive dose 25-250BPA stands
out in the original data. In sets with randomly permuted doses,
such an extreme situation is relatively rare but nevertheless hap-
pens occasionally when we examine all consecutive doses simul-
taneously. This is due to the correlations between the different
variables that are preserved in permuted data (e.g., correlation
between the area of a gland and its volume): Except for the treat-
ment label, the properties of individual gland described by many
variables remain unchanged in permutations. These correlations
tend to increase the probability that several variables will behave
in the same manner and, therefore, the frequency of large devia-
tions (other black arrows).

On the basis of this result and the discussion above, we
hypothesized that the consecutive concentrations 25-250BPA is
the locus of the largest change for most variables. For a given
data set t and a given Criterion, X(¢) is the proportion of quantities
whose largest consecutive difference meeting the criterion is
between 25BPA and 250BPA, for example, for data set PND21C

Permuted Data

Figure 6. Streamgraph of the number of quantities that have their largest difference between one of the five possible consecutive doses in PND21C. Units:
ng/kg body weight (BW) per day. Only differences meeting Criterion B(0.5) are taken into account. We represent the PND21C original data (left) and 20 data
sets obtained by random permutations of the doses in this original data set (right of the second black vertical line). In the original data, the consecutive doses
25-250BPA is the location of the largest number of differences by far (left black arrow). In this example, situations reaching the same number of quantities
than the initial data are met twice, but for another consecutive concentration (other black arrows). We use this result as a pilot to state our statistical hypotheses.
Hj: BPA exposure has no effect, and H;: 25-250BPA is the location of the largest change for a larger number of variables than in H,. Note: BPA, bisphenol
A; Control, vehicle control; PND, postnatal day.
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Table 2. Number of features for which the largest change takes place between consecutive conditions in the chronic study.

Data set Control-2.5BPA 2.5-25BPA 25-250BPA 250-2500BPA 2500-25000BPA X(1) Xobserved p-Value
PND2IC (training set) 14 5 57 6 9 0.62 0.62 0.0094
PND90CD continuous 2 7 6 6 1 0.27 1.37 0.0038
PND90SD 3.5 3.5 7 1 3 0.39
6MCD 5 3 9.5 0 6.5 0.40
6MSD 3.5 8 7.5 2 3 0.31

Note: For Criterion B with py, = 0.5, we find Xopserved = 0.2740.3940.404-0.31 = 1.37. (Table 3 reports the significance of these results.) Non-integer values stem from ties. Total num-
ber of features were 94 (PND21), 24 (PND90), and 26 (6M). BPA, bisphenol A; CD, continuous dose; M, month; PND, postnatal day; SD, stop-dose.

and Criterion B(0.5), X(PND2IC) =57/(14+5+57+6+9) =0.62
(based on data in Table 1). If we assume that BPA has no effect,
then all five consecutive concentrations would be equivalent and
we should find X(PND21C) =0.2 instead of 0.62.

We define Xopserved, the sum of X(r) over all data sets
(PND21C only for the exploratory analysis and all other data sets
for the confirmatory analysis below; Table 2). Our statistical hy-
pothesis Hy is that the treatment does not impact X, and the alter-
native hypothesis H; is that Xopserved 18 higher than under Hj.

To assess whether we should reject Hy in favor of H;, we
used the permutation test on the PND21C data set. The test yields
p=0.0094 for Criterion B(0.5). This exploratory analysis sug-
gests that we should reject Hy for H;.

Confirmatory analysis with PND90CD, PND90SD, 6MCD,
and 6MSD data sets. Results. We used the remaining, independ-
ent data sets PND9OCD, PND90SD, 6MCD, and 6MSD for a
confirmatory analysis. For example, Table 2 provides details in
the case of Criterion B(0.5). The latter leads to Xopserved = 1.37
and is higher than the estimated expectancy of 0.2 x4 =0.8. Note
that X(7) is also higher than the estimated expectancy of 0.2 for
all individual data sets. Using criteria A(ry,,) with reasonable val-
ues of ry, (between 1 and 1.5), we found that Xopservea Was signifi-
cantly higher than the mean of Xy, for all significance criteria we
have chosen (p < 0.005) (Table 3; Table S3). Similarly, using cri-
teria B(puy) with pg, between 0.4 and 1, Xobserved Was signifi-
cantly higher than the mean of X, (p <0.05) with a loss of
significance when the threshold was too strict or not strict enough
(see Table S3). In particular, B(0.5) is the best compromise
between type 1 and type 2 error rates in simulations (see Figures
S2, S7, and S8) and it leads to p=0.0038 <0.005. Figure 7
shows the contribution of each data set to the number of quanti-
ties having their largest change between each consecutive
concentrations. 25-250BPA (Figure 7A) is remarkable in com-
parison with the other consecutive doses (Figure 7B-E). The 20
random permutations in the figure do not reach the level of the
observed data. This result illustrates the fact that the result is sig-
nificant with p <0.05, which is shown by more extensive simula-
tions (Table 3; Table S3). By contrast, in Figure 7B,D,E the sum
of the number of quantities in the original data sets (gray horizon-
tal line) is below most of the permuted data. This result was
expected because the consecutive concentration 25-250BPA is
the locus of the largest change for many variables. Note that in
Figure 7C 2.5-25BPA, this effect is not as strong.

Table 3. Comparison of Xohservea and the results of the permutation test
between 25 and 250BPA in PND90CD, PND90SD, 6MCD and 6MSD data
sets analyzed together.

Criterion Xobserved 95% of Xsim < 99.5% of Xsim < Pestimated Pestimated (litter)

A(1.2) 1.67 1.13 1.38 0.00016 0.00016
B(0.5) 1.37 1.12 1.35 0.0038 0.0042

Note: Results for other thresholds can be found in Table S3. Criterion A(1.2) [B(0.5)]
means that the ratio (p-value of a t-test, respectively) between successive means has to
be at least 1.2 [0.5] to be taken into account. BPA, bisphenol A; CD, continuous dose;
M, month; PND, postnatal day; SD, stop-dose.
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Taking litters into account did not change the result signifi-
cantly, with p=0.0042. We could then safely reject the H, and
adopt the alternative H,: The treatment led to a higher X,pserved
than if BPA did not have an effect. 25-250BPA is the locus of a
jump in the dose response. A significantly high number of varia-
bles had their largest change between 25BPA and 250BPA and,
accordingly, this interval was the locus of a modified response to
BPA.

