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Abstract

Type 1 diabetes (T1D) is an autoimmune disease in which pancreatic -cell destruction can be
mediated by dysbiosis, infiltration of pro-inflammatory immune cells, and cytokines/chemokines.
Exposure to bisphenol A (BPA), an endocrine disruptor (ED), can lead to aberrant immunity and
gut microbiota. We determined whether BPA had age-dependent effects on T1D by modulating
immune homeostasis following various windows of exposure in non-obese diabetic (NOD) mice.
Juvenile NOD females were orally exposed to 0 or 30 ug BPA/kg BW from postnatal day (PND)
28 to PND56. Adult NOD females were exposed to 0 or 300 pg BPA/kg BW. Female and male
NOD offspring were exposed to 0 or 300 ug BPA/kg BW perinatally from gestation day 5 to
PND28 by dosing the dams. It was found that BPA increased T1D risk in juvenile females with
gut microbiota shifted towards pro-inflammation (e.g. increased Jeotgalicoccus). In agreement
with our previous study, adult females had a trend of increased T1D and a general increase in
immune responses. However, female offspring had a reduced T1D development. Consistently,
female offspring had a shift towards anti-inflammation (e.g. decreased pro-inflammatory
F4/80*Gr1* cells). In contrast, BPA had minimal effects on immunity and T1D in male offspring.
Thus, it was concluded that BPA had age- and sex-dependent effects on T1D with the alteration of
gut microbiota and inflammation being the primary mechanisms for T1D exacerbation in juvenile
exposure and decreases of inflammation being responsible for attenuated T1D in perinatally
exposed females.
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Introduction

Bisphenol A (BPA), an endocrine disruptor (ED), has been found in more than 90% of
human urine samples due to its wide use in a variety of polycarbonate plastics and epoxy
resins (e.g., water bottles and plastic food containers; (Lang et al. 2008)). Because of BPA’s
ability to bind estrogen receptors (ERS) in various immune cells, BPA can modulate immune
function and increase cytokine production leading to an increased risk for inflammatory
diseases (Xu et al. 2016). Furthermore, estrogen and estrogen-like compounds (e.g. BPA)
can cross-talk with gut microbiota (GMB) to alter microbiota, which influence various
diseases including diabetes (Chen and Madak-Erdogan 2016). BPA has recently been shown
to alter GMB and cause dysbiosis (Lai et al. 2016; Liu et al. 2016; Xu et al. 2019), which
further suggests BPA may be contributing to type 1 diabetes (T1D). T1D is an autoimmune
disease in which destruction of pancreatic p-cells results from pro-inflammatory immune
cell infiltrates and cytokines/chemokines (Jorns et al. 2014). In addition to the genetic risk
factors, environmental exposures are contributing to the increasing incidence of T1D
(Tuomilehto 2013). GMB can also have a critical role in T1D development (Brown et al.
2011), since GMB promote immune cell development and function, while immunity
regulates GMB composition (Belkaid and Hand 2014).

Animal studies have shown that BPA exposure during adulthood or throughout life can
increase T1D incidence (Bodin et al. 2013; Bodin et al. 2015; Cetkovic-Cvrlje et al. 2017).
However, only one animal study has examined whether perinatal BPA exposure can alter
T1D (Bodin et al. 2014), and much is still uncertain about whether developmental exposure
affects T1D development. In humans, the first study that measured BPA levels in children
with T1D has recently been published; however, the authors stated problems with their small
sample size prevented them from establishing a possible relationship between BPA and T1D
(ince et al. 2018). The present study aimed to determine BPA’s effect on the immune
system, GMB and T1D outcome using different exposure windows. Due to the 40%
increased risk of death in women with T1D compared to men (Huxley et al. 2015), emphasis
was put on females in this study in different exposure windows, e.g. juvenile, perinatal and
adult periods. Additionally, to our knowledge, this is also the first study to examine the
effect of BPA exposure on T1D in perinatally exposed males.

