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Abstract

Exposure to the endocrine disruptor bisphenol A (BPA) is ubiquitous and associated with health
abnormalities that persist in subsequent generations. However, transgenerational effects of BPA on
metabolic health are not widely studied. In a maternal C57BL/6J mice (FO) exposure model using
BPA doses that are relevant to human exposure levels (10 pg/kg/day, LowerB; 10 mg/kg/day,
UpperB), we showed male- and dose-specific effects on pancreatic islets of the first (F1) and
second generation (F2) offspring relative to controls (7% corn oil diet; Control). In this study, we
determined the transgenerational effects (F3) of BPA on metabolic health and pancreatic islets in
our model. Adult F3 LowerB and UpperB male offspring had increased body weight relative to
Controls, however glucose tolerance was similar in the three groups. F3 LowerB, but not UpperB,
males had reduced -cell mass and smaller islets which was associated with increased glucose
stimulated insulin secretion. Similar to F1 and F2 BPA male offspring, staining for markers of T-
cells and macrophages (CD3 and F4/80) was increased in pancreas of F3 LowerB and UpperB
male offspring, which was associated with changes in cytokine levels. In contrast to F3 BPA
males, LowerB and UpperB female offspring had comparable body weight, glucose tolerance and
insulin secretion as Controls. Thus, maternal BPA exposure resulted in fewer metabolic defects in
F3 than F1 and F2 offspring, and these were sex- and dose-specific.
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Introduction

Over the past two decades, research in the field of endocrine disrupting chemicals (EDCs)
has gained substantial momentum. It is now generally accepted that exposure to EDCs,
which are ubiquitously present in the environment, increases the risk of endocrine-related
disorders in humans and animals (1). The United States Environmental Protection Agency
and the Endocrine Society have described EDCs as exogenous chemicals that can disrupt
any aspect of hormone action (2, 3). These EDCs include man-made synthetic chemicals
like bisphenol A (BPA) to which we are exposed through what we eat, drink and touch (4).
BPA exposure has been associated with increased risk of various health abnormalities
including metabolic disorders like diabetes and obesity in humans and animals (5-11).

A substantial body of evidence has now emerged suggesting that EDCs not only affect the
health of the directly exposed population, but also of subsequent generations. This has
profound implications for public health; even though a chemical may no longer be used, the
effects may persist across future generations. The reported transgenerational (the affected
generation is not directly exposed to the studied chemical) effects of EDCs impact the
function of multiple tissues, including brain, heart, prostate, and testis, that consequently
influence behavioral, cardiac and reproductive outcomes (12-21). A few of these studies
have reported transgenerational effects of BPA on mammalian or non-mammalian systems
(17, 18, 22). For example, embryonic exposure to BPA has recently been shown to reduce
fertilization rates in second generation offspring, and embryo survival in third generation
offspring of Japanese rice fish, medaka (Oryzias latipes) (18). In rodents, developmental
BPA exposure has been associated with social recognition and behavioral differences across
three generations (17, 22), and a recent study reported transgenerational differences in gene
expression and methylation of imprinted genes in brains of BPA exposed mice offspring
(23). However, the transgenerational effects of BPA on metabolic health have not been
widely studied. One study demonstrated that intraperitoneal injection of BPA (50 mg/kg/
day) in combination with other plastic derived EDCs such as bis (2-ethylhexyl) phthalate
(DEHP) (750 mg/kg/day) and dibutyl phthalate (DBP) (66 mg/kg/day) from 8-14 days of
gestation was associated with an obesity-like phenotype across three generations in male and
female rat offspring (24). Since the F2 and F3 generation in that study were generated by
breeding exposed and affected F1 and F2 males and females, it was unclear whether the
transmission was via the maternal/paternal line, and if parental phenotypes influenced the
offspring outcomes.

We previously demonstrated, using C57BL/6J mice, that maternal (FO) exposure to human
relevant doses of BPA (10 ug/kg/day, and 10 mg/kg/day) has multigenerational sexspecific
effects, such that the first (F1) and second generation (F2) adult female offspring were
unaffected, but adult F1 and F2 male offspring had increased percent body fat, were glucose
intolerant and had reduced glucose stimulated insulin secretion (25). Using the same model,
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we recently reported multigenerational effects on pancreatic islets (26). Interestingly, female
offspring were unaffected, but male offspring of both doses had impaired 3-cell function and
increased pancreatic inflammation across two generations (26). We now extend our analysis
to the third generation (F3) to determine the transgenerational effects of maternal BPA
exposure via maternal transmission on metabolic health and pancreatic islets of the offspring
in this model.

