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Abstract

Pyometra is an inflammatory disease of the uterus that can be caused by chronic exposure to
estrogens. It is unknown whether weakly estrogenic endocrine disruptors can cause pyometra. We
investigated whether dietary exposures to the estrogenic endocrine disruptor bisphenol A (BPA)
induced pyometra. Pyometra did not occur in CD1 mice exposed to different dietary doses of BPA
ranging from 4.1 to >4000 pg/kg/day or 17a-ethinyl estradiol (EE; 1.2 to >150 ug/kg/day). In the
C57BL/6 strain, pyometra occurred in the 15 pg/kg/day EE and 33 ug/kg/day BPA treatment
groups. At the effective concentration of BPA, histological analysis revealed pathological
alterations of uterine morphology associated with a >5.3-fold increase in macrophage numbers in
non-pyometra uteri of C57BL/6 mice exposed to BPA. These results suggest that BPA enhances
immune responsiveness of the uterus and that heightened responsiveness in C57BL/6 females is
related to increased susceptibility to pyometra.
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1. Introduction

Inflammatory conditions of the uterus occur in specific strains of rats and mice receiving
extended exposures to estrogens [1]. Pyometra is literally defined as “puss in the uterus.”
This potentially life-threatening infectious disease is characterized by inflammation and
intraluminal accumulation of purulent material in the uterus. Pyometra is clinically most
well-known to veterinary medical science, where it is a common occurrence in unspayed
female dogs; nearly 25% of bitches will be affected by pyometra before the age of 10 years
[2, 3]. In addition to dogs, pyometra, while less common, is also a significant disease in
domestic cats and captive large felids, some livestock species, and laboratory animals such
as rabbits and some strains of mice and rats. In humans, pyometra is a relatively uncommon
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condition with rare but significant mortality resulting from spontaneous uterine perforation
or rupture leading to septicemia. In the general population, it is estimated to account for
about 0.04% of gynecological admissions; however, the incidence becomes increased to
>13% in the elderly [4].

Hormonal factors, particularly the actions of estrogen on the uterus, play a central role in the
etiology of pyometra. Along with hormonal status and age, genetic factors related to cellular
infiltration of leukocytes into the uterus play a major role in regulating sensitivity to
estrogen-induced uterine inflammation and pyometra [6-8]. In sensitive strains of laboratory
rats and mice, it is well established that chronic exposure to estradiol or the highly
efficacious non-steroidal estrogen, diethylstilbestrol (DES), can induce pyometra [1, 6, 9-
12]. These findings suggest the possibility that the highly prevalent environmental
estrogenic endocrine disrupting chemical, bisphenol A (BPA), may have a similar effect.
Bisphenol A is a synthetic monomer used in the production of epoxy resin-based sealants
and polycarbonate plastics. Measurable levels of BPA have been found in >90% of humans
tested at levels that affect fecundity, embryonic development and carcinogenesis in
experimental models [13-15]. The ability of endocrine disrupting chemicals such as BPA,
that are considered weak estrogens based on potency in a uterotrophic bioassay or binding
affinity at the nuclear estrogen receptors, to cause pyometra is essentially unknown.
However, BPA can cause morphological changes in the CD1 mouse uterus at doses
considered to be safe in humans, suggesting mechanisms other than those assessed by the
rodent uterotrophic bioassay are involved with some actions of BPA in the uterus [16]. As
part of a larger effort to determine the physiological consequences of dietary exposure to the
endocrine disrupting chemical BPA, we investigated whether BPA might act in an estrogen-
like fashion to induce pyometra in mice exposed to BPA or 17a-ethinyl estradiol (EE) as a
positive control for estrogenic activity in their diet.

2. Materials and Methods

2.1 Animal husbandry and dietary exposures

All animal procedures were performed in accordance with protocols approved by the
University of Cincinnati Institutional Animal Care and Use Committee and followed
recommendations of the Panel on Euthanasia of the American Veterinary Medical
Association. Animals were maintained on a 14 h light, 10 h dark cycle and provided food
and water ad /ibitum in single-use polyethylene caging certified BPA-free (Innovive, San
Diego California). Sani-chip bedding (Irradiated Aspen Sani-chip; P.J. Murphy Forest
Products Corp. Montville, NJ) was used to avoid corncob-derived mycoestrogen exposure.
Sterile drinking water was generated by a dedicated water purification system (Millipore
Rios 16 with ELIX UV/Progard 2) that reduces organic contaminants to less than 1% of
source levels. Drinking water was dispensed from BPA-free polyethylene water bottles
(Innovive, San Diego California).