Sex-biased changes have previously been reported for non-obese diabetic (NOD) mice in
immune dysregulation and T1D development (Bao et al. 2002; Young et al. 2009) and for
BPA exposure in human glucose homeostasis (Beydoun et al. 2014). The NOD mouse
spontaneously develops T1D with many similarities in autoimmunity and genetics that are
relevant to human T1D, which makes them an ideal model for examining the roles of
environmental exposures and GMB in T1D risk (Chen et al. 2018b; Jorns et al. 2014). We
hypothesized that BPA differentially affects T1D susceptibility in NOD mice depending on
exposure windows and sex through alteration of immune responses and/or microbiota.
Therefore, we have tested the whether NOD mice exposed to BPA during either juvenile,
adult or developmental life stages have an altered T1D development.
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Materials and Methods

Animal Husbandry

Specific pathogen free (SPF) NOD mice were from a breeding colony maintained in our
animal facility and initially purchased from Taconic Biosciences (Hudson, NY). NOD mice
were housed in polysulfone cages with irradiated laboratory animal bedding and Bed-r’Nest
for enrichment (The Andersons Inc., Maumee, Ohio) in the Animal Facility at University of
Georgia (UGA). Negligible amounts of BPA have been reported to leach from new or used
polysulfone cages maintained at room temperature (Delclos et al. 2014; Johnson et al. 2016).
The animal room was maintained at 22-25°C with relative humidity 50+20 and 12-h light/
dark cycle (7:00AM lights on). An automatic watering system was provided to give mice
free access to water, and either PicoLab diet (soy based, LabDiet, St. Louis, MO) or 5K96
diet (phytoestrogen free, TestDiet, St. Louis, MO) was provided ad /ibitum. Animals were
treated humanely and with regard for alleviating suffering. All procedures were conducted
under an approved animal protocol by the UGA Institutional Animal Care and Use
Committee (IACUC).

Bisphenol A Exposure

Exposure of juvenile NOD females to BPA.—Juvenile female NOD mice (6/group)
were randomized into vehicle (VH) or BPA groups, and then Student’s t-test was performed
to ensure background body weight (BW) and blood glucose levels (BGLs) were not
statistically different before dosing. Mice were fed with the soy-based PicoLab diet and
gavaged with either VH or 30 ug BPA/kg BW using micropietting from postnatal day (PND)
28 to PND56, and they were euthanized at PND134. Dosing solution was prepared by
dissolving BPA in 100% ethanol and then further diluting this solution in corn oil at a final
concentration of 0.05% ethanol. We chose this exposure level and the soy-based PicoLab
diet in juvenile females to compare to our previous study in female adults that showed 30 g
BPA/kg BW accelerated T1D development (Xu et al. 2019).

Exposure of adult NOD females to BPA.—We have reported our findings in female
adults following BPA exposure when they were maintained on the soy-based PicoLab diet
(Xu et al. 2019). To further determine the age-dependent effects of BPA exposure, a total of
30 adult female NOD mice (8-12 wks old; 15/group) on the phytoestrogen-free 5K96 diet
were randomized into VH or BPA groups according to BW and BGLs, and administered
either VH or 300 pg BPA/kg BW as described above. The dose was chosen because similar
amounts to 300 ug BPA/kg were previously shown to alter the immunity in adult exposed
female mice and may provide levels of uncongugated BPA in mice closer to what is found in
humans (Taylor et al. 2011; Yoshino et al. 2003).

Exposure of NOD female and male offspring to BPA.—Sixteen time-mated adult
female NOD mice on 5K96 phytoestrogen-free diet were dosed as described above from
gestation day (GD) 5 to PND28 with VVH or 300 pg BPA/kg BW. Mice were not dosed from
the start of mating (GDO), since BPA exposure starting before GD4 has been shown to
impair embryo implantation (Yuan et al. 2018). As in adults this dose was chosen also
because this amount was previously shown to alter the immunity in perinatally exposed mice
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(Bodin et al. 2014; Yoshino et al. 2004). Offspring were weaned on PND28 to different
cages to prevent further exposure to BPA from their mothers. Weaning was done on PND28
since BW was low on PND21 due to the 5K96 phytoestrogen-free diet (Ruhlen et al. 2008).
Half of the VH and BPA treated female and male offspring were switched to the soy-based
PicoLab diet on PND35 to determine dietary effects.