Materials and Methods

Experimental paradigm

Design: The animal work was conducted with the approval of the University of
Pennsylvania Institutional Animal Care and Use Committee. The animals were treated
humanely with due consideration to the alleviation of distress and discomfort. The animals
used in this study were the third generation of the cohorts described previously (25, 26).
Refer to Supplemental Figure 1 for breeding strategy. Briefly, C57BL/6J virgin female mice
(FO) were purchased from Jackson Laboratory and randomly assigned to the following BPA
supplemented, or control feed from 2 weeks prior to mating (pre-conception) until weaning:
10 pg/kg/day (LowerB), 10 mg/kg/day (UpperB) BPA, or 7% corn oil (Control). After
weaning, the offspring and the subsequent generations were maintained on control diet (7%
corn oil diet; TD 95092; Envigo), and therefore, no subsequent generation was exposed to
BPA via food. Multiple independent cohorts of first generation (F1) female offspring were
crossed with unexposed C57BL/6J males (8—-10 weeks old C57BL/6J males purchased from
Jackson laboratory and acclimated for 1 week in the same housing facility prior to mating)
to generate second-generation (F2) offspring and, similarly, F2 females were crossed with
unexposed C57BL/6J males to generate the third generation (F3). F1 offspring were exposed
to BPA during gestation and lactation via FO mothers, and F2 offspring were exposed as
germ cells of F1 during gestation and lactation. F3 generation never had any direct/indirect
BPA exposure.

Animal generation and cohorts: Similar to our multigenerational study (26), the end
points measured in this study were from the third generation of the animals that were
previously generated across multiple cohorts in two different animal care facilities with a
control group included in all cohorts (refer to Supplemental Figure 2 for animal generation).
Because each cohort had all three groups, any ambient BPA exposure would be consistent
across all three groups. There was no difference in litter size, sex ratio across all three
groups, and the litters were not culled.

Doses: As described previously, the control diet was a modified, low phytoestrogen, AIN
93G diet (TD 95092, Envigo, with 7% corn oil substituted for 7% soybean oil to minimize
exposure to other estrogen-like compounds that could confound BPA-related effects), and
BPA diets included 50 pg BPA/Kg diet (lower dose BPA; TD 110337; Envigo) and 50 mg
BPA/Kkg diet (upper dose BPA; TD 06156; Envigo) supplemented into the control diet to
approximate exposures of 10 ug and 10 mg BPA per kg body weight per day (27, 28). These
doses result in levels of exposure that are below the established doses for BPA in humans:
lowest observed adverse effect level (LOAEL; 50 mg/kg/day), and the tolerable daily intake
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(TDI; 50 ug/kg/day; estimated from the LOAEL) defined by the United States
Environmental Protection Agency (29). Moreover, we have assessed circulating levels of
unconjugated BPA in FO maternal serum (28) and found levels to be comparable to those of
humans (30, 31). It is important to note that our Control group also had detectable levels of
BPA; this was not surprising because BPA is everywhere. However, the levels in Lower and
Upper group were higher than the Controls, thus reassuring that the BPA exposure was from
the BPA supplemented feed. Finally, animals were reared in BPA free cages with BPA free
bedding and BPA free water supply.

Assessment time-points: Weekly body weights were measured from postnatal day 1 to
21 weeks of age in F3 offspring. Weekly food intake was measured in mothers throughout
pregnancy until weaning, and in male and female offspring from weaning until adulthood.
The offspring food intake was estimated from same sex group-housed cages (3—4 same sex
mice per cage) and calculated by dividing weekly food consumption per cage with average
body weight per cage (average body weight per cage = (sum of offspring body weight/
number of mice per cage)).

The animals were euthanized by CO, euthanasia. All terminal tests were performed in
21week-old adult offspring, with the exception of B-cell proliferation and cell death, which
were assessed at postnatal day (PD) 7 and 14, respectively. At these early postnatal time
points, p-cells undergo extensive remodeling that is critical for establishing the adult B-cell
mass and proliferation after this age is negligible (32—-35). The experiments were blinded,
where possible (DEXA scans, immunohistochemistry and Luminex assay). For body weight
and glucose tolerance, n=10 to 12 litters per group were used, for islet-specific studies n=5
to 6 litters per group were used. Metabolic tests including body weight, glucose tolerance,
fasting insulin, and glucose stimulated insulin secretion were determined in both male and
female offspring. We observed no metabolic phenotype in female offspring; therefore, all
other experiments were restricted to male offspring only.