A modified open standard diet (supplemental data table 1; Product #10010504 Research
Diets) was used to eliminate possible dietary phytoestrogen contamination. Test compounds
were directly incorporated into the extruded pellet diets that were unsupplemented (control)
or supplemented with 17a-ethinyl estradiol (EE; 1,3,5(10)-estratrien-17a-ethinyl-3,17p-
diol, CAS No. 57-63-6, Batch No. H923; Steraloids Inc., Newport, RI) or bisphenol A (2,2-
bis(4-hydroxyphenyl)propane; BPA; CAS 80-05-7; Lot 11909; USEPA/NIEHS standard) at
desired final concentrations (supplemental data table 1). For BPA, all three doses used were
designed to fall below the NOAEL (50 mg/kg/da). The high dose (30 ppm) was between the
NOAEL and the reference dose (50 pg/kg/da), the middle dose (0.3 ppm) approximated the
reference dose, and the low dose (0.03 ppm) fell below the reference dose [17]. Diets
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containing EE were estimated to be at or below an effective dose previously reported to
decrease fecundity in mice (1.3 ppm, 0.1 ppm and 0.01 ppm) [18].

Seventy (35 of each sex) C57BL/6NHsd and seventy Hsd:ICR (CD1 Swiss) mice aged six to
seven weeks were received from Harlan Laboratories, Inc. (Indianapolis, IN). Males and
females from each strain were group housed five per cage with the same sex and evenly
divided among control or one of the six dietary treatments and maintained on those
treatments from arrival until necropsy. Mice were allowed to acclimate to housing and
treatment for two weeks. Body weight and food consumption were monitored weekly, while
general health and vaginal cytology were monitored daily. Following the acclimation period,
males and females in the same group were randomly paired in individual housing and
observed daily within the first 3 hr of the light cycle for copulation plug. Upon observation
of a copulation plug, assessment of vaginal cytology ceased, the male was removed, and
females were individually housed and observed twice daily. Dams were supplied with
nestlets, monitored for general health, and observed for parturition. Body weights of both
males and females were monitored weekly until necropsy. Dams and their offspring were
housed together until postnatal day 21, at which time the offspring were separated and dams
were group housed with FO females from the same treatment group.

2.2 Monitoring of estrous

Progression of estrous cycles was monitored in FO females by morphological analysis of
daily vaginal lavage prior to copulation. Briefly, approximately 200 pl of sterile NaCl
solution (0.09%) was used to flush the vulva using a fire polished pipette. Stage of the
estrous cycle was determined by microscopic assessment of the vaginal cell morphology in
each lavage sample. Samples with epithelial cells in various stages of nuclear degeneration
and cytoplasmic shrinkage and polymorphonuclear leukocytes indicated diestrus; samples
with nucleated endothelial cells were indicative of proestrus; and samples with cornified, the
presence of non-nucleated cellular debris was characteristic of estrus.

2.3 Necropsy and tissue preparation

Female FO mice were euthanized by CO, asphyxiation and complete necropsy was
performed between the ages of 19 and 23 weeks. Digital images of animals, uteri, and
ovaries were captured as part of gross examination during necropsy (Nikon D3000 with 50
mM Nikkor macro lens). Tissues were excised and cleaned of excess connective tissue and
fat, blotted of excess fluids, and weighed. Isolated tissues were fixed with several changes of
5% paraformaldehyde or 10% neutral buffered formalin. Tissues were blocked by sectioning
with a sterile razor blade and washed several times in 70% ethanol prior to automated tissue
processing and embedding in paraffin (Histocenter 3; Thermo-Shandon Kalamazoo, MI).
Microtome sections were cut at 5 um thickness from blocks at 4°C and placed on positively
charged slides for hematoxylin and eosin (H&E) staining and immunohistochemistry.
Standard H&E staining was performed in order to examine tissue structure and morphology.

2.4 Immunohistochemistry

Paraffin sections were dewaxed and rehydrated through graded series of ethanol
concentrations into phosphate buffered saline (PBS, pH 7.4) and endogenous peroxidase
blocked by treatment with 3% H,0, in PBS. After washing, heat-mediated epitope retrieval
was performed at 100°C in 10 mM citric acid with 0.05% Tween-20 (pH 6.0). Sections were
incubated at room temperature for >30 min with 3% normal goat serum in PBS, washed, and
then incubated overnight at 4°C with 4 ug/mL of a macrophage specific F4/80 rat
monoclonal antibody (Cl:A3-1; Abcam Cambridge, Mass). Immunoreactivity was visualized
with 0.05% 3’3-diaminobenzidine by the avidin-biotin peroxidase complex method (Vector
Laboratories). Stained sections were lightly counterstained in hematoxylin for 30 seconds
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(Richard Allan; Kalamazoo, MI) and mounted in Permount (Fisher Scientific, Fair Lawn
NJ). Internal controls for specificity of immunostaining included replacement of primary or
secondary antibodies with non-specific serum. Sections prepared from spleen served as
positive controls. Microscopic examination of immunostained material was carried out using
a Nikon Eclipse 55i microscope using a DS-Fil CCD camera controlled with Digital Sight
software (Nikon Instruments, Inc., Melville, NY). For quantitative assessments of
immunopositive cell numbers, five random 40x fields of the myometrium and five random
40x fields of the endometrium were collected from a single section for each animal. The
number of immunopositive cells per field was manually counted by an investigator blinded
to treatment and strain. To account for possible region specific differences in infiltration, the
mean number of cells in each of five 40x fields for the myometrium and the endometrium
was determined for one section per individual. The sum of those values was taken to be
representative of the number of F4/80 positive cells for that individual. Final
photomicrograph graphics were generated and labeled using Adobe Photoshop CS3 (Adobe
Systems, Inc., San Jose, CA).