Body Weight, Blood Glucose Measurement And Diabetic Incidence

BW and non-fasting BGLs were measured every 1-2 weeks. Accu-Chek Diabetes
monitoring kit (Roche Diagnositics, Indianapolis, IN) or Contour Blood Glucose Meter
(Ascensia Diabetes Care, Parsippany, NJ) were used to measure BGLs from a small sample
of venous blood (tail nick). Mice were considered diabetic once 2 consecutive non-fasting
BGL measurements of =250 mg/dL were observed (Guo et al. 2014). At the end of the study
or after detecting BGLs =600 mg/dL, mice were humanely euthanized. For male offspring
on the PicoLab diet, body composition was measured on PND215 in a Minispec LF110
BAC Analyzer (Bruker Corporation, The Woodlands, TX) with a mouse probe, which
measured the body composition with linearity and reproducibility in non-anesthetized
rodents using magnetic resonance relaxometry.

Glucose And Insulin Tolerance Tests

For the glucose tolerance test (GTT), mice were fasted overnight for 15 h, and background
fasting BW and BGLs were measured before injecting (i.p.) mice with glucose (2 g/kg BW;
Sigma; (Huang et al. 2017)). For the insulin tolerance test (ITT), baseline BW and BGLs
were determined, and then, mice were injected (i.p.) with insulin (1.5 1U/kg BW; Sigma;
(Cui et al. 2015)). BGLs were measured at 15, 30, 60 and 120 min after injection for the
GTTand ITT.

Organ Collection, Histopathology And Flow Cytometry

Organ collection and histopathology were done as previously described (Xu et al. 2019).
Spleens were mashed in 3 mL PBS solution on ice. Flow cytometric analysis was performed
for quantifying leukocyte populations with different combinations of fluorochrome-labeled
antibodies (diluted 1:80; BD PharMingen, San Diego, CA) with a Becton Dickinson LSRII
Flow Cytometer (BD Biosciences, San Jose, CA) as described previously (Xu et al. 2019).
The cluster of differentiation (CD) 4-CD8-CD25 (V450-APCH7-APCA), CD40L-B220
(PE-FITC) and F4/80-Grl (PE-FITC) were used in female offspring and PicoLab diet male
offspring, while male offspring on the phytoestrogen-free diet used CD4-CD8-CD25 (V450-
APCH7-APCA), CD40L-B220 (PEFITC) and F4/80-CD40 (PE-FITC). CD4-CD8-CD25-
Mac3-CD45R (V450-APCH7-APCA-FITCPE), CD40L-B220 (PE-FITC), CD5-CD24 (PE-
FITC) and CD44-CD40 (PE-FITC) were used in juvenile females. CD4-CD8-CD25 (PE-
PerCP-FITC), CD40L-B220 (PE-FITC) and Mac3-Grl (PE-FITC) were used in adult
females. Isotype matched irrelevant antibodies were used as controls. Analysis was done
using FlowJo software (FlowJo LLC).
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Cytokine/chemokine Measurement

Thirty-two cytokines and chemokines were measured from sera collected at euthanasia using
the Milliplex MAP Mouse Cytokine/Chemokine Magnetic Bead Panel (Cat. No.
MCYTOMAG-70K, EMD Millipore, Billerica, MA) according to manufacturer protocols.
Quality controls provided in the kit were also run on the same plate. Bio-rad Bio-Plex bead-
based multiplexing (Bio-Rad, Inc., Hercules, California) with Bio-Plex Manager™ Software
6.1 was used to run the plates and measure the concentration (pg/ml).