Glucose tolerance test (GTT) and fasting insulin

Glucose tolerance was assessed at 21 weeks of age (adult F3 offspring) in male and female
mice that were fasted for 6 hours, and subsequently injected with 2 g/kg body weight of
glucose intraperitoneally. At 0, 15, 30, 60 and 120 minutes, blood was sampled from the tail
vein and analyzed by a handheld glucometer. Fasting insulin levels were measured in
terminal serum samples collected at 21 weeks of age (adult F3 male and female offspring),
or at day 17 of gestation (pregnant F2 females) from mice by homogeneous time resolved
fluorescence technology using mouse serum insulin assay kit (Cisbio).

Dual-energy X-ray absorptiometry (DEXA)

To assess body composition, dual energy X-ray absorptiometry (DEXA) scans were
performed (GE Lunar PIXImus x-ray densitometer) on a subset of adult male (21 weeks of
age) F3 mice as previously described (36). Briefly, each mouse was anesthetized using
isoflurane throughout the duration of the scan (~5 minutes), and body fat, lean mass, bone
mineral content, and bone mineral density measures were recorded.
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Islet isolation

F3 adult mice were anesthesized with ketamine and xylazine, and pancreata were perfused
with Hanks’ balanced salt solution (Life technologies) supplemented with 2.5% BSA (wt/
vol; Sigma), 0.35 g/L NaHCOg3 (Sigma), and 2 mg/mL Collagenase P (Roche); excised; and
incubated at 37°C for 10-15 min. After digestion, islets were washed and then purified using
a Histopaque 10771 and Histopaque 11191 (Sigma) gradient. One mouse per litter was
randomly selected as a litter representative. More than one islet-specific end point was
determined for each litter, where possible.

Insulin measurement and islet perifusion study

Histology

Isolation of pancreatic islets, perifusion, and insulin assays were performed as previously
described (37). In brief, islets were isolated by collagenase digestion and cultured with 10
mM glucose in RPMI 1640 medium (Sigma) for 2 days. After isolation, islets were
perifused with a Krebs-Ringer bicarbonate buffer containing 0.25% BSA at a flow rate of 1
mL/min. Ramps at increments of 0.5 mM/min for glucose were performed. 30 mM
potassium chloride was used to determine maximum insulin release. Insulin was measured
in the perfusates by homogeneous time resolved fluorescence technology (Cisbio Kit).

After euthanasia, pancreata were excised and fixed in 10% formalin (pH 7.0) for 48 h at
room temperature, and embedded in paraffin (Tissue-Tek, 4583). Six sections of 5 ym
thickness, 200 um apart were selected for immunohistochemical (IHC) and
immunofluorescence (IF) staining per animal. The pancreatic sections from 21 weeks old
male mice were immunostained for F4/80 (Invitrogen), or CD3 (Santa Cruz) to determine
macrophages and T-lymphocytes respectively, as described previously (26). The sections
were also immunofluorescence stained with insulin (Dako), glucagon (BioGenix), and
somatostatin (BioRad) to determine beta, alpha, delta cell mass respectively, as described
previously (26). The nuclei were stained using DAPI (Sigma). The details of antibodies used
for immunohistochemical, and immunofluorescence staining are provided in Supplemental
Table 1.

The slides were digitally scanned at 20X magnification on an Aperio Scanscope CS-O
(brightfield) and Scanscope IF (fluorescent) (Leica Biosystems). Non-fluorescent staining
was analyzed by ImageScope v12.2.2.5015 (Leica Biosystems) using Aperio- Color
Deconvolution v9.1 algorithm. Area of CD3 and F4/80 staining was calculated within islets,
pancreatic lymph nodes and non-islet tissue by multiplying percent positive staining with
total stained area and the product was normalized to total analysis area. Fluorescent staining
was analyzed by HALO v2.0.1018 (Indica Lab) using Indica Labs- Area Quantification FL
v1.0 algorithm. Individual islets were identified as insulin surrounded by glucagon and
somatostatin staining, and islet size was estimated by sum of the area occupied by beta,
alpha and delta cells for individual islets. Beta, alpha, delta cell mass was calculated by
multiplying the average insulin, glucagon, and somatostatin stained area respectively within
each islet relative to the total area scanned with the pancreatic weight and corrected for body
weight measured at tissue harvest.
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Islet cell death and proliferation