2.5 Statistical analysis

3. Results

Analysis of weight and cell count data was performed using one-way ANOVA followed by
Tukey’s Multiple Comparison post-hoc test with Cramer’s correction or Dunnett’s multiple
comparison test using GraphPad Prism v5 software (GraphPad Prism®, GraphPad Software,
Inc., La Jolla, CA). Significance between differences in values was defined by a p-value of <
0.05.

3.1 Diet consumption

The amount of chow consumed by each female animal was determined immediately after
mating. From this consumption data, estimations of caloric intake and oral dose of EE and
BPA were calculated (Table 1).

For C57BL/6 animals, the presence of 0.1 and 1.3 ppm EE in diet resulted in a significant
decrease in food consumption and the intake of significantly fewer calories per day as
compared to control diet. While EE dose dependently decreased consumption and caloric
intake in CD1 animals, the difference in values for any one treatment group were not
different from control. No differences in consumption or caloric intake were detected in
additional studies comparing control diet and diet supplemented with 0.001 and 0.0001 ppm
EE (data not shown). The presence of BPA was not associated with any change in
consumption or caloric intake for either strain.

3.2 Effects on body weight

Body weights were monitored from the onset of study until study completion when animals
were between 19 and 23 weeks of age. Not surprisingly, EE treatment dose dependently
impacted the body weight (Table 2). In the 1.3 ppm EE dose group, body weight was
significantly decreased at the end of the first study week. Lower concentrations of EE
similarly decreased body weight following an inverse correlation with dose (Table 2). There
was also a dose responsiveness observed in the onset of detectable differences in body
weight of control and EE dose groups. After the second week on treatment, both 0.1 and 1.3
ppm EE groups weighed significantly less than controls. Those trends continued through the
end of study. No difference in either the amount or the rate of weight gained was observed
in females of any of the BPA groups (Table 1; Table 2). It thus appears that there is a dose
dependent aversion to consuming diet containing EE and that the sensitivity to EE diet was
strain dependent. After mating, body weight measurements for mated gravida and
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nulligravida females were analyzed separately to avoid confounders on body weight related
to metabolic consequences of pregnancy, parturition, and lactation status. While impacts on
body weight related to treatment and dose remain evident during those later time points, the
resulting reduction in sample size prevented meaningful statistical analysis post copulation.

3.3 Fertility and fecundity

In both strains, diets containing 0.1 and 1.3 ppm EE resulted in no productive mating (Table
3). This is considered likely to have resulted from insufficient nutritional intake, as is the
marked delay in mating and decreased percentage of mating that was also observed. In the
C57BL/6 mice in the low dose EE group, a single productive mating occurred that resulted
in a small litter with 4 pups. In the low dose EE CD1 group, a modest reduction in fertility
and fecundity was also observed (Table 3). In contrast, no effect on fertility or fecundity in
the C57BL/6 strain for any dose of BPA was observed (Table 3). In the CD1 strain 0.03 ppm
(4 pg/kg/da) and 0.3 ppm (41 pg/kg/da) BPA treatment groups, an increase in latency of
mating and a decrease in productive mating was noted.

3.4 Necropsy and organ weights

Because of morbidity, the C57BL/6 mice in the EE treatment groups were euthanized, and
necropsy was performed one to two weeks prior to necropsy of the control or BPA treated
groups. Similarly, one C57BL/6 female was sacrificed prematurely (~wk 4) due to an
undefined neurological pathology; pyometra was not observed in that individual. Due to the
small sample size, variability of some endpoints, and pathology associated with differences
in body weights, statistical assessments of differences in these endpoints compared to
controls are of limited value in determining impact of treatments on gross organ weights.
However, these values clearly illustrate the dramatic strain specific differences observed in
the uterine weights in response to treatment with 0.1 ppm EE and 0.3 ppm BPA (Table 4).
An average 23.5 fold increase in uterine weight compared to controls was observed in the
C57BL/6 0.1 ppm EE treatment group. In contrast, the uterine weights for the CD1 0.1 ppm
and 1.3 ppm EE treated groups were not different than the control groups. Spleen weights
for the C57BL/6 0.1 ppm EE treatment group were significantly increased compared to
controls, a result consistent with a substantial immune response in females with affected
uteri (p<0.05). With the exception of uterus and spleen weights in each of the affected
C57BL/6 treatment groups, there were no additional changes in organ weights.