Antibody Measurement

ELISA Kits (eBioscience, San Diego, CA) were used to measure 1gG subclasses (1gG1,
19Goc, 1gGop) and IgM levels in sera obtained at euthanasia as previously described (Huang
et al. 2017) with either 3,3’,5,5’-tetramethylbenzidine (TMB) or 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) substrate (Sigma). Plates were then read
using a microplate fluorescence reader (Synergy 4 Hybrid Microplate Reader, BioTek,
Winooski, VT) either at a wavelength of 405 nm or at 450 nm following adding 100 pL/well
stop solution (2N sulfuric acid).

GMB Preparation, Sequencing And Bioinformactics

Mice receiving the different treatments were not housed together to prevent coprophagy
between groups. Individual mice had their cecal contents collected immediately after
euthansia and kept at —20°C until extraction. Approximately 150 mg were weighed, and a
DNeasy PowerLyzer PowerSoil Kit (Qiagen, Valencia, CA) was used following
manufacturer protocols. For the bead beating step, two 5 minute cycles at 30 hertz with a
Tissue Lyser 11 were used to homogenize the samples. Library preparation and
bioinformactics analysis have been described previously (Xu et al., 2019), and are also
included in the supplemental methods.

Statistical Analysis

Likelihood ratio and Logrank test were performed to analyze the rate of diabetes
development and total diabetes incidence over time, respectively. Correlational analysis was
assessed using Spearman’s correlation test. Two-way ANOVA and Tukey’s test were used
for sex x treatment interactions. For all other data sets, one-tailed Student’s t-test were used
for comparisons when the equal variance assumption was met (using Bartlett’s test);
otherwise, Wilcoxon test was performed for non-parametric data. A treatment was
considered statistically significant if p< 0.05. JMP Pro 12 (SAS Inc., Cary, NC) and
GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA) were used for statistical analysis
and data visualization.

Results

BPA Exposure Increased BGLs In Juvenile Females.

Since we previously found that BPA accelerated T1D in adult NOD females fed a soy-based
diet (Xu et al. 2019), juvenile exposure was conducted by exposing NOD females to BPA
during PND28 to PND56 using the soy-based PicoLab diet. Juvenile BPA exposure
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appeared to increase T1D incidence, although this did not reach the level of statistical
significance (e.g. P = 0.054 on day 80 and 85; Fig. 1a). Non-fasting BGLs initially showed a
slight decrease on PND80 from BPA exposure, but were increased later on with significant
changes observed on PND108 and 113 (Fig. 1b). The GTT on PND120 also showed a trend
of increased BGLs from BPA exposure (Fig. 1¢). No significant effects were determined
from the ITT or insulitis (Fig. S1a; Table S1). BPA exposure decreased CD4*CD8" T cells
and B220*CD40L" B cells (Fig. 1d-e). However, no significant changes were found for the
other cell populations (Fig. S1b—d). In addition, juvenile BPA exposure did not affect serum
1gG1, 19Gyc, 1gGop, 1gM antibody levels or organ weights (Fig. S1e; Table S2).
Measurements of cytokines and chemokines suggested that G-CSF, IL-5 and LI1X were
increased from BPA exposure, while EOTAXIN and IL-15 were decreased by BPA (Fig. 1f;
Table S3). These significantly altered cytokines/chemokines and CD4*CD8* T cells were
found to correlate with BGLs (Fig. 19).