To determine cell death, lysates from freshly isolated islets from 2-week-old F3 male mice
were assessed using the caspase 3 activity fluorometric assay (Abcam) following
manufacturer’s instructions. To determine p-cell proliferation, four pancreatic sections, 100
um apart per animal from 7-day-old male mice were immunofluorescently stained for Ki67
(Abcam), Insulin (Dako) and DAPI (Sigma). Sections were analyzed by HALO v2.0.1018
(Indica Lab) using Indica Labs- Cytonuclear FL v1.0 algorithm. Percent positive
proliferating p-cells were calculated as percent Ki67 and Insulin positive cells. The details of
antibodies used for immunohistochemical, and immunofluorescence staining are provided in
Supplemental Table 1.

Cytokine measurement

The cytokine and chemokine panels were measured in 25 pL pancreatic lysates of 21 week
old mice in duplicates using the mouse Cytokine/Chemokine Luminex 25plex Assay with a
detection limit of 3.2 pg/mL to 10,000 pg/mL (EMD Millipore), as described previously
(38). TGF-p levels were determined using 50 pL of pancreatic lysates in duplicates by a U-
plex TGFB Combo mouse kit with a detection limit of 37-56,600 pg/mL (TGF- p1), 2.5-
45,400 pg/mL (TGF- B2), and 2.5-45,800 pg/mL (TGF- B3) (Meso Scale Discovery). For
statistical evaluation, lowest detection limit was used for samples that had values below the
detection sensitivity. Cytokine levels were normalized to total protein concentration
measured by BCA Assay (Pierce).

Statistical analysis

Results

For parametric data, the groups were compared by one-way ANOVA, followed by posthoc
Dunnett’s test between each BPA group and Control to account for multiple testing.
Nonparametric data were log-transformed to approximate a standard distribution, where
required, and then analyzed by one-way ANOVA and post-hoc Dunnett’s test. All values are
presented as mean with SEM. A p value of <0.05 was considered significant. All data were
analyzed using JMP and Prism analysis software.

Sex-specific effect of FO maternal BPA exposure on body weight of F3 adult mice offspring

Previously, we reported that F1, but not F2, offspring of FO BPA exposed mothers were
lighter at birth, however, both F1 and F2 were heavier and fatter in adulthood relative to
Controls (25). This effect was observed in male offspring only (25). Here, we tested whether
these changes persist in the F3 generation. Similar to our F2 findings, we observed no
difference in birth weight in LowerB and UpperB F3 male offspring (Figure 1). However,
the obesity phenotype observed in adult F1 and F2 males persisted into the third generation
and LowerB and UpperB F3 male offspring were heavier in adulthood, although this
difference did not become apparent until 5 months of age (Figure 1), which is six weeks
later than the observed phenotype in F1 and F2 (25). We determined body composition of
these animals via DEXA scans, and LowerB F3 males had modestly increased fat mass
(Mean = SEM g¢: Control=5.5+0.61; LowerB=7.6+0.61, p=0.04; UpperB=7.1+£0.61, p=0.13;
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n=11 litters per group), which was not statistically different when corrected for body weight
(i.e. percent body fat) relative to Controls (Figure 1). Despite increased body weight,
UpperB F3 male offspring had no difference in either fat mass or percent body fat but
trended towards increased bone mineral density relative to Controls (Figure 1). Consistent
with our previous findings, we saw no difference in body weight from birth to adulthood in
LowerB and UpperB F3 female offspring (Supplemental Figure 3). We observed no
difference in food intake between the groups in either sex (Supplemental Figure 4).

FO maternal BPA exposure increased glucose stimulated insulin secretion from pancreatic
islets in a sex- and dose-specific manner

Because we observed impaired glucose homeostasis in heavy and fat F1 and F2 male
offspring (25), we performed GTTSs to assess glucose homeostasis in adult F3 offspring.
Surprisingly, we saw no differences in glucose tolerance between the groups (Figure 2A and
2B), nor fasting insulin levels (Mean £ SEM ng/mL: Control=0.45+0.34;
LowerB=1.19+0.34, p=0.26; UpperB=0.85+0.34, p=0.74; n=5-6 litters per group) differed
between the groups. Collectively, these data suggest that glucose tolerance and insulin
sensitivity is not altered in F3 male offspring.