3.5 Uterine Pathology: C57BL/6 pyometra

During the course of the study, it was observed that four of the C57BL/6 females in the 0.1
ppm EE group and one in the 0.3 ppm BPA group (none of which produced a live litter)
developed a moribund phenotype characterized by lethargy and highly distended abdomens.
Upon necropsy, the uterus of each of the affected animals was found to be grossly enlarged
and filled with purulent fluid, indicative of severe pyometra (Fig. 1A). No pyometra was
observed in any CD1 mice from any treatment group, indicating an increased sensitivity of
estrogen-induced pyometra for C57BL/6 mice. Histological examination of the pyometic
uteri revealed thin remnants of the myometrium and endometrium. The remaining cells of
the endometrium were in a disorganized and ulcerated layer that was highly necrotized (Fig.
1B-G). Immunostaining for the macrophage specific antigen F4/80 revealed a high degree of
macrophage infiltration associated with the outer layer of myometrium and localized to the
inner border of the endometrial-like cell layer remnant (Fig. 1C; 1E; 1G).

3.5 Uterine Pathology: effects on uterine morphology and macrophage infiltration

To investigate whether exposures to EE or BPA were associated with uterine pathology and
increased macrophage infiltration, even in the absence of severe overt pyometra, histological
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comparison of uteri from C57BL/6 females in the control group with those from the 0.3 ppm
BPA group without pyometra was performed. In the BPA treatment group, the general
structural composition of the uterus including the myometrium, luminal and glandular
epithelium, and endometrial stroma was intact. However, disorganization in these uterine
structures was evident (compare Fig. 2A with Fig. 2B; 2C). The myometrium contained two
distinctive smooth muscle layers each of proper thickness, and the endometrium contained
groups of glands surrounding the luminal epithelium. However, hypertrophic luminal
epithelial cells were evident. In some cases, cells of the stroma were tightly packed and
disorganized (Fig. 2C). Cystic endometrial hyperplasia (CEH) was evident in the uterus of
one of the C57BL/6 female in the 0.3 ppm BPA group (Fig. 2C1). Compared to control (Fig.
2A2), a marked increase in F4/80 positive immunostaining was observed in all uteri of the
0.3 ppm BPA treatment group (Fig. 2 B2; C2). Quantitative assessment of F4/80
immunopositive cell numbers revealed a statistically significant 5.3-fold increase in the
number of macrophages present in the uterus of C57BL/6 mice from the 0.3 ppm BPA
treatment group (Fig. 4). There were no detectable differences in the density of
immunopositive cells localized to the endometrium or the myometrium in either control or
0.3 ppm BPA groups. Comparison of the numbers of F4/80 immunopositive cells in uteri
from primagravida and nulliparous FO C57BL/6 females without pyometra, revealed no
differences within a given treatment group.

To assess whether heightened immune responsiveness with BPA and EE exposure was
specific to the uteri from C57BL/6 animals that developed pyometra, we also assessed
uterine morphology and the numbers of macrophages present in uterine tissue from CD1
mice (Fig. 3A-H). In contrast to uteri from C57BL/6 animals, the overall morphology of the
uterus was generally normal for the CD1 females in the 0.3 ppm BPA (Fig. 3B; E) and 0.1
ppm EE (Fig. 3F-H) treatment groups. However, CEH was detected in one of four CD1
females in the 0.3 ppm BPA group, and three of four uteri in the 0.1 ppm EE group.
Compared to the C57BL/6 control group, increased numbers of F4/80 immunopositive cells
were evident in uterine tissues from CD1 controls (Fig. 3A; D; Fig 4). Similar increases in
macrophages were apparent for the 0.3 ppm BPA (Fig 3B; E) and 0.1 ppm EE treated
females (Fig. 3F-H). Quantitative comparison of the numbers of macrophages present in the
uteri showed 2.7-fold higher F4/80 positive cells in CD1 controls compared to C57BL/6
control females (Fig. 4). Compared to CD1 controls, a significant increase in the number of
F4/80 positive cells was not observed in the uteri of CD1 mice in the 0.3 ppm BPA
treatment group (Fig. 4).

Discussion

It should first be pointed out that the intent of this study was to compare appropriate
concentrations of dietary estrogenic chemicals that would allow reproduction and not to
determine whether or not BPA had specific effects upon reproductive or other endpoints. As
a result, the observed changes in those endpoints (e.g. fertility and fecundity, organ weights,
etc.) must not be over interpreted. However, in the case where food consumption is
markedly altered and reproduction was completely blocked, some interesting and valuable
insight to the impact of these dietary estrogens is possible. A clear and significant
differential sensitivity to estrogens between the CD1 and C57BL/6 strains was evident. This
difference in sensitivity was dose dependent and extended to an apparent aversion for
consuming EE. That effect was dramatic and statistically significant for two related, though
independent, endpoint assessments (body weight and food consumption), even in a study
with limited statistical power. Additionally, the development of pyometra, a well
characterized uterine pathology related to estrogen exposure, was found to occur in the
C57BL/6 strain but not in the CD1 strain. The relatively increased sensitivity of the C57BL/
6 strain to impacts of estrogens on endpoints as varied as decreased food consumption and a
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uterine immunopathology could be interpreted to suggest that the differential sensitivity of
these strains to estrogens is related to a common fundamental aspect of estrogen signaling
rather than isolated tissue-specific differences between strains. However, the apparent trend
toward decreased fecundity observed in the BPA exposed CD1 mice suggests there could be
increased reproductive sensitivities to some actions of BPA. The phenomenon of strain
differences in endpoint- and tissue-specific responses to estrogens /in vivo has been
extensively supported in the EDC literature [19-24]. The effects observed here suggest
about a 10-fold increase in estrogen sensitivity of the C57BL/6 mice and support the notion
of differential sensitivity of these experimental animal models. However, statements
regarding strain specific estrogen sensitivity should take into account the specific endpoints
analyzed.