On PND134 (4 mo. old) or 2.6 mo. after the last BPA exposure, GMB composition was
determined, and it was significantly altered from juvenile BPA exposure. At the phylum
level, BPA significantly increased Verrucomicrobia and decreased Nitrospirae, OD1, AD3,
and Gemmatimonadetes (Fig. 2a—b). At the class level, Verrucomicrobiae and TA18 were
increased by BPA, while Nitrospira, JG37 AG 4, Acidobacteriia, Gemmatimonadetes and
Gitt GS 136 were all reduced in abundance compared to the VVH control (Fig. 2c). BPA
alteration of bacteria at the genus level included increased abundances of Lachnospiraceae
(listed as Other), unclassified C114, Jeotgalicoccus, Ruminococcus, Akkermansia,
Oscillospira, Rhodospirillales (listed as Other), unclassified RF32, Anaerofustis and
Turicibacter, and decreased abundances of unclassified bacteria from Sinobacteraceae,
N1423WL, SC | 84, Koribacteraceae, 0319 6A21, Ellin329, Gitt GS 136, £B1017and JG37
AG 4 (Fig. 2d). Significantly different weighted beta diversity was also found between the
VVH and BPA groups (Fig. 2e). However, unweighted beta diversity, alpha diversity and
Bacteroidetes:Firmicutes ratio were not significantly altered from BPA exposure (Fig. S2).
Many of the bacteria significantly altered at the phylum, class and genus levels by BPA
correlated with BGLSs, the significantly altered cytokines/chemokines, and the decreased
%CD4*CD8™ T cells and %B220*CD40L" B cells (Fig. 2f-g).

Adult BPA Exposed Females.

Our previous studies in adult females have shown that BPA could exacerbate T1D when the
animals were maintained on the soy-based PicoLab diet (Xu et al. 2019). To determine if
diet affected BPA’s alteration of T1D, adult female mice on the phytoestrogen-free 5K96
diet were exposed to BPA. Although not statistically significant, a shift towards accelerated
T1D development was observed (Fig. 3a). No statistically significant differences in the non-
fasting BGLs, GTT, ITT or BW were observed (Fig. 3b—c; Fig. S3). However, %
CD4*CD25* cells, CD8*CD25" cells, CD4*CD8* cells and CD25* cells were increased
from BPA exposure (Fig. 3d), although BPA exposure did not affect splenic neutrophils,
macrophages and B cells (Fig. 3e; Fig. S4). In addition, antibody levels of I1gG1, 1gGop and
IgM were increased from BPA exposure, but 1gG,. was not significantly altered (Fig. 3f).
Adult females also had increased absolute spleen weight, while the absolute and % pancreas
weights were decreased by BPA (Table S4).
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BPA Decreased BGLs And Diabetic Incidence In Female Offspring.

To ascertain the effect of BPA exposure during development on female offspring, mice were
exposed /n utero and during lactation to either VH or BPA by treating dams orally from GD5
to PND28. Diabetes incidence on PND191 and 198 and total diabetes incidence over time
was significantly decreased in female offspring exposed to BPA on the phytoestrogen-free
diet (P = 0.040; Fig. 4a). Additionally, BPA significantly decreased non-fasting BGLs
between PND148-198 and fasting glucose during the GTT in these female offspring (Fig.
4b—c). However, no statistically significant effect was observed in the ITT (Fig. S5a).
F4/80*Gr-1* monocyte cells were decreased in BPA exposed female offspring; however, no
changes in neutrophils were observed (Fig. 4d). Additionally, CD4*CD8~ T cells and
B220*CD40L" B cells were increased, while 1gG,. and the chemokine RANTES was
decreased (Fig. 4e—g; Table S3; Fig. S5b). However, 1gG,. was the only significantly altered
immune endpoint that significantly correlated with BGLSs, and no significant changes in
organ weights or BW were observed (Table S5 and Fig. S5c—d).

In female offspring switched to the soy-based PicoLab diet on PND35, no statistically
significant effect was found in the development of diabetes, non-fasting BGLs or GTT (Fig.
S6ac). The ITT showed increased BGLs at 120 min after the initial injection (Fig. S6d). No
changes in any immune cell populations from BPA exposure were observed in soy-based
diet female offspring (Fig. S7a—c). However, 1gG,, was increased, and several cytokines/
chemokines were decreased by BPA including G-CSF, I1L-6, MIP-2 and RANTES (Fig.
S7d-e; Table S3). BW was increased on PND148 and 208 in soy-based diet female
offspring, but no significant differences were found in organ weights from perinatal BPA
exposure in soy-based diet female offspring (Fig. S6e; Table S6). Overall, when compared to
the phytoestrogen-free diet, the soy-based diet seemed to have attenuated BPA’s effects.

Perinatal BPA Exposure Had Minimal Effect On Male Offspring.