Although a GTT provides a measure of glucose homeostasis, it does not provide a reliable
assessment of insulin secretion. If insulin secretion from pancreatic islets is impaired, then
this can increase the risk of developing glucose intolerance in the long-term. Therefore, we
assessed insulin secretion from pancreatic islets in response to glucose by perifusing the
islets using a glucose ramp. UpperB adult F3 male offspring had comparable glucose
stimulated insulin secretion (GSIS) as Controls (Figure 2C and 2D), whereas LowerB adult
F3 male offspring GSIS was increased relative to Controls (Figure 2C and 2D). Basal insulin
secretion did not differ between the groups, however, the glucose concentration needed to
stimulate insulin secretion is lower in the LowerB group (Figure 2C). These data suggest
that the islets of LowerB males are hypersensitive to glucose exposure.

In contrast to male F3 offspring, LowerB and UpperB adult F3 female offspring had similar
glucose tolerance and GSIS (Supplemental Figure 5), and fasting insulin levels (Mean +
SEM ng/mL: Control=0.55+0.17; LowerB=0.70+0.17, p=0.75; UpperB=0.89+0.17, p=0.29;
n=56 litters per group) as female Controls.

FO maternal BPA exposure was associated with reduced pancreatic 3-cell mass in
dosespecific manner in adult F3 male offspring

Increased insulin secretion from islets of F3 BPA offspring could be a result of increased
numbers of insulin secreting R-cells within islets. Therefore, we stained pancreatic sections
with anti-insulin antibody and measured B-cell mass. F3 LowerB males had reduced, but
UpperB males had comparable B-cell mass adjusted for body weight relative to Controls in
adulthood (Figure 3). This reduction in B-cell mass in LowerB group was associated with a
trend towards reduced islet size (Mean = SEM pm?: Control=31309+1557;
LowerB=24211+2386, p=0.07; UpperB=26120+£2630, p=0.20; n=6 litters per group)
compared to Controls. We also determined changes in alpha and delta cell mass in these
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offspring, and observed no difference in alpha and delta cell mass adjusted for body weight
between the groups in adulthood (Supplemental Figure 6).

The rodent pancreas undergoes extensive remodeling during early neonatal life, which is
critical for establishing B-cell mass in adulthood. This remodeling involves high rates of
proliferation shortly after birth (32) and cell death in the neonatal period (33-35). 3-cell
proliferation rates dramatically decrease after the postnatal period. Therefore, we examined
whether these processes were altered shortly after birth (PD7; proliferation) and in neonatal
life (PD14; caspase activity) in pancreas of LowerB F3 male offspring that had reduced [3-
cell mass in adult life. Although R-cell proliferation was higher at PD7 (Figure 3), caspase
activity was modestly increased at PD14 in LowerB compared to Controls (Figure 3).

FO maternal BPA exposure is associated with pancreatic immune system dysfunction in
adult F3 male offspring

Several studies indicate that immune cells such as macrophages, dendritic cells, and
lymphocytes are present in islets and may play an important role in normal islet
development (39-43). To explore whether 3-cell-specific effects of BPA are associated with
a perturbed immune response, we assessed the cytokine/chemokine profile in pancreatic
lysates of F3 mice via Luminex assay. The levels of most cytokines/chemokines were not
different among the groups; only two out of 16 detectable cytokines/chemokines had
statistically different levels in BPA treated groups relative to Controls (Table 1). These two
cytokines (IL-18, IL-12p70) are proinflammatory and, unexpectedly, their levels were
reduced in BPA exposure groups relative to Controls (Table 1). In our F1 and F2 mice we
observed increased levels of proinflammatory cytokines/chemokines (26).

To determine if the immune cell population was altered, we stained pancreatic sections with
CD3, a marker for T lymphocytes, and with F4/80, a marker for macrophages. Surprisingly,
we observed increased immunostaining of CD3 and F4/80 in islets of BPA exposed adult F3
male mice compared to Controls (Figure 4; Table 2). Because we saw minimal differences in
cytokine/chemokine levels via Luminex in F3 males, the role of increased T lymphocytes
and macrophages as reported via immunohistochemistry was unclear. Therefore, we looked
at levels of other cytokines such as the TGF-R family that were not detected in the Luminex
panel, but are produced by T lymphocytes and macrophages, and have been shown to
increase insulin secretion (44-46). Interestingly, levels of TGF-R1 were statistically higher in
the UpperB group, and trended higher in LowerB than Controls (Mean £ SEM pg/ug:
Control=0.0004+0.0005; LowerB=0.001+0.0006, p=0.09; UpperB=0.003+0.006, p=0.01;
n=6 litters per group). Levels of TGF-R32 and TGF-R3 were below the lowest detection limit
of the assay in most samples and therefore were excluded from any statistical testing.