To conclude this global analysis, it is noteworthy that the
semiquantitative scoring did, in fact, display graphically, but not
robustly enough to show statistical significance, a nonmonotonic
response with a slight breaking point between 25BPA and
250BPA-exposed glands in PND21C (Figure 4) and a more pro-
nounced one in PND21P (see Figure S1) and PNDO9OP (see
Figure S4). PND21P and PNDO0OP are animal sets that were not
used in the global analysis, thus the fact that they reproduce the
same pattern qualitatively is suggestive.

Validation. In simulations, the type 1 error rate remained close
to the target with a loss of precision for py,, = 0.75 or 1 (see Figure
S7A). This result was consistent with the idea that those values
were not restrictive enough and introduced noise in the results. The
drift remained moderate and did not change in Figure S7B with
correlated variables. The type 2 error rates decreased when py,
increased (see Figure S8§A,B). Overall, the type 2 error rate in sim-
ulations with correlated variables was higher, which was expected
given that correlations imply a lower number of degrees of freedom
(see Figure S8C,D). The higher the number of observed variables
was, the lower the type 2 error rate as expected for the same reasons
(see Figures S8E,F).

Further Exploratory Analysis of the Response Curve and
Comparison with the Effect of EE2

PCA in PND90 and 6-month-old animals. For PND90CD, the
Dim 1 of PCA was correlated with the average density of the
gland (0.88, p=3.5x 1072%). For this feature, 2.5BPA was signif-
icantly higher than other conditions, whereas 250BPA was lower
(p=0.043,0.019, respectively).

For PND90SD, Dim 2 was related to the number of TEB
(0.57, p=8.3x107%) and was higher in 0.5EE2 than other condi-
tions (p=0.0032). Dim 4 was related to epithelial area (0.75,
p=4.5x107"1) and was lower in 0.5EE2 than in other conditions
(»p=0.0013).

For 6MCD rats, Dim 1 was related to alveolar budding (0.78,
p=3.8X% 10_18) and for Dim 1, 0.5EE2 was lower than the other
conditions (p =6 x 107%). Dim 4 was correlated with body weight
(=0.66, p=1.5x10"""), and 2500BPA was lower than other
conditions (p =0.038).

For 6MSD animals, Dim 1 was related to lobular alveolar
budding (0.65, p=5.8x107'"). For this quantity, 0.5EE2 was
higher and 250BPA was lower than the other conditions
(p=0.00058 and 0.0018, respectively). Dim 4 was correlated
with lateral budding (0.56, p=5x 107%) and 250BPA was lower
than other conditions (p =0.0081).
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Figure 7. Number of quantities that have their largest difference between the target consecutive concentration (A) 25-250BPA and the other consecutive con-
centrations [(B) Veh-2.5BPA; (C) 2.5-25BPA; (D) 250-2500BPA, and (E) 2500-25000BPA] for the data sets PND90SD, PND90CD, 6MSD, and 6MCD.
Units: pg/kg body weight (BW) per day. In each graph: left, original data, right 20 data sets obtained by random permutation of the condition of each animal.
The sum of these quantities (gray horizontal line) is higher with the original data set than with each one of the 20 permuted data sets. Note: BPA, bisphenol A;
CD, continuous-dose; Control, vehicle control; M, month; PND, postnatal day; SD, stop-dose.

Assessing nonmonotonicity. In PND21C. A change in the
trend of the response, nonmonotonicity, was observed in various
measurements obtained from PND21 mammary glands. We ana-
lyzed them with a statistical model. For example, one end point was
the mean variation of ductal thickness [standard deviation (SD)
width 3D], which describes whether structures are more tubular or,
the opposite, irregular. This measurement is associated with budding
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because small buds are not recognized as individual structures and
lead instead to duct width variations in the automatic analysis. This
quantity increased between control and 25BPA, dropped, and then
increased again between 250BPA and 25000BPA (Figure 8A).

The responses detected seemed to be characterized by a sud-
den drop or even a breaking point, which implies two changes of
trend. The model chosen for describing these data was the sum of
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a linear response and a step function that models a breaking
point:

X =a+b log(bpa) + c 1ppa>258pA @

where a, b, and ¢ were found by linear regression. b represents a
linear trend, whereas ¢ quantifies the sudden change between 25
and 250BPA. If b and ¢ have opposite signs, the change between
25 and 250BPA breaks monotonicity. Note that we are not inter-
ested in the significance of a because a being different from 0

means that the average response is not 0. To assess the signifi-
cance of the model, it was not sufficient to show that it fit the data
significantly, we also compared it systematically with simpler
models: a constant model (no effect of BPA), a linear model, and
a step model. We also assessed the quality of the regression
graphically (see Figure S9).

At low doses, our model described a linear response for
the considered variable (0-25BPA). Then, it led to a drop in the
response, which was triggered at a critical concentration that we
identified by maximum likelihood. In most cases, this negative
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Figure 8. Nonmonotonic responses to BPA doses [x-axis, BPA mg/kg body weight (BW) per day] shown by nonlinear regression in PND21C animals and
illustration of the corresponding morphological features. Number of animals per group n=8-10. Units: pg/kg BW per day. The midline represents the median,
the box represents the quartiles above and below the median, and the whiskers represent the two other quartiles, excluding outliers. (A-F) Graphs representing
mean and standard deviation for each dose and the fit with the combination of a linear and step function. Left photomicrograph panels are representative images
of a low value, right panels illustrate high values. Scale bars =2 mm. All features but the aspect ratio (F) show a break between 25BPA and 250BPA. In (F)
the break is between 250BPA and 2500BPA. (A) Mean variation of ductal thickness: the gland on the right has many structures that have both thin and thick
parts, whereas the gland on the left has more regular structures. (B) Mean thickness of the epithelium: the brightness in the pictures is proportional to the local
thickness of the points of the gland. (C) Fractal dimension in 3D. The gland on the right grows more conspicuously in the third dimension than in the left fig-
ure. (D) Angle between the beginning and the end of ducts: ducts are straighter on the left and turn more on the right. (E) Third dimension from PCA. (F) AR:
A large AR leads to an elongated gland, whereas a low AR means that the gland is round. Low doses of BPA increase the roundness of glands and high doses
lead to an AR similar to control. Note: AR, aspect ratio; BPA, bisphenol A; Control, vehicle control; PCA, principal component analysis; PND, postnatal day;
3D, three-dimensional.
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effect was between 25BPA and 250BPA. Beginning at 250BPA,
increasing BPA levels resulted in a linear response. We empha-
size the significance of the nonlinearity of the response that took
place between 25BPA and 250BPA (Figure 8); however, we do
not make strong claims on the equational form of the model. Our
model is what is usually called a phenomenological or a heuristic
model; it reproduced the trends of the dose response of several
end points. The choice of a specific model may only be decided
by a theoretical discussion (Montévil 2018).