To determine if perinatal BPA exposure had any sex-dependent effects, male offspring were
monitered for alteration of T1D development and immunity. In the phytoestrogen-free diet
male offspring, no significant changes were found in time course BGLs, T1D, the 7 mo. old
(except for reduced BGLs at the 15 min timepoint) and 9 mo. old GTT, ITT or organ
weights, and minimal effect was seen on BW (Fig. S8; Table S7). No immune cells were
altered other than decreased CD40 mean fluorescence intensity (MFI; expression levels of
CD40 on cells) of CD40*F4/80™ cells (Fig. S9).

Similarly, male offspring shifted to the soy-based PicoLab diet had no significant difference
in their BGLs, T1D development or tolerance tests, but a reduced BW until PND216 was
observed from BPA exposure (Fig. S10). However, this decrease in body mass was not due
to a change in fat mass (Table S8). Interestingly, %fluid was increased from BPA treatment
on PND215 (Table S8). Soy-based diet male offspring had increased CD4*CD8™ T cells and
B220*CD40L" B cells from perinatal BPA exposure, but no changes in their innate immune
cell populations (Fig. S11). Absolute and %pancreas weights were found to be decreased
from BPA exposure in soy-based diet male offspring (Table S9).
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Discussion

With T1D incidence increasing globally, one of the biggest knowledge gaps is what
environmental exposures are contributing to T1D development, and there is a great need for
animal studies targeting various windows of exposures including the early developmental
stages (Atkinson et al. 2014). We have found that females exposed during the juvenile period
had a non-significant trend (P = 0.054) for increased T1D incidence and significantly
increased BGLs, which indicated this might be a sensitive window of exposure. Adult
females on the phytoestrogen-free diet were evaluated for possible interactions between BPA
and age of exposure. BPA treated adult females had a nonsignificant trend of increased T1D
incidence, which was consistent with our results in adult females on a soy-based diet where
a significant acceleration of T1D was observed (Xu et al. 2019) and another study that
exposed adult females on a phytoestrogen-free diet (Bodin et al. 2013). In contrast,
perinatally exposed female offspring on a phytoestrogen-free diet were found to have
reduced T1D as seen from the decreased diabetic incidence, BGLs and fasting glucose,
while minimal effect on male offspring were observed. Together with our previous reports
(Xu et al., 2019), it was concluded that BPA had age- and sex-dependent effects on T1D.

We found BPA alteration of GMB could play an important role in the increased BGLs from
juvenile BPA exposure, since BGLs significantly correlated with microbiota changes. At the
phylum level, BPA decreased many bacteria that were lower in type 2 diabetes (T2D) and/or
anti-inflammatory, including Gemmatimonadetes, OD1 and Nitrospirae (Liu et al. 2017;
Primec et al. 2018). Most of the genus level bacteria, including 7uricibacter, Oscillospira,
Ruminococcus, Jeotgalicoccus and Lachnospiraceae (other), that were increased from BPA
exposure promote T1D pathogenesis and/or inflammation (Chen et al. 2018a; Gilden et al.
2018; Krych et al. 2015). Increased abundances of Ruminococcus (species level),
Jeotgalicoccus (species level) and Akkermansia from BPA treatment have also previously
been found in dogs, rabbits and perinatally exposed male mice, respectively (Javurek et al.
2016; Koestel et al. 2017; Reddivari et al. 2017). However, some increased bacteria
following juvenile BPA exposure, including Verrucomicrobia, unclassified RF32,
Akkermansia, Anaerofustis and Rhodospirillales (other), might also be anti-inflammatory
and/or protective of T1D (Mao et al. 2012; Marietta et al. 2013; Sheng et al. 2018; Zhong et
al. 2015; Brown et al. 2011). Although at the species level, Akkermansia and Oscillospira
have also been found decreased from perinatal and adult BPA exposure, respectively, in
rabbits (Reddivari et al. 2017). Previously, we found Lachnospiraceae (other) and
unclassified RF32were also increased in adult females within 1 mo. of BPA exposure, but
unlike juvenile females, BPA exposure in adults after 4 mo. exposure altered different
bacteria from that observed in juveniles (Xu et al. 2019). This suggests the age and duration
of BPA exposure may affect which microbiota are altered.

