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ABSTRACT

Type 1 diabetes (T1D) is a T-cell-mediated autoimmune disorder characterized by destruction of insulin-
producing pancreatic B-cells. Whereas epidemiological data implicate environmental factors in the increas-
ing incidence of T1D, their identity remains unknown. Though exposure to bisphenol A (BPA) has been
associated with several disorders, no epidemiologic evidence has linked BPA exposure and T1D. The goal
of this study was to elucidate diabetogenic potentials of BPA and underlying mechanisms in the context
of T-cell immunity, in a multiple low-dose streptozotocin (MLDSTZ)-induced autoimmune mouse T1D
model. C57BL/6 mice were orally exposed to 1 or 10mg BPA/L starting at 4 wk of age; diabetes was
induced at 9 wk of age with STZ. T-cell composition, function, and insulitis levels were studied at Days 11
and 50 during diabetes development (i.e. post-first STZ injection). Results showed both BPA doses
increased diabetes incidence and affected T-cell immunity. However, mechanisms of diabetogenic action
appeared divergent based on dose. Low-dose BPA fits a profile of an agent that exhibits pro-diabetogenic
effects via T-cell immunomodulation in the early stages of disease development, i.e. decreases in splenic
T-cell subpopulations [especially CD4" T-cells] along with a trend in elevation of splenic T-cell formation
of pro-inflammatory cytokines (IFN-y, TNF-a, and IL-6). In contrast, high-dose BPA did not affect T-cell pop-
ulations and led to decreased levels of IFN-y and TNF-o. Both treatments did not affect insulitis levels at
the disease early stage, but aggravated it later on. By the study end, besides decreasing T-cell proliferative
capacity, low-dose BPA did not affect other T-cell-related parameters, including cytokine secretion,
comparable to the effects of high-dose BPA. In conclusion, this study confirmed BPA as a potential diabe-
togenic compound with immunomodulatory mechanisms of action - in the context of T-cell immunity —
that seemed to be dose dependent in the early immunopathogenesis of a MLDSTZ-induced model
of T1D.
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Introduction leaking of BPA into foods and beverages (USFDA 2010;
WHO 2010). Multiple epidemiological studies have indicated
associations between BPA exposure and adverse human health
effects (Melzer et al. 2010; LaKind et al. 2012; Spanier et al.
2012), including Type 2 diabetes (T2D) and associated conditions
(Carwile and Michels 2011; Silver et al. 2011; Teppala et al. 2012;
Sowlat et al. 2016). Nevertheless, to date, an epidemiological
study evaluating the relation between BPA exposure and T1D
development has not been performed.

The role of environmental agent-influenced immune dysfunc-

Type 1 diabetes (T1D) is an autoimmune disease characterized
by a complete lack of insulin and subsequent hyperglycemia due
to the immune T-cell-mediated attack and destruction of the
pancreatic insulin-producing B-cells. The incidence and preva-
lence of T1D have been steadily rising in developed countries
over the past few decades (Dabelea et al. 2014). It is known that
both genetics and environmental factors contribute to the etiopa-
thogenesis of disease. Although many environmentally related

hypotheses, including hygiene, diet, viral infections, and environ-
mental pollutants, have been proposed, the reason for such an
increase in T1D is still unknown (Knip and Simell 2012). Over
the past years, research into the role of environmental pollutants
in diabetes development has been expanding (Taylor et al. 2013;
Bodin et al. 2015).

Bisphenol A (BPA) is utilized in polycarbonate plastics and
epoxy resins that have broad applications in manufacturing, such
as food/beverage plastic containers, inner can linings, dental seal-
ants, medical devices (Shelby 2008; Willhite et al. 2008).
Biomonitoring studies have shown frequent and widespread
human exposure (Calafat et al. 2005, 2008), often related to

tion in diseases has been underestimated (Dietert et al. 2010).
While various effects of BPA on immune responses have been
observed, most of the reported effects have often contradicted one
another. In general, BPA exposure in mice has been associated
with modulation of Tyl/Ty2 cytokine and antibody production
(Youn et al. 2002; Lee et al. 2003; Yoshino et al. 2003,
2004; Alizadeh et al. 2006; Goto et al. 2007; Yan et al. 2008).
Concerning relationships between environmental pollutants and
T1D in experimental models, recent studies reported aggravation
of disease with exposure to p,p’-dichlorodiphenyldichloroethylene
(DDE) (Cetkovic-Cvrlje et al. 2016), and suppression of T1D with
polychlorinated biphenyl 153 (PCB-153) in non-obese diabetic
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(NOD) mice (Kuiper et al. 2016). In considering any BPA associ-
ation with T1D, a potentiation of disease has been suggested, pri-
marily based on aggravation of insulitis levels. However, neither a
significant difference in incidence of T1D in BPA-exposed NOD
mice was observed nor were the effects of BPA on T-cells during
development of T1D studied (Bodin et al. 2013).

Experimental T1D models, like multiple low-dose streptozoto-
cin (MLDSTZ)-induced T1D in C57BL/6 mice (Like and Rossini
1976; Muller et al. 2002; Cetkovic-Cvrlje and Uckun 2005), along
with NOD mice (Shoda et al. 2005) with their spontaneous dis-
ease development, have been accepted as models for studying
immunopathogenesis of this autoimmune disorder and the effects
of different compounds on its protection/aggravation. MLDSTZ-
induced mouse TID, similar to human, is a T-cell-mediated
disease characterized by cytokine imbalance and insulitis [mono-
nuclear cell infiltration of islets]. Several subsets of T-cells, char-
acterized by different immunophenotypes and cytokine profiles,
have been implied as major players in T1D immunopathogenesis.
Besides cytotoxic T-cells, the T-helper (Ty)l/Ty2 paradigm -
while oversimplified - has provided a conceptual scaffold for
understanding the immunopathogenesis of T1D. Tyl responses,
cytokines interleukin (IL)-2 and interferon (IFN)-y, have been
considered pathogenic in contrast to protective Ty2 responses
mediated by IL-4 and IL-10 (Cetkovic-Cvrlje and Uckun 2005;
Sia 2005). More recently, regulatory T (T,eg)-cells have been rec-
ognized as protective and Tyl7 as harmful, in development of
T1D (Sia 2005; Cetkovic-Cvrlje et al. 2012).

This study sought to investigate the effects of BPA exposure
on TID development in the context of systemic immunity altera-
tions in a MLDSTZ mouse model. As T1D is a T-cell-dependent
and T-cell-mediated disease (Cetkovic-Cvrlje et al. 2003, 2012;
Cetkovic-Cvrlje and Uckun 2005), the effects of BPA on T-cells
were studied in order to address potential mechanisms of BPA
action. It was hypothesized that BPA, if exhibiting diabetogenic
properties, would increase the incidence of TID in MLDSTZ-
treated mice through alterations in T-cell composition/function.
To test this, spleen cell counts, viability, T-cell subsets (and other
immune cell types), and T-cell function (proliferation ability and
cytokine formation) were evaluated during BPA exposures of
MLDSTZ-treated C57BL/6 mice.

Materials and methods
Mice

C57BL/6] breeding pairs were purchased from the Jackson Labs
(Bar Harbor, ME), and bred at Saint Cloud State University.
Mice were housed in BPA-free NexGen Lo-Profile caging systems
(Allentown Inc., Allentown, NJ) in temperature (22 °C)- and rela-
tive humidity (40-60%)-controlled rooms with a 12-hr light/dark
cycle