Given that we performed exploratory statistics on all features
observed, we assessed the false discovery rate for the comparison
with a constant model with the threshold ¢ <0.1. We do not
report all features displaying these patterns, instead we report fea-
tures with distinct biological meaning.

For SD width 3D, the nonmonotonic model led to a significant
fit (p = 0.0039, 0.00038 for b and c, respectively). This model is sig-
nificantly better than a constant model [likelihood ratio (LR) test,
p=0.0011, g=0.020], a linear model (p =0.00025) or a step func-
tion (p = 0.0029) (Figure 8A). This model captures two changes of
trend because b > 0 and ¢ <0, whereas a quadratic model can only
fit one. Therefore, a quadratic model did not fit the data.

Figure 8B represents the average of the local thickness. At a
point, the local thickness equals the radius of the biggest sphere
that contains this point and that is contained in the structure. The
model’s fit of the data was significant (p =0.023, 0.0017 for b
and c, respectively), and the model was better than a constant
model (LR test, p=0.0029 and ¢=0.031), a linear model and a
step function (LR test, p =0.0012, 0.019, respectively).

Figure 8C represents the fractal dimension in 3D by the box
counting method. The higher this quantity, the more the epithe-
lium had filled the fat pad of the gland in 3D. This quantity was
an assessment of the complexity of the gland. The fit was signifi-
cant (p=0.062, 0.011 for b and c, respectively), and the model
was significantly better than a constant (p =0.024, ¢ =0.073) and
a linear model (p =0.0086), and almost better than the step model
(»p =0.054). The step model alone was not a better fit (p =0.057).
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Figure 8D represents the average angle between the beginning
and the end of ducts. This quantity assessed how much the ducts
change direction during their growth. The fit was not entirely sig-
nificant with p =0.17 for b and p =0.047 for ¢, and it was not sig-
nificantly better than a constant model and a step model, only
better than a linear model (p =0.090, 0.16 and 0.041, respec-
tively). Nevertheless, we found this feature biologically interest-
ing, and we will therefore discuss it again below.

Figure 8E represents the third dimension constructed by PCA,
which was associated with duct length. The linear part of the model
was not significant (p =0.11, 0.018 for b and c). Nevertheless it
was better than a constant model and a linear model, but not a step
model (p =0.031,0.015, 0.097, respectively, g = 0.078). The latter
was a good fit (p =0.045), and it was better than a constant model
(p=0.041).

Figure 8F represents the AR. This quantity equals the ratio
between the largest axis of the gland and its smaller axis and was
one aspect of how the epithelium invades the fat pad. For 250—
2500BPA instead of 25-250BPA, our model was a good fit
(p=0.032, 0.0092 for b and c, respectively), and it was better
than a constant, linear, or step model (p =0.027, 0.0072, 0.027,
g =0.073, respectively).

The existence of various end points exhibiting a nonmonotonic
response was against hypothesis (iii), which postulated that BPA is
devoid of effect. The conclusion of this exploratory analysis is
that nonmonotonicity can be different than quadratic (U-shaped)
responses, and that features related to thickness, duct width, fractal
dimension in 3D are of interest. The AR also exhibited an interest-
ing pattern, but not with respect to the 25-250BPA breaking point.

In PND90 and 6-month. Nonmonotonic responses in
PND90CD, PND90SD, 6MCD, and 6MSD were found which
were similar to the ones in PND21C (Figure 9; Figure S10).
More specifically, the gland weight (determined at necropsy) in
PND90SD (Figure 9A) was a significant fit to our model
(p=0.039 and 0.039 for b and c, respectively). The model was
not significantly better than a constant model; nevertheless, the
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Figure 9. Nonmonotonic mammary epithelial responses in glands from BPA-exposed PND90 and 6-month-old animals. Units: pg/kg body weight (BW) per
day. The midline represents the median, the box represents the quartiles above and below the median, and the whiskers represent the two other quartiles,
excluding outliers. The curves represent the fit with the sum of a linear and step function and also a step model when relevant. (A) Log of mammary gland
whole mount weight in PND90SD. (B-D) Density analysis in the anterior area (Area 3) in PND90CD, 6MCD, and 6MSD, respectively. In all cases, the com-
plete model is not significant for all our statistical criteria; however, the step model is significant in B and D. Number of animals per group n=8-10. Note:
BPA, bisphenol A; Control, vehicle control; CD, continuous dose; M, month; PND, postnatal day; SD, stop-dose.
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p-value is below 0.1 (p =0.088). It was significantly better than a
linear or a step model (p =0.033 and 0.033, respectively).

Interestingly, the same quantity can be described by our
model in PND90CD, 6MCD, and 6MSD (Figure 9B-D). This
quantity was the branching density of the posterior region of the
mammary gland, closest to the fifth mammary gland (Area 3). In
PNO0CD, the complete model was not a good fit (p =0.7 for b),
but it was still better than a constant model (p=0.033,
¢ =0.038). The step model alone was a good fit (»=0.011) and
was better than a constant model (p = 0.0094).

In 6MCD, the model was a good fit (p = 0.058, 0.024 for b and
¢, respectively), was almost significantly better than a constant
model, and was better than a linear or step model (p = 0.064, 0.020,
0.049, respectively, g =0.13).