Maternal metabolic milieu is not altered in mothers of F3 offspring

Abnormal glucose homeostasis of mothers during pregnancy increases the risk of impaired
metabolic health of the offspring. Previously, we observed that maternal metabolic milieu
was perturbed in mothers of F1, but not F2, offspring (25). Consistent with the F2 findings,
we observed that pregnancy efficiency and the maternal metabolic health of F3 UpperB and
LowerB group was comparable to Controls. We found no difference in F3 LowerB and
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UpperB maternal body weight and food intake throughout gestation and lactation relative to
Controls (Figure 5). A subset of pregnant F2 mothers was fasted to determine additional
metabolic parameters such as fasting glucose and insulin. To avoid any metabolic stressor
that maternal fasting may impose, the offspring of these fasted mothers were not used for
any experiments. These pregnant mothers from BPA groups had comparable fasting glucose
(Mean = SEM mg/dL: Control=194+22; L owerB=188+26, p=0.98; UpperB=192+25,
p=0.99; n=5 litters per group), fasting insulin (Mean + SEM ng/mL: Control=0.56+0.18;
LowerB=0.37+0.13, p=0.75; UpperB=0.44+0.08, p=0.88; n=5 litters per group), and fasting
glucose:insulin ratios (Mean £ SEM (mg/dL)/(ng/mL): Control=620+130;
LowerB=640+131, p=0.99; UpperB=497+81, p=0.68; n=5 litters per group) when tested at
E17 gestational age as Control mothers. Thus, these findings suggest that these maternal
metabolic parameters were not altered and are unlikely to confound the F3 male offspring
metabolic outcomes.

Discussion

We recently reported that early life exposure to the endocrine disrupting chemical, BPA, in
the mouse is associated with sex- and dose-specific metabolic health defects across two
generations (25, 26). In the current study, we tested the hypothesis that maternal exposure to
BPA via maternal transmission also alters metabolic health in third generation offspring. We
made the novel observation that maternal exposure to relevant human levels of BPA from
preconception to weaning has sex- and dose-specific effects (Data summarised in Table 3).
While some aspects of the metabolic phenotype observed in first and second-generation
offspring persist in third generation, most effects are no longer observed and the increase in
body weight appeared six weeks later in third generation offspring compared to first and
second-generation.

The reduction in 3-cell mass in the lower BPA group also persisted into the third generation.
Remodeling of B-cells via proliferation and apoptosis in early life is critical for normal islet
development and establishes B-cell mass in adulthood (32-35). Either a reduction in
proliferation rates, or an increase in cell death could underlie a reduction in B-cell mass. As
proliferation rates were not decreased in lower BPA males it is likely that the reduction in R3-
cell mass in this group is due to increased cell death. This is supported by a trend toward
increased caspase 3 activity early in life. This is similar to what we previously showed in the
F1 and F2 lower BPA groups (26).

Interestingly, the F3 lower BPA group had smaller islets. Multiple studies show that small
islets have increased insulin secretion which may explain the increase in insulin secretion
that we observed in lower BPA mice (47, 48). Consistent with this, an increase in glucose
stimulated insulin secretion in the presence of reduced 3-cell mass has been previously
demonstrated by studies in partially pancreatectomized mice showing increased glucose
stimulated insulin secretion despite a reduction in B-cell mass (49). Further, islets from lower
BPA F3 animals are hypersensitive to glucose- that is, they secrete insulin at a lower glucose
concentration. An abnormal increase in insulin secretion in the lower BPA group is likely to
eventually lead to exhaustion of the limited pool of B-cells and development of diabetes as
the animals age. This is consistent with the existing evidence that a decline in 3-cell function
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is typically preceded by an increased B-cell sensitivity to glucose in diabetic animals (50).
This is further supported by data from human and animal studies showing that a constant
increase in insulin secretion can lead to mitochondrial dysfunction and endoplasmic
reticulum stress, which leads to cellular injury and a progressive decline in B-cell function
(i.e. B-cell exhaustion) (51, 52). Furthermore, the third generation animals of the current
study may display an altered metabolic response, if challenged by a second insult such as a
high fat diet as reported in pancreas (53) and other target tissues like mammary gland, sperm
and liver (54-56) of the first generation offspring. This requires further investigation.