In contrast to the relatively well-documented cases in veterinary medicine, estrogen-induced
pyometra has received relatively little attention from researchers investigating the actions of
endogenous estrogens and estrogenic endocrine disrupting chemicals. The first reported
observation of pyometra occurring in response to long periods of estrogen exposure in
laboratory rodents was made by Burrows [1]. A similar study indicated that some strains of
rat remained resistant to follicular hormone-induced pyometra; a phenomenon not seen in
other species tested [12]. Later studies demonstrated that estrogenic hormones altered
bacterial content of the murine uterus, suggesting that there could be a link between the
ability of estrogens to modify the structure of the uterus and the observed changes in the
uterine microbiome [25]. Studies investigating the actions of the non-steroidal estrogen,
DES, clearly demonstrated strain specific differences in the susceptibility to developing
pyometra. Those strain-related differences may result from direct, estrogen receptor-
mediated, activation of the innate immune response [10, 26-28]. During long-term DES
exposure, Sprague-Dawley rats, but not ACI rats, developed DES-induced pyometra [11].
Subsequently, the Brown Norway rat was identified as sensitive to developing pyometra,
which allowed demonstration, via quantitative trait loci mapping, that the strain specific
differences in susceptibility to developing estrogen-induced pyometra were, in part,
genetically controlled [6].

The results of this study clearly demonstrate strain differences in susceptibility as dietary
exposure to approximately 15 pg/kg/day EE results in essentially quantitative induction of
pyometra in C57BL/6 mice, while the CD1 mice did not develop pyometra at that dose or
even at a 10-fold greater dose. Further, one of the five female mice that consumed diet
containing 0.3 ppm BPA, resulting in exposure of about 33 ug/kg/day, developed pyometra.
Again, no pyometra was observed in any CD1 animals or in C57BL/6 mice maintained on
control diet lacking estrogens. The development of pyometra in a BPA-treated animal is
important in that it is the first report of a weakly-estrogenic xenoestrogen inducing
pyometra; this demonstrates that, in regard to its pathological actions on the uterus, BPA is
presumably acting as an estrogen mimetic. This may be of concern in humans (especially
sensitive subpopulations) given that >90% of Americans tested have measurable levels of
BPA in their urine [13, 15]. It is also notable that the dose of BPA that induced pyometra in
this study was below the dose considered safe for human exposure (50 pg/kg/day), which
was based on a NOAEL of 50 mg/kg/day from rodent dietary studies with a BPA
concentration of 1000 ppm [17].

To assess the role of the immune response in the differential strain susceptibility to develop
pyometra with exposure to estrogens, we investigated the degree of uterine macrophage
infiltration in each strain. Regardless of treatment, we found high levels of macrophages in
the remnants of the necrotic myometrium and the endometrial-like cells of the pyometric
uteri. Based on those findings we hypothesized that BPA and EE were increasing the basal
inflammation in the uteri and reasoned that BPA-exposed C57BL/6 mice without overt
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pyometra would have an increased immune response, as indicated by increased presence of
F4/80 positive macrophages. Comparison of the numbers of macrophages present in the
uteri of control CD1 and C57BL/6 mice revealed a higher number of F4/80-staining
macrophages in CD1 samples, suggesting that there was an elevated basal level compared to
C57BL/6. However, there was a significant increase in macrophage counts in C57BL/6 mice
treated with 0.3 ppm BPA compared to control with no increase seen in 0.3 ppm BPA
treated CD1 mice. Along with increased numbers of macrophages in the mice that did not
develop pyometra, significant structural differences were observed in the C57BL/6, but not
the CD1 strain. The C57BL/6 mice exposed to 0.3 ppm BPA displayed stromal and
glandular metaplasia, with no structural differences observed in the corresponding CD1
treatment group. Those differences in uterine phenotype further support the differential
sensitivity to estrogens between the C57BL/6 and CD1.

Thus, it seems likely that these immunologic and structural differences between the strains
indicate a potential key difference in susceptibility to developing overt pyometra which is
related to the immune response. While the basal (control) number of macrophages in the
CD1 uterus was significantly higher than that in the C57BL/6 mice, the increase with BPA
exposure was very robust in the C57BL/6 mice. It would appear that the magnitude of the
uterine immune response represents a possible reason for increased susceptibility in C57BL/
6 mice, and may also explain the difference in structural response to BPA treatment in
C57BL/6 mice. Therefore, the heightened responsiveness of the C57BL/6 animals is
considered a probable contributing factor for the sensitivity of this strain to developing
estrogen-induced pyometra. Previous studies in “sensitive” strains of rat have identified
quantitative trait loci associated with estrogen-induced pyometra; however, there is no
understanding of the mechanisms involved with sensitivity or resistance to pyometra. This
pathology may be related to interactions between the uterine immune response and the
uterine microbiome. The results here suggest that pyometra in the C57BL/6 strain might
serve as a sensitive endpoint for understanding the mechanisms responsible for the impact of
estrogen and estrogenic endocrine disrupting chemicals on immunity. Further, the C57BL/6
strain might serve as a useful model of sensitive subpopulations at risk for developing
immunological disorders related to exposures to estrogenic EDCs.