In 6MSD, the situation was similar (0.11, 0.017 for b and c¢),
was better than a constant and a linear model, and almost signifi-
cantly better than a step model (p =0.026, 0.014, 0.098, respec-
tively, ¢ =0.046). A step model was a good fit, with (p =0.036)
and better than a constant model (p =0.032).

Comparison between negative control, BPA inflection point,
and positive control (0.5EE2). In PND21C. Because an inflec-
tion point was detected between 25BPA and 250BPA for several
features, such as sd width 3D or the fractal dimension in 3D
(Figure 8), we systematically investigated differences between
250BPA and control using the 7-test for all features observed. We
assessed the false discovery rate due to multiple testing with the
threshold g < 0.25. In the cases where 250BPA was significantly
different from control, we investigated whether the effect of the
0.5EE2 dose was comparable to the effect of 250BPA hypothesis
(i) or was qualitatively different hypothesis (ii). Given that we
investigated individual quantities, we decided against (i) and for
(ii) when the effect of 0.5EE2 was lower than the one of 250BPA,
which we tested by a #-test. Hypothesis (ii) can correspond to two
different situations, (iia) there was no effect of 0.5EE2 by compari-
son with control or, alternatively, (iib) the effect of 0.5EE2 was
opposite the effect of 250BPA. We used Bonferroni corrections to
control multiple comparisons among treatments. Results from
these comparisons are summarized and illustrated in Figure 10.

Aspect ratio. Glands of rats exposed to 250BPA were
rounder (had a smaller AR) (p =0.038, ¢=0.21) compared with
controls. 0.5EE2 was similar to 250BPA (p =0.78) and rounder
than control (p=0.024). The response to BPA and EE2 were
similar, consistent with hypothesis (i) (Figures 8F and 10A).

Branching/budding. The proportion of small branches (buds
and small ducts <15 pixels =75 pum) was smaller in 250BPA than
in control (p=0.027, ¢=0.21). For 0.5EE2, this quantity was
between 250BPA and control, and closer to 250BPA (Figure 10B).
This feature suggests a similar effect of BPA and EE2; compatible
with hypothesis (i). The proportion of very small branches
(<4 pixels=20 pm) can be interpreted as epithelial budding.
There was fewer very small branches in 250BPA than in the
control (p =0.014, ¢ =0.21). Against hypothesis (i), there was more
very small branches in 0.5EE2 than in 250BPA group (p =0.011).
0.5EE2 was comparable to the control (Figure 10C). This feature
matches hypothesis (iia): BPA impacts a feature that EE2 does not.

Branch length measurements. Branches were defined com-
putationally as a path from a bifurcation to the next bifurcation.
The branches were longer on average in 250BPA than in control
(»=0.027, ¢=0.21), but their maximum length was smaller
(p=0.041, g=021) (Figure 10D,E). Similar results were obtained
when the terminal branches were removed (pruning) (p =0.022
and 0.041, g=0.21 and 0.21, respectively). Against hypothesis (i),
0.5EE2 was different from 250BPA (p =0.048, 0.023, 0.039, and
0.032, respectively) and was similar to control for all these end
points (p > 0.8). These results matched hypothesis (iia).
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Angle of branches. When removing small structures
(<75 pm), the remaining ducts tended to be straighter (turn less) in
250BPA than control (p = 0.028, ¢ =0.21). Against hypothesis (i),
250BPA ducts were also straighter than in 0.5EE2 (p =0.0012).
0.5EE2 seemed to have an opposite effect as 250BPA but it was not
significant; therefore, hypothesis (ii) held, but we could not decide
between (iia) and (iib) (Figures 8D and 10F).

Topological asymmetry. The average of the number of branch-
ing points from a branch to a terminal end (average depth of sub-
trees) was high when the epithelial tree was more asymmetric and
low when, to the contrary, it was more balanced or compact topolog-
ically. Epithelial trees were more symmetric (p =0.013, ¢=0.21)
in 250BPA than in control. Against hypothesis (i), trees were also
more symmetric in 250BPA than in 0.5EE2, (p = 0.00023). Against
hypothesis (iia), trees were also more symmetric in control than in
0.5EE2 (p =0.023), Figure 10G. Here, BPA and EE2 had opposite
effects, matching hypothesis (iib).

Depth of the gland. Similarly, the overall size of the epithe-
lium along the z-axis were lower in 250BPA than in control
(p=0.048, ¢=0.22). The depth was also lower in 250BPA than
in 0.5EE2 (p =0.00018), which invalidates hypothesis (i). Against
hypothesis (iia), it was higher in 0.5EE2 than in control (p = 0.027).
This feature also matches hypothesis (iib) (Figure 10H).

We also performed multiple comparisons between all treatments
and control using Dunnett’s test. Despite the important loss of statis-
tical power when performing all comparisons, we found that the av-
erage branch length was significantly longer for 2.5BPA than for
control, both without (»p = 0.031) and with (p = 0.019) pruning.

As illustrated in Figure 10, some of the features analyzed are con-
sistent with hypothesis (i); the response to BPA and EE2 are similar.
Others are consistent with hypothesis (ii), where BPA impacts fea-
tures that EE2 does not impact (iia) and in some cases, BPA had oppo-
site effects than EE2 (iib).

In PNDY0 and 6-month. We used the same methodology as
above (see Table S4). In PND90CD, the gland density was lower on
average in 250BPA-exposed glands than in vehicle (p=0.020,
g=0.11). 0.5EE2 was between these two conditions so that we
could not decide between hypothesis (i) and (ii). Interestingly, when
the three distinct gland regions (rostral, middle, and caudal) used to
determine gland density were examined independently, there were
treatment-dependent differences. Exposure to 0.5EE2 led to a signif-
icantly decreased gland density in the middle of the gland (Area 2)
compared with vehicle (p =0.011). Density in the rostral area (Area
1) was lower in the 250BPA group than for females dosed with ei-
ther vehicle or 0.5EE2 (p =0.031, ¢ =0.099 and p =0.016, respec-
tively) which is against hypothesis (i). 0.5EE2 is similar to control,
which is consistent with hypothesis (iia). Lobuloalveolar budding
was higher in 250BPA and 0.5EE2 than in vehicle mammary
glands (p =0.0049, ¢ =0.08 and p =0.049, respectively, permuta-
tion test), which is consistent with hypothesis (i).