Following juvenile BPA exposure, the cytokine/chemokines that were still altered on
PND134 included increased levels of LIX, suggesting a pro-inflammation, while increased
GCSF and IL-5, and decreased IL-15 and EOTAXIN are more supportive of an anti-
inflammatory shift (Bobbala et al. 2017; Chao et al. 2014; Haller et al. 2016; Tuller et al.
2013; Zhang et al. 2014). In terms of immune changes, both B220*CD40L™ B cells and
CD4*CD8* T cells, which can have either autoreactive or suppressive roles in immunity
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(Overgaard et al. 2015), were decreased after juvenile BPA exposure. CD4*CD8* T cells
negatively then positively correlated with BGLs, indicating these cells might have initially
had an autoreactive role followed by a suppressive role when T1D developed. The increased
CD4*CD8* cells may be extrathymic autoreactive T cells that promote inflammation and
autoimmune disease, but are still not fully understood (Overgaard et al. 2015). Additionally,
increases of %CD25 cells, CD8*CD25* cells and CD4*CD8* cells by BPA were seen in
adult females on both the soy-free diet in this study and soy-based diet previously (Xu et al.
2019). Although in the NOD mice these cells have a reduced ability to suppress autoreactive
CD4* T cells (D’Allise et al. 2008), the increase in these cell populations and negative
correlations of these cells with BGLs may be a reason the increase in diabetes incidence did
not reach the level of statistical significance. BPA has previously been indicated to
upregulate both Th1 and Th2 responses (Kharrazian 2014; Yoshino et al. 2003). Together
with the increased 19G4, 19G,, and IgM antibody levels, these results suggest that adult BPA
exposure may cause a general increase in immune response.

In agreement with our studies, a study found BPA exposure from GD6 to PND21 increased
B-cell mass and proliferation in C57BL6 female mice, which suggests some protective
effects on p-cells from BPA during this exposure window; however, no changes in GTT, ITT
or insulin production were observed (Liu et al. 2013). In our study, immune cell changes in
these perinatally exposed females on a phytoestrogen-free diet showed an anti-inflammatory
profile consistent with the decreased T1D incidence: (a) decreased pro-inflammatory
F4/80*Gr1* cells (Ghosn et al. 2010), (b) increased CD4*CD8" cells, which have previously
been found to decrease during NOD T1D development (Young et al. 2009), and (c)
decreased pro-inflammatory 1gG,., which may have adverse effects on glucose metabolism
(Winer et al. 2011). Reduced serum RANTES, which activates T cells and monocytes in
localized inflammatory cites, has also been shown to provide protection from T1D
development (Zhernakova et al. 2006). Interestedly, the above mentioned
immunomodulation from perinatal BPA exposure were detected on PND204, which
indicates long lasting anti-inflammatory effects may result from perinatal BPA exposure.
This was in contrast to a previous study in NOD female offspring on a phytoestrogen-free
diet where 10 mg/L (~3000 pg/kg) BPA significantly exacerbated T1D, and their lower dose
of 1 mg/L showed a nonsignificant trend of exacerbation (Bodin et al. 2014). This difference
was probably due to different window of exposure, i.e., starting from the beginning of the
preimplantation period (GD1-6), which affects glucose and insulin differently from fetal
BPA exposure (GD6-PNDOQ) (Bodin et al. 2014; Liu et al. 2013).