Highlights
Sensitivity for aversion to diet containing EE was identified
C57BL/6 mice are susceptible to estrogen-induced pyometra
CD1 mice do not develop pyometra when exposed to estrogens or Bisphenol A
Bisphenol A presumably acts as an estrogen to cause pyometra at a “low dose”

Bisphenol A exposure correlates with an increase in uterine macrophage infiltration
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Figure 1.

Histological and immunohistochemical assessments of C57BL/6 uterus affected by severe
pyometra. (A-E) Representative images of a pyometric uterus from a C57BL/6 mouse in the
0.3 ppm BPA treatment group. (A) Shown is a photograph of the uterus dissected from the
C57BL/6 female in the 0.3 ppm BPA treatment group that developed pyometra. The luminal
space of the uterus was filled with purulent material. The scale bar is 1 cm. (B)
Representative photomicrographs of H&E stained sections of the affected uterus, showing
extreme metaplasia and a high degree of necrosis of the endometrium, features characteristic
of severe pyometra. (C) Shown is a representative section of tissue from the affected uterus
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stained with a monoclonal antibody raised against the macrophage specific antigen F4/80.
(D) Shown are representative sections of a uterus from a C57BL/6 female with pyometra
from the 0.1 ppm EE treatment group stained with H&E or (E) stained with a monoclonal
antibody raised against the macrophage specific antigen F4/80. Scale bar for paired images
is 100 um. (F) Shown are representative images from a section of a uterus from a C57BL/6
female with pyometra from the 0.1 ppm EE treatment group stained with H&E or (G)
stained with a monoclonal antibody raised against the macrophage specific antigen F4/80.
Scale bars for images are 100 pm. OM, outer myometrium; IM, inner myometrium; E,
endometrium.
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Figure 2.

Effects of oral exposure to BPA on uterine morphology and macrophage infiltration in
C57BL/6 mice without overt pyometra. Shown are representative photomicrographs of
uterine sections from a control female C57BL/6 mouse (Panels A1-A4) and from two
different animals in the 0.3 ppm BPA treatment group without symptomatic pyometra
(Panels B1-B4; C1-C4). The uteri of BPA treated animals displayed metaplasia (C1, inset)
throughout the various regions of the uterus with glandular disorganization and apparent
luminal epithelial hyperplasia (C1, arrowhead). Cystic endometrial hyperplasia was also
observed in one uterus (C1; denoted by *). Comparison of the density of F4/80
immunopositive cells present in sections from controls (Panels A2; A4) with those from the
BPA treatment groups (Panels B2; B4 and C2; C4) demonstrates increased macrophage
infiltration. Scale bars for each high magnification and low magnification photomicrograph
is 100 pm.
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Figure 3.

Effects of oral exposure to BPA on uterine morphology and macrophage infiltration in CD1
mice, which did not display pyometra. Shown are representative low and high magnification
photomicrographs of uterine sections stained for F4/80 positive macrophages from female
CD1 mouse in the control group (A; D), the 0.3 ppm BPA treatment group (B; E) or the 0.1
ppm EE treatment group (F-H). Control for specificity of immunostaining included
replacement of primary antibodies with non-specific serum (C1). Immunostaining of
sections prepared from spleen served as positive controls (C2). Scale bars represent 100 pm.
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Quantitative comparison of F4/80 immunoreactive cell numbers in the uterus of control and
BPA treated C57BL/6 and CD1 mice. Immunopositive macrophage cell numbers present in
the myometrium and endometrium were counted by an observer blinded to treatment and
strain. Values indicated are mean cell numbers present in one 40x field of the myometrium
and one field of the endometrium of a single section per animal. Error bars represent the
SEM. For C57BL/6, n=4 animals, and for CD1, n=5 animals. The level of significance
between values was assessed using a one-way ANOVA. * indicates the level of differences
between values of same strain control group and BPA treated group are significant (P<
0.01); # indicates that the level of difference between values for each control group is
significant (P< 0.01). No difference was observed between C57BL/6 and CD1 mice treated
with 0.3 ppm BPA.

Reprod Toxicol. Author manuscript; available in PMC 2013 August 01.



Page 16

Kendziorski et al.