Performing comparisons between control and other continu-
ously dosed treatment groups showed that gland density (Area 2)
in 25BPA and 25000BPA was lower than in vehicle controls
(p=0.047 and 0.0098, respectively, corrected by Dunnett’s test).

In PND90SD, lateral budding was higher in 250BPA than in
vehicle, albeit not significantly (p =0.095 by permutation test).
In agreement with hypothesis (i), the response was similar in
0.5EE2-treated females (p = 0.0063 by permutation test).

In 6MCD, the fat pad area was larger in 250BPA than in vehicle
controls (p =0.030, g =0.17) when 0.5EE2 was not distinct from
either condition. The percentage coverage was lower in 250BPA
than in control and 0.5EE2 (p=0.022 ¢=0.17 and p=0.012,
respectively), which is against hypothesis (i). The percentage cov-
erage was higher in EE2 than control, albeit not significantly
(p =0.083), which does not decide between (iia) and (iib).
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which the mean is significantly different between control and 250BPA. Units: pg/kg body weight (BW) per day. The midline represents the median, the box
represents the quartiles above and below the median, and the whiskers represent the two other quartiles, excluding outliers. p-Values correspond to #-test for
control vs. 250BPA and #-test to assess whether the effect of EE2 was similar to the one of BPA, corrected for multiple comparisons. In all cases, the distribu-
tions do not differ significantly from a Gaussian distribution by the Shapiro test. Number of animals per group n=_8-10. (A,B) Graphs show quantities where
the effects of 250BPA and 0.5EE2 are similar, matching hypothesis (i). (C—E) Graphs show quantities where 250BPA is different from Control but 0.5EE2 is
not, which fits hypothesis (iia). (F-H) Graphs show features where the effects of 250BPA and 0.5EE2 are opposite, matching hypothesis (iib). (LJ)
Photomicrographs show the morphological differences between Control (I) and 250BPA (J) in PND21C animals. These samples are chosen because they ex-
hibit the differences outlined in A—H. Scale bars =2 mm. Note: BPA, bisphenol A; Control, vehicle control; EE2, ethinyl estradiol.

In 6MSD, the standard deviation of gland density was higher in 250BPA than in control and 0.5EE2 (p =0.033, ¢=0.0497 and
250BPA than in control (p =0.012, ¢ =0.067). Comparisons with p=0.0015, respectively), which is against hypothesis (i). Lateral
0.5EE2 were not significant albeit the situation was closer to hy- branching was lower in 250BPA than in control (p =0.011, permu-
pothesis (iia). In 6MSD, the percentage coverage was lower in tation test, ¢=0.067), 0.5EE2 almost significantly lower than
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250BPA and was similar to control, matching hypothesis (iia)
(» =0.087 permutation test). Lateral budding and alveolar budding
were almost significantly lower in 250BPA than control (p =0.082,
0.054; ¢ =0.12, 0.12, respectively, permutation test) and were sig-
nificantly lower in 250BPA than in 0.5EE2 (p =0.0046, 0.019,
respectively, permutation test). 0.5EE2 is similar to control; there-
fore, this result is consistent with hypothesis (iia).

Other Results

Comparison between the automatic measurements and the
semiquantitative scoring of PND2IC glands. We compared
the automated quantitative measurements of the glands with the
semiquantitative developmental scores reported above for the
chronic study and found correlations between this score and
numerous morphological features. Quantities representative of
the highest correlations with the score are the 2D fractal dimen-
sion of the gland (CC: 0.88, p=7.7x 107%") and the number of
branches (CC: 0.86, p =4.5 x 10724).

The semiquantitative developmental score was also compared
with the dimensions resulting from PCA. Table 4 shows that the
scoring captured aspects of the two first dimensions of PCA
(~size and thickness of glands, respectively) and was not corre-
lated to Dim 3 ( ~ length of ducts) or to any additional dimensions.
This relationship between the semiquantitative developmental
score and the dimensions of PCA is meaningful because it corre-
sponds to the directionality of developmental characteristics
observed between control and 0.5EE2 treated glands (Figure 11).
In this sense, the semiquantitative developmental scoring criterion
alone was optimized to detect effects resulting from exposure to
EE2 but was not sufficient to detect significant nonlinear responses
in ductal length and several other morphological features that were
shown by other analyses. Nevertheless, it is important to note that
semiquantitative scoring did show a nonsignificant nonmonotonic
response in morphological development between 25BPA- and
250BPA-exposed glands (Figure 4; Tables S1 and S4).

The standard deviation between the semiquantitative assess-
ments of the two observers scoring the glands provided further
insight on its relationship with the response to BPA. We interpret
this standard deviation as the result of an ambiguity in evaluating
the development of some glands when this development is
altered. This standard deviation is negatively correlated with the
proportion of small branches (—0.28, p =0.014) and the average
thickness of the gland (—0.25, p=0.035). These features were
relevant in our analysis of the nonmonotonic response of BPA,
where the nonmonotonicity corresponded to a drop, consistent
with a negative correlation. This suggests that the discrepancies
between the assessments of the two observers were related to the
nonmonotonic response to BPA and the relatively 2D evaluation
of the gland on a typical microscope. BPA and EE2 resulted in
different responses: EE2 accelerated gland development, whereas
BPA led to abnormal development when assessed at PND21.

Histopathology in PND90 and 6-month. Eight lesions were
identified in whole mounts and histological sections from eight
PND90 mammary glands across both continuous and SD-treatment
groups. No lesions manifested in vehicle-treated animals and all
lesions were diagnosed as benign or malignant, ranging from lobular

Table 4. Correlation between semiquantitative scoring and the dimensions
of PCA in PND21C.