Of interest, was our finding that T lymphocytes and macrophages were increased in
pancreata of BPA exposed mice, which was similar to what we observed in the F1 and F2
generations. However, the increase in immune cell infiltration was not associated with
increased pro-inflammatory cytokine levels, rather we observed reduced IL-1 and IL-12
and increased TGF-R1 levels. It is known that immune cells could alter islet development
and function (57). For example, increased IL-11 or IL-12 production reduces insulin
secretion (58, 59), where-as TGF-RB plays a critical role in pancreatic development and
increases 3-cell function (44-46). Consistent with these previous studies, we observed
reduced IL-18 and IL-12, and increased TGF-R1 levels. These changes correlated with
increased glucose stimulated insulin secretion in the lower BPA group. Therefore, it is
possible that in the third-generation-offspring, the immune cell populations might be
involved in increasing insulin secretion, which could be detrimental in the long-term.

There is evidence suggesting that exposure to EDCs such as vinclozolin and BPA can alter
behavioral, cardiac and reproductive outcomes that persist into the third generation (13-21,
24). However, evidence for transgenerational effects of EDCs on metabolic health is sparse.
One study demonstrated that exposure to a commonly found environmental obesogen,
tributylin, throughout pregnancy and lactation resulted in transgenerational changes in
adipose tissue of male mice (60). Similarly, a second study showed that exposure to the
insecticide, dichlorodiphenyltrichloroethane (DDT), also has transgenerational effects on
adipose tissue in male rats (61). Interestingly, it has been shown that exposure to BPA in
combination with other plastic derived compounds such as bis (2-ethylhexyl) phthalate
(DEHP) and dibutyl phthalate (DBP) from 8-14 days of gestation was also associated with
increased visceral adiposity in male and female rats across three generations (24). Thus,
these studies indicate that developmental exposure to EDCs is associated with
transgenerational effects related to metabolic disorders. However, it was unclear in these
studies whether the transmission was via the maternal, or paternal line because the F2, F3, or
F4 offspring were generated by breeding exposed F1, F2, or F3 male and female rodents.
Importantly in these previous studies, metabolic defects were reported in male (or in both
male and female) offspring across all generations. Therefore, using the metabolically
affected offspring to generate F2, F3, or F4 could have potentially confounded the reported
outcomes. To our knowledge, the current study is the first to report the transgenerational
effects of BPA exposure via the maternal line (F1s and F2s were bred with unexposed
males) on metabolic health and in the pancreas. Our study is therefore different with respect
to design (maternal exposure vs. both parents exposed) as well as the end target tissue
(pancreas vs. adipose) from these previous studies. Importantly, as the female offspring were
unaffected across the three generations in our study, we have excluded the potential
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confounding variable of maternal obesity and or impaired glucose homeostasis that could
occur during pregnancy - factors known to affect the metabolic phenotype of the offspring.
An additional strength of our study was that our exposure window included the pre-
conception period and first trimester of pregnancy. The timing of exposure during pregnancy
plays a critical role in influencing offspring metabolic health as has been shown by the
landmark Dutch Hunger Winter studies (62, 63). Similarly, various human (64-68) and
animal (69-71) studies have demonstrated that the pre-conception period is an equal, if not
more, important contributor to offspring metabolic health. In fact, we previously reported
that maternal BPA exposure from pre-conception through E12.5 resulted in loss of
imprinting in the embryos, whereas E5.5-E12.5 exposure did not (28). Our study therefore
adopted a chronic long-term developmental exposure approach and determined the effects of
a pre-conception through lactation exposure that is relevant to human exposure levels of
BPA on the metabolic health of the third-generationoffspring. Furthermore, an additional
strength of our study was the use of animals that were generated across multiple cohorts in
two separate animal care facilities.