(100 > d) VAONY Aem-3uo Aq |03U09 WOy JudIBIp >_Emo_,._cm_mm

as F siuswainseaw uondwinsuod pooy [[e 40 uesw wasaidal sanjeA

g g g 14 4 S S 8215 8|dwes

08TZTF0Z8TY LOTFLTy TTFTY €6G2F883T 9EF9TIT €£0FCT 00 (Kep/B/6r) asoa

VZFTET LEFYTT  TZFETIT 9C7FG8  EVFTTIT 0CFL2T GTFCTT  (Aep/asnowy[eoy) exeiu] ouiofed

9TFLY 80¥8€ 9TFO¥ 027F2¢ €ZF0v 8TF8v 6TF¢v  (Aeprasnow/B) uonduwinsuod pood
wdd wdd wdd wdd wdd wdd

0€ vdg €ovda  €00vdd €133 1033 10033 [041u0D 1-ao

12 S S 14 14 S 12 821§ 8|dwes

08SE'TF089T'Y €£0TF82€ TTF0OV G6YFEVIT VOFLYT ¥OFVT 00 (Kep/B/6r) asoa

YTF96 9T¥¢6 GT¥ee p0TF8S  p6TFVS 136, gTFL6 (Aepjasnowy[ea) axeiu] oLIoeD

70F9¢ r0FST 70FGZ pC0+9T  pS0+8T goxze +toFLz (AepsesnowyB) uondwnsuo) poo
wdd wdd wdd wdd wdd wdd

0€ vdg €0vdg €00 vdd €133 17033 10033 |0J3u0D 9/19.50

8s0Q pue ‘axelu] o1IojeD ‘uondwnsuo) Poo payewNsy

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Reprod Toxicol. Author manuscript; available in PMC 2013 August 01.



Page 17

Kendziorski et al.

“(eprAeIBI|INN) S8

aAI| e 9onpoud Jou pIp Jeyl asoyl pue (epiAeIO) 81| aAl] e paanpoid Jeyl sajews) 04 asoyy Aq paresedas ale Juawiieasl 40 /— S99 (50°0 > d) YAONY Aem-auo Ag [0J3U0D WOL JusIBIP AjJued _cm_mm

‘as ¥ ueaw dnoub juasaidas senjep

6.6 87FS9E 6EFGSE OTFG8E GYF8YE OTFTLE 6'6T VN 6TFI6C VN zee 8'0F09¢ VN L'TFGGE L
126  9TFLEE TEFQLC T8FISy CTYFBTIE EETF9LY VIF¥6L VN YZFTYL VN GEF6TE VETFLEE VN TSFVES 9
962 6TFEVE €2FG9C E€TFT2E CTEF06C TGFECE ETFE6T VN STF0EL VN GOFCTIE T9FLGE VN vZFOEE S
L'62  S0F89Z 8TFISC OCF¥IZ 9TFELZ €CFLST VvIFO6T VN 2TFGS2 VN 0ZF¥9Z STF6LC VN €TF092 14

epinesh epineab epine.d epine.h epineab epinesh epine.b
1|nu epinesf 1j|nu epinesh 1|nu epinesh Inu epinesh 11nu epinesf nu epinesh 1j|nu epiaedb  sniels

£ZF95C TEFSST 8TF 0% pTTFEBT ETFETC 9TF05Z 0TF9€Z £
vEFOLC A LR AT 0ZF'Se p€TFL8T LTF8Te 817992 STF9Ve z
9TFLEL L'TFYET 0TFEET eV T+981 LTF802 ZTF0%2 TTF5C T
YTFE6T ETF96T 60F €02 LTF202 LOF66T 90F802 YTFT0C 0
wddoge vdg wdde 0 vdg wddeo'0 vdg wdde'T 33 wddr'0 33 wddto'0 33 [023u0D SHM
Tao
96T LVFE9Z CIFLIC T9F8.C CTOFVIZ G8FECE ETFGSET VN 90F 29T VN 0ZF202 281 TTF2TC 80FEWC L
68T 0E€¥292 TOFTO0C 97F99Z TOFE6T <CTO0FGSZ 90FTET VN TTFVST VN 90F 26T TLT TOFV0Z LTFYOC 9
9/T 90F.6T 00F88T L0F.6T CTFT8T B80F66T GTFTEL VN YO F¥ST VN STFELT 6'ST 80F06T TTF86I S
Yol  €0F9LT 90FTLT VOFLLT SO0F0LT 90F28T 60F8CT VN 80F LV VN TTFE9T ST VOFTLT 60F6LT 14
epinesh epineb epine.h epine.h epineah epine.h
1j|nu pinesb 1j|nu epinesh 1|inu epinesh Inu epinesh 1j|nu epine.d epined 1j|nu epinedb  smels
S0FZLT YOFELT 60F8/T pLOFEET pL0F 971 STFEOT 0TFG/T €
90F¥9T LOFTOT L'0F 99T p0TFCEL g60F L1 607F ST 90FS9T z
gTF¥oT 90¥8GT 80F T'9T eV 0FTEL YOFOVT 6'0F ST 90 F 56T T
60F VT 60F L€l 80FEVT 90F LVT YOF VYT YOFTVT 90F VYT 0
wddog vdg wdde 0 vdd wddeo'0 vdg wdde'T 33 wddr'0 33 wddro0 33 [ou0D SHM
9/19.50
613 Apog slews
Z?9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Reprod Toxicol. Author manuscript; available in PMC 2013 August 01.