Dim 1 Dim 2
Correlation descriptors (~ size) ( ~local thickness) Dim 3 (s)
Correlation coefficient 0.88 -0.29 0.023
p-Value 22x%x107'° 0.011 0.84

Note: Dim, dimension; PCA, principal component analysis; PND, postnatal day.
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Figure 11. Comparison between semiquantitative scoring and the principal
components from morphological analysis in PND21C animals. Units: pg/kg
body weight (BW) per day. The arrow represents the semiquantitative scor-
ing analyzed by PCA as a supplementary quantitative variable and corre-
sponds clearly to the direction from control to 0.5EE2. The arrow’s direction
does not capture the contrast between 25BPA and 250BPA, which is almost
orthogonal. Number of animals per group n=_8-10. Note: BPA, bisphenol
A; Control, vehicle control; EE2, ethinyl estradiol; PCA, principal compo-
nent analysis; PND, postnatal day.

hyperplasia, fibroadenoma, periductular fibrosis or ductal epithelial
necrosis with lymphocytic infiltration to ductal carcinoma in situ
(see Table S5A). Thirty-three total lesions were identified in whole
mounts and excised from twenty-four 6-month mammary glands
across both continuous and SD-treatment groups. Three malignant
tumors (adenocarcinomas) were classified from continuous and SD
0.5EE2 treated females, and the remaining lesions/benign tumors
were found in vehicle and 2.5BPA-, 25BPA-, and 25000BPA-
treated females. The benign lesions included lobular or ductular al-
veolar dilatations (with and without secretions), periductular fibrosis
(with and without lymphocytic infiltration), fibroadenomas, and
adenomas (see Table S5B).

Discussion

In a rare distribution of tissues from a very large guideline-
compliant study to academic grantees, we had an opportunity to
evaluate mammary gland specimens from female rats from two
studies on the effects of exposure to BPA and EE2. In one study
animals were exposed during fetal life until weaning (PND21)
while in the other exposure ended at tissue collection at PND90
and 6 months of age.

The mammary gland is considered a sensitive target for endo-
crine disruption. Measurable effects manifest at low levels of expo-
sure to endocrine disruptors, and these effects appear significantly
earlier than the manifestation of mammary gland cancer. Thus,
there is considerable interest in including its analysis in the animal
tests used for regulatory purposes (Makris 2011; Rudel et al.
2011). At present it is mentioned in a footnote in Organisation for
Economic Co-operation and Development (OECD) protocols [i.e.,
OETC TG443, which recommends that “end points involving pup
mammary glands of both sexes be included in this Test Guideline”
using validated methods (OECD 2018)]. However, the animal of
choice for these regulatory studies was the NCTR-derived
Sprague-Dawley rat. In contrast to mouse models (Soto et al. 2013;
Paulose et al. 2015), there is a paucity of reports on the effect of

128(5) May 2020



fetal BPA exposure on rat mammary gland morphogenesis. This is
in part due to the florid structure of the ductal tree which grows
more conspicuously into the third dimension and makes quantita-
tive assessment beyond weaning challenging (Stanko et al. 2015).
This feature of the rat mammary gland hinders the use of standard
morphometric tools for the analysis of the rat mammary ductal sys-
tem. Instead, conventional scoring methods are used. They are
called semiquantitative because they construct a score from quali-
tative and countable morphological features, such as terminal end
buds (see Table S1). These semiquantitative methods are reproduc-
ible, fast, and reliable. In addition, because the scoring method
relies on the trained human eye to interpret structures in relation to
function and pathology, the scores relate to biological outcomes.

A main objective of this study was to elucidate the shape of
the dose—response curve and to test three alternative hypotheses:
(i) that EE2 and BPA resulted in similar qualitative effects, (ii)
that BPA and EE2 affected different features or had opposite
effects, and (iii) that BPA had no effect on mammary gland de-
velopment. In addition, because the size and thickness of the
PND21 mammary glands were compatible with confocal scan-
ning and complete 3D reconstruction of the ductal tree, the
PND21 female rats were extensively evaluated for the effects of
BPA and EE2 using a quantitative new methodology specially
developed for this study.

Evaluation of Early Effects in the Mammary Gland

Consistent with our long history of evaluating both rat and mouse
mammary whole mounts using semiquantitative and quantitative
methods, we scored and measured glands from PND21 and PND90
in these studies, blinded to treatments. In addition, we postulated that
an unsupervised, quantitative, and automated method may discover
effects that are difficult to ascertain using the scoring methods. We
developed and describe here a method consisting of optical confocal
sections to reconstruct the gland and use of appropriate algorithms
for its analysis. The choice of PND21 was motivated mostly by the
size of these glands and the fact that this prepubertal age precedes the
florid and fast development of the ductal system due to ovarian estro-
gens (Cowie 1949; Masso-Welch et al. 2000; Murray et al. 2007);
thus, estrogenic responses, if induced by BPA and EE2, should be
detected. The hypothesis behind this choice is that the effect of BPA
would be qualitatively similar to that of EE2; that is, BPA will
behave as a classical estrogen. We used the same set of mammary
glands to compare this new quantitative method with the standard
semiquantitative method (Davis and Fenton 2013). Both the semi-
quantitative and the quantitative methods were able to detect signifi-
cant differences between the negative control (vehicle) and the
positive control (0.5EE2) (Figures 4, 5, 10; Figure S4). However, the
results obtained by both methods did not support the default hypothe-
sis used in the experimental design, that BPA and EE2 would pro-
duce the same effect on the developing mammary gland.

Evidence for a Breaking Point between 25BPA and 250BPA
and Nonmonotonicity in the Dose Response

An important motivation for the development of the quantitative
assay was to obtain a precise evaluation of nonmonotonicity. There
are inherent differences in assumptions about the shape of the
dose-response curve in endocrinology and toxicology. The default
assumption in toxicology is monotonicity. In contrast, nonmono-
tonic dose—response curves are a common occurrence in endocri-
nology. For instance, the proliferative response for estrogens and
androgens follows inverted-U patterns (Stormshak et al. 1976;
Amara and Dannies 1983; Soto et al. 1995; Maffini et al. 2002;
Geck et al. 2000) and the effect of estradiol on the growth of the
mammary ductal system is also nonmonotonic (Vandenberg et al.
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2006). Moreover, distinct end points show different estrogen dose—
response curves in different organs of the same animal set: The ute-
rotrophic assay and various other uterine morphological end points
are clearly monotonic, whereas those pertaining to ductal mam-
mary gland morphogenesis show mostly nonmonotonic dose—
response curves (Vandenberg et al. 2006).