In conclusion, findings from our current study indicate that maternal BPA exposure has sex-
and dose-specific effects, but fewer effects on the metabolic health of the third-generation
offspring. However, decreased B-cell mass persists across all three generations, and in the
third generation lower BPA males there are increased numbers of small islets and increased
insulin secretion which may eventually lead to significant impairments in 3-cell function
which has been shown in previous studies. Because the third-generation offspring were not
exposed to BPA, the persistence of the metabolic abnormalities in the third generation
suggests that epigenetic modifications may be involved in the transmission of the effects
associated with BPA exposure across three generations.
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Figure 1. Postnatal body weight and body composition of F3 male offspring.
A) Postnatal day (PD) 1 body weight, B) Body weight at 21 weeks of age, C) % Body Fat at

21 weeks of age, and D) Bone mineral density at 21 weeks of age. Data are individual litter
data (n=11 litters per group) with mean superimposed, and analysed using Dunnett’s test. P
values are relative to Control.
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Figure 2. Glucose tolerance test, and insulin secretion in F3 adult male offspring.
A) Curve from glucose tolerance test, B) Glucose area under the curve from the glucose

tolerance test, C) Insulin secretion on islet perifusion with increasing concentration of
glucose (from 0 to 25 mM) on a glucose ramp, potassium chloride (KCI) used as a
depolarizing positive control, and D) Glucose stimulated insulin secretion determined as
insulin area under the curve from time 55 to 85 min of the glucose ramp. Data are individual
litter data (one animal per litter; n=8-12 litters per group), and presented as mean + SEM,
and analysed using Dunnett’s test. P values are relative to Control.
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Figure 3. Beta cell mass, proliferation and cell death in F3 male offspring.
(A to F) Representative photomicrographs of pancreatic immunofluorescent staining in 21

week old (A to C) and 7 days old (D to F) Control, Lower BPA, and Upper BPA male mice
respectively. All images have insulin (red), and DAPI (blue). Images A to C have glucagon
(green), somatostatin (yellow), while images D to F have Ki67 (green). Images are
magnified at 20X. G) Beta cell mass adjusted for body weight in 21 weeks old male
offspring, H) Percent proliferating beta cells in 7 days old male offspring, I) Caspase 3
acitivity in 14 days old offspring. Data are individual litter data (one animal per litter; n=5-6
litters per group) with mean superimposed, and analyzed by Dunnett’s test. P values are
relative to Control.
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Control

LowerB ‘ UpperB Positive Ctrl

CD3

Figure 4. Representative photomicrographs of pancreatic immunohistochemical staining in F3
male offspring.

(A to D) Sections stained for CD3: cluster of differentiation 3, marker for T lymphocytes,
and (E to H) Sections stained for F4/80: marker for macrophages. LowerB (Lower BPA),
UpperB (Upper BPA), Positive Ctrl (internal control- lymph node). Image magnified 20X.
One animal per litter; n=6 litters per group.
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Figure 5. Parameters of mothers of F3 offspring.
A) Weekly body weight from mating until weaning (n=8-9 litters per group), and B) Food

intake from pregnancy until weaning (n=8-9 litters per group). Data are presented as mean +
SEM, and analysed using Dunnett’s test. P values are relative to Control, and were not
statistically different.
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Quantification of CD3 and F4/80 staining in pancreatic sections of F3 adult male

offspring.

Table 2.

Page 24

Data are normalized to total analysis area and presented as mean (SEM). P values are from Dunnett’s-test
performed on log-transformed data, where required (F4/80 islets, F4/80 lymph nodes, F4/80 excluding islets
and lymph nodes). One animal per litter; N= 6 litters per group.

pancreatic lymph nodes/Total Analysis Area

Control LowerB vs | UpperB vs
(mm2/mm?) LowerB (mm2/mm?) | UpperB (mm2/mm?) Control Control
(p value) (p value)
Area of Percent Positive CD3 staining in
islets/Total Analysis Area 15.90 (5.81) 23.51 (5.81) 45.27 (5.81) 0.56 0.01
Area of Percent Positive CD3 staining in
pancreas excluding islets and lymph nodes/ 21.19 (4.13) 24.88 (4.13) 49.67 (4.13) 0.75 0.01
Total Analysis Area
Area of Percent Positive CD3 staining in 21.89 24.83 46.31 0.97 0.19
pancreatic lymph nodes/Total Analysis Area (10.16) (10.16) (10.16) ) )
Area of Percent Positive F4/80 staining in
islets/Total Analysis Area 0.20 (0.48) 2.19 (0.48) 1.53 (0.48) 0.03 0.47
Area of Percent Positive F4/80 staining in
pancreas excluding islets and lymph nodes/ 0.58 (0.91) 4.50 (0.91) 3.79 (0.91) 0.01 0.02
Total Analysis Area
Area of Percent Positive F4/80 staining in 0.70 (2.06) 8.44 (2.06) 4.81 (2.06) 018 059
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