Page 18

Kendziorski et al.

*Bnjd uonendod Jo uo1eAIasqo 03 sited Buirew JO UOIONPOAUI WO SABP = BWIl [BH0931d ‘00T X Saewsy) aanisod
Bnid uonendod "oN / S1811| 8AI] UM Sajewa) "ON = (%) Xapul Auj1a ‘00T X paited sajewsy "oN / sajewa) aanisod Bnjd uoneindod ‘oN = (%) xapul Bulje|y ‘JueAs|al alaym s F ueaw juasaidal sanjep

66TFLTE 00EFVSy €62F50S V/IN V/IN L'8TFOVy LTTF67E so[eIN %
8¥F¥08 LTFO00T OVFO0O0T VIN VIN 0EF00T SEFVS Jan1] Jad sdnd
80F06T O00F06T 00F06T VIN VIN L'0FS8T  S0F98T (ep) uoneisen
807F2¢ TEFVY CEFLY  S9FEL €E€FTL  G0FET §0¥9z  (ep)swn [eyodaud
08 Gl Gl 0 0 Gl 00T (9%) xoput Ayjnaad
00T 08 08 oy 09 08 00T (9%) xapui Buirely
14 € € 0 0 € S u40q S4911| ‘'ON
S S S S S S S sired Buipsaig "oN
0€ vdg €0 vdg £0'0 Vddg €733 1033 10033 [011u0D
1A
TOTFZLE LSIFOO0r 89.TF00S VIN VIN 0 T0T 005 se[eIN %
7€F89 00F02 00708 0 00 0 TIFLL Jami| Jad sdnd
0TF06T 90F.8T 00F06T V/IN V/IN VIN 007061 (ep) uonelssn
G0F8T §TF2¢ 80F2C 0E€F8E 00F0€ 007F0¢€ 80%0Z  (ep)awn fenodsud
08 09 09 0 0 (174 09 (%) xapur A1jnae4
00T 00T 00T 00T 0z 00T 00T (9%) xapui Bune
4 € € 0 0 T € ulog sien| ‘oN
S S S S S S S sired Buipsaig "oN
0€ vdd €0 vdg £0'0 Vdd €733 1033 10033 [011u0D
9/19.50

A1punos4 pue A3 JO sainses|N

€9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Reprod Toxicol. Author manuscript; available in PMC 2013 August 01.



Page 19

Kendziorski et al.

NIH-PA Author Manuscript

"SanjeA 103U02 0} patedwod Go'o>d seredlpul pjog

600F€20 CTOFPEO 900FSC0 ETOF0S0 600FEC0 800FEC0 VOOFTCO sniaN
000F200 000F200 O000FESO0 O000F200 TOOF2Z00 TOOFC00 000F200 Jappe|g
€00+ .0 €00+6V0 €00F0S0 <CO0+SPO0 €00+870 <CO00+0S0 €00+F0S0 urelg
€00FTC0 €00F8T0 GOO0F220 TOOFOTO0 ¢CO0FETO €00FEC0 VOOFO0Z0 HesH
€00F2T0 TOOF600 TOOFETO <COOFTITO ¢200F600 <CO0FCT0O <2OO0FOTO usa|ds
¢00F6T0 <CO0F.LTO €00+¥020 TOO+ZTO ¢00+9T0 <¢00+0C0 <COOF6TO Kaupry
ARG TOF9T VOFTC 20F8T €0FGST €0F07¢ C0FLT JaAI
S 14 14 S S 14 S 9z1S a)dwes

wdd og wdd g0 wdd £00 wdd g1 wdd 10 wdd 100 1043Uu0D
Vv [owydsig [olpens3 Kuip3-».LT 1ao
TOOFET0 ESCTFTCT 200F2T0 600FE90 6S0F96C <200F9T0 €E00FETO snigIN
TO0F200 TOOFE00 TO0OF200 TOOF¥00 TOOFEDO TOOF200 TOOF200 Jappe|g
T00F¥¥¥0 TOOF9¥0 TO0F¥PY0 TO0+6E0 TOOF¥6E0 TOOFSFO TOOF¥VO0 urelg
G00F6T0 900FTZ0 200F9T0 TOOFO0TO0 TOOFOTO POOFOTO <2OO0F6TO 1JeaH
¢00F0T0 000F600 TOOF600 €00FTTO TTOFLTO0 TOOF.L00 O000F600 usa|ds
TO0OF¥T0 TOOFETO TOOFETO0 TO0F¥600 TOO¥600 TOOFCZTO TOOF¥TO Kaupry
2C0F6ET LTOFVET STOFEST OTOFTOT 82ZO0FQTT <C00FLOT <CE0FEST JaAI
14 S 14 14 S € ¥ 9z1S 9|dwes

wdd og wdd g0 wdd €00 wdd g1 wdd 10 wdd 100 1043U0D
V [ouydsig [olpens3 Kuip3-p.LT 9/19.80

syBiapn uebio
v 9l|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Reprod Toxicol. Author manuscript; available in PMC 2013 August 01.