As expected from examples in the literature, the BPA dose—
response showed evidence for nonmonotonicity on data from the
quantitative method in PND21C (Jenkins et al. 2011; Cabaton
et al. 2011). The dose-response curves observed for several fea-
tures was not that of an inverted-U shape, instead it seemed to be
characterized by a sudden drop or a breaking point located
between 25BPA and 250BPA (Jenkins et al. 2011).

We used the 91 distinct measurements obtained with the auto-
mated method for the analysis of PND21C glands to formulate a
statistical test to assess whether 25-250BPA was the locus of a
breaking point for a significant number of features. In this data set,
our exploratory analysis by the permutation test led us to reject the
hypothesis that BPA has no effect in favor of the existence of a
breaking point between 25BPA and 250BPA (Figure 6). To con-
firm this exploratory result, we used the smaller number of quanti-
tative end points measured at PND90 and 6 months of age. This
breaking point in the dose-response to BPA was confirmed by a
single, global statistical analysis using the same permutation test
(Figure 7). The key of this global analysis is the hypothesis that the
breaking point between 25BPA and 250BPA is present at all time
points. Again, the test leads us to reject the hypothesis that BPA
has no effect in favor of a breaking point between 25BPA and
250BPA. We want to emphasize that performing this single test as
a confirmatory analysis, when PND21C is used for the exploratory
analysis, is a very rigorous analysis because it avoids making mul-
tiple comparisons for the many features and several data sets avail-
able. Moreover, the permutation test rigorously accommodates the
individuality of each animal (i.e., the test takes into account that
many features are correlated). Our overall strategy has been to
build on the nonlinear feature observed in PND21C, the breaking
point, in order to provide evidence that it remains valid in the other
data sets taken together. Although there were no significant dis-
cernible effects in the subchronic PND21P mammary glands across
BPA-treated groups, the reduced gland development in BPA260
compared with BPA25-exposed animals is consistent with the
global analysis obtained from the chronic study animals
(PND21C). In addition, in the 90-d subchronic pilot studies (see
Figures S1 and S4), the increased development scores in the lowest
BPA dose groups is another confirmation of this rationale, even
though it failed to reach significance.

Once we have concluded that 25-250BPA is a breaking point,
we could perform an exploratory analysis of which features are
involved and the more specific shape of the dose response. Here, the
analysis is performed with data sets already taken into account
above; therefore, it cannot provide a confirmation of the presence of
the breaking point. However, it is useful to assess the overall
response curve and the features that best represent it. The model cho-
sen was the sum of a linear response and step function because it is
significantly better than either a linear model or a step function alone
(Figure 8). In PND21C, for many variables, our model appears as a
linear response at low doses; a drop in the response appears between
25BPA and 250BPA for most relevant features. At higher BPA
doses, a linear response is observed again (Figure 8). The most strik-
ing feature of the dose-response curve is the nonlinearity of the
response that takes place between the 25BPA and 250BPA dose. In
other data sets, specific quantities were also nonmonotonic such as
gland weight in PND90SD and branching density in PND9OCD,
6MCD, and 6MSD (Figure 9). Moreover, pair-wise and compari-
sons between 250BPA, 0.5EE2, and control revealed that some
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features are consistent with hypothesis (i), namely, the effects of
EE2 and BPA are similar, and others with hypothesis (ii), namely,
they are different, sometimes opposite (Figure 10).

These results show the importance of establishing and using
statistical methods appropriate for nonmonotonic responses.
Linear models are a powerful tool to provide evidence of a causal
relationship because they quantitatively relate the changes of a pu-
tative cause with the one of the effects. Moreover, linear responses
to small causes are a common mathematical property albeit not uni-
versal. Therefore, exhibiting a linear response is a powerful
method to provide empirical evidence of a causal relationship in a
given context. However, this method is blind to nonmonotonic
responses. The latter are common in endocrinology because the pu-
tative causes are involved in multilevel, complex regulations due
to the evolutionary history of hormones and their functions. In this
context, a more appropriate way to show the presence of causation
is to show the prevalence of a specific nonmonotonic pattern, here
abreaking point between 25BPA and 250BPA.

Semiquantitative Scoring and Quantitative Analyses

In PND21C, the scoring method captured the directionality of de-
velopment as the arrow linking controls with 0.5EE2-treated
(Figure 11) in the first two dimensions of PCA of data obtained
by the quantitative method (correlated respectively with size and
thickness). Indeed, the fact that the scoring method uses EE2 as
the control implies that it would preferentially capture the effects
of BPA when they mimic those of natural estrogens. Many of the
features measured by the quantitative method do not relate
directly to the features used for the scoring method, but still pro-
vide information about them. For example, the fractal dimension
assesses the complexity of the ductal system and the mean varia-
tion of ductal thickness is associated with budding. Several of
these unique features revealing significant BPA effects when
evaluated in 3D are illustrated in Figure 8.

In PND21C, the data and analysis presented here demonstrate
that the quantitative method, by using a multitude of automatic
measurements, resulted in a greater sensitivity than the semiquan-
titative method to discriminate effect differences due to BPA
dose. The difference between the methods reside in the fact that
the quantitative method does not depend on a positive control to
score development, and thus is blind to whether the effect of
BPA is similar or not to that of EE2 and that the quantitative
method interrogates effects existing in the third dimension (i.e.,
thickness, fractal dimension in 3D, angles).

In PND90 and 6-month-old animals, the scoring method
revealed a significant effect of BPA in PND9OP mammary glands
exposed to BPA from gestation to tissue harvest. This effect was
observed only at the BPA2.5 dose and only when the animals were
humanely euthanized at estrus, a result consistent with the nonmo-
notonicity observed at all time points using the quantitative meth-
ods. The stage of the estrous cycle by itself appeared to affect the
morphological outcomes, thereby validating the importance of
assessing all the tissues at the same stage of the cycle for the deter-
mination of treatment effect. In fact, the effect of EE20.5 on an
increased semiquantitative developmental score was not evident
when glands from animals in all stages of the estrous cycle were
considered (see Figure S4B). Moreover, these data also suggest
that unlike the results in prepuberal PND21 animals, BPA may act
in conjunction with endogenous estrogens in adult animals and
thus produce a more estrogen-like pattern than that observed for
BPA at PND21, that is, consistent with hypothesis (i).