In conclusion, we have identified T1D development altered by BPA depending on exposure
window and sex. Juvenile BPA exposure increased the risk for T1D development, but did not
produce a clear shift in the immune system towards pro- or anti-inflammation, and alteration
of GMB was found to be the likely mechanism of increased T1D risk. Adult female
exposure showed a general increase of immune responses with a nonsignificant trend for
increased T1D development. Perinatal BPA exposure on the phytoestrogen-free diet showed
protective effects from T1D risk. In addition, T1D effects from peritnatal exposure was
attenuated from switching to a soy-based diet and in male offspring, which has previously
been observed in other studies that there existed sex-dependent differences and soy-
dependent interactions with BPA (see Supplemental Material, Supplementary Discussion).
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Future studies using a wider range of doses and more time points examining immune effects
are needed to determine the cause of these sex-dependent effects using additional exposure
windows such as juvenile BPA exposure in males. Additionally, potential health
consequences from juvenile and adult exposure should be further evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Diabetic incidence, changes in BGLs, alterations in immunity and immune-BGLs
correlational analysis in juvenile BPA (30 pg/kg) exposed NOD females that were fed with
the soy-based PicolLab diet. (a) T1D incidence. Blood glucose =250 mg/dL was considered
diabetic. (b) Time course of BGLs. (¢) GTT was conducted at 4 mo. old on non-diabetic
mice. (d) %T cells in spleen. (e) %B cells in spleen. (f) Heat map of serum cytokine/
chemokine changes at time of euthanasia (PND134). Values of VHF are shown as mean
pg/mL. ND, not detected. (g) Correlation between significant immune endpoints and BGLs
represented on a heatmap with Spearman rho’s correlation coefficients with red showing
significantly positive and blue significantly negative correlation using Spearman correlation
test (0 < 0.05). Blank boxes with an X indicate no significant correlation. The values are
presented as mean + SEM. *p< 0.05 as compared to the respective vehicle female (VHF)
control group. N = 5-6, except (c) where N = 4-6
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Fig. 2.

Gut microbiome composition alteration at PND134 in juvenile BPA (30 pg/kg) exposed
NOD females that were fed with the soy-based PicoLab diet. (a) Taxonomy of gut
microbiome is shown at the phylum level. LEfse results for phylum level (b), class level (c)
and genus level (d) are shown. (e) Weighted UniFrac beta diversity. Correlation between
significant microbiota (phylum, class and genus levels) and either BGLs (f) or significant
immune endpoints (g) in juvenile exposed NOD females. Heatmaps show Spearman rho’s
correlation coefficients with red showing significantly positive and blue significantly
negative correlations using Spearman correlation test (p < 0.05). Blank boxes with an X

were not significantly different. N = 5-6. VHF, vehicle females
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populations. (f) 19G1, 19Gy., 19Gop and IgM were measured at dilutions of 1:2,000, 1:2,000,
1:25 and 1:1,000, respectively, following titration by serial dilution from serum collected at
euthanasia (day 198 after treatment start; N = 9). The values are presented as mean + SEM.
*, p< 0.05 using Dunnett’s test or Wilcoxin based on whether equal variance assumption
was met as compared to the vehicle (VH) control group. VHF, vehicle females
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Fig. 4.

Di%\betic incidence, changes in BGLs over time, glucose tolerance test (GTT) and immune
cell alterations in female NOD offspring exposed to BPA (300 ug/kg) perinatally on
phytoestrogen-free 5K96 diet. (a) T1D incidence over time. Blood glucose =250 mg/dL was
considered diabetic (N = 18). (b) Time course of BGLs (N = 18). (c) GTT was conducted on
non-diabetic mice at 5 mo. old (N = 7-12). (d) %Gr-1*F4/80*, Gr-1"F4/80* and
Gr-1*F4/80~ spleen cells (N = 11-13). (e) %T cell populations (N = 11-13). (f) 1gG4, 1gGa,
1gGop and IgM were measured at dilutions of 1:2,000, 1:2,000, 1:25 and 1:1,000,
respectively, following titration by serial dilution from serum collected at euthanasia
(PND204; N = 6). (g) Heat map of serum cytokine/chemokine changes at time of euthanasia
(PND204). Values of VHF are shown as mean pg/mL (N = 6). ND, not detected. The values
are presented as mean + SEM. *p< 0.05 as compared to the vehicle female (VHF) control

group
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