The data presented here demonstrate that PND9O0 is an appro-
priate time point to assess the effect of low BPA doses and to
reveal nonmonotonicity. They also highlight the importance of
assessing the tissue at the same stage in the estrous cycle given
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that even the pronounced proliferative effect of the positive con-
trol on mammary epithelium was not evident when estrous stage
was not taken into account in the data analyses. Our results also
suggest that EE2 is not a good control for mammary gland end
points because the effects of BPA and EE2 were distinct and
there was no effect of the 0.05EE2, as expected; leaving us to
suppose that the NCTR rat strain may be particularly estrogen
insensitive. In summary, most of the results in these sets of mam-
mary glands from cycling rats are consistent with hypothesis (ii),
and inconsistent with hypothesis (iii).

Cancer: This Study and the Core Study

As in the mouse model, some effects of BPA are not similar to
those of estrogens, for example, inhibition of ductal growth at pu-
berty (Markey et al. 2001; Mufioz-de-Toro et al. 2005), enhanced
ductal growth during fetal life (Vandenberg et al. 2007; Speroni
et al. 2017), others are clearly estrogen-like, such as the increased
score at PND9OP reported here and the accelerated expression of
lateral branching in the mouse (Mufioz-de-Toro et al. 2005).
There are also other effects seemingly unrelated to estrogenicity;
changes in the stromal fraction of the gland and inflammatory
cell responses that have been noted in response to developmental
BPA exposures (Tucker et al. 2018; Wadia et al. 2013).

Given that BPA is rapidly metabolized and does not bioaccu-
mulate, the increased propensity of developing mammary cancer
in animals exposed to BPA during organogenesis has been attrib-
uted to its direct effect on fetal mammary gland development and
its indirect effects through the developing hypothalamic—pituitary—
ovarian axis (HPOA) (Soto et al. 2013). In the present study, both
PND90 and 6-month SD animals displayed a nonmonotonic
response to BPA, which confirms the long-lasting effects of early
BPA exposure (Table 2). The direct effect of BPA on fetal mam-
mary gland development has been verified using fetal mammary
gland explants in an ex vivo model (Speroni et al. 2017). Fetal ex-
posure to BPA affects all the organs of the HPOA, altering ovarian
steroidogenesis (Mahalingam et al. 2017; Peretz et al. 2011), hypo-
thalamic controls of luteinizing hormone levels (Rubin et al. 2006;
Acevedo et al. 2018), and the gonadotroph number in the fetal pitu-
itary (Brannick et al. 2012). These alterations, in turn, suggest
altered regulation of mammotropic hormones (Soto et al. 2013).
Consistent with these findings, fetal exposure to BPA in mice not
only affected the fetal period of mammary gland organogenesis,
but also postnatal development, long after cessation of exposure.
Alterations in ductal elongation at puberty and lateral branching
and budding during adulthood were attributed to altered responses
to mammotropic hormones such as estradiol and progesterone
(Wadiaet al. 2007; Ayyanan et al. 2011). Recent studies confirmed
that developmental exposures to other BPA-related substances
(Bisphenol S and Bisphenol AF) in mice also induce precocious
development of the mammary epithelium and increased epithelial
lesions and mammary tumors in adulthood (Tucker et al. 2018).
However, these results were obtained in the mouse, which is not
considered as good a model for mammary cancer as the rat. In spite
of this widely held opinion, developmental exposure to BPA in
mice also increased the incidence of mammary cancer in animals
treated with a chemical carcinogen during adulthood or in MMTV-
erbB2 mice exposed to BPA during adulthood (Jenkins et al.
2011). It is remarkable that in this model, the effect of BPA was
nonmonotonic. Several studies using different rat strains reported
the development of hyperplasia, carcinoma in sifu and palpable
adenocarcinomas of the mammary gland after prenatal or neonatal
exposure to BPA (Mandrup et al. 2016; Murray et al. 2007). Not
surprisingly, the CLARITY core study, run concurrently to this
study, revealed a significant increase of adenocarcinomas as well
as the combination of adenomas or adenocarcinomas in the SD
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animals treated with 2.5BPA at 2 years of age. EE2 induced a signif-
icant increase of adenocarcinomas only at the high dose and they
were also detected in our animals (see Table S5) by 6 months of age.

Conclusions
Here we demonstrated that semiquantitative and quantitative meth-
ods were suitable to detect estrogenic effects in the mammary
glands of NCTR SD rats, and both methods found BPA-induced
mammary effects to be different from those of EE2. In addition, the
semiquantitative method, by relying on the trained human eye, is
better able to interpret structures in relation to function and pathol-
ogy. The automatic quantitative method, by using a multitude of
measurements in 3D, identified statistically significant differences
and revealed a nonmonotonic BPA dose-response curve in mam-
mary samples from PND21 animals. The nonmonotonic response
was confirmed by a global analysis of quantitative assessment in
mammary samples from older animals within the same study.
These results show that we can and should take advantage of non-
monotonic properties to perform statistical analysis rigorously,
and that these features are not limited to quadratic responses.
Consistent with our finding, the CLARITY core study, which
used animals of the same cohort, found that EE2 and BPA are not
similar. In the core study EE2 increased the incidence of neoplas-
tic lesions only at the highest dose, whereas BPA only increased
their incidence at the lowest dose. The BPA effect was nonmono-
tonic and differed between the SD and the continuous exposure
regime. Thus, dose and duration of exposure contribute to the de-
velopmental and neoplastic outcomes. These data are consistent
with the multiple non-GLP studies previously conducted demon-
strating low-dose BPA exposures induce more adverse responses
than high doses and that some low-dose BPA responses are dif-
ferent from those of estrogens and of high-dose BPA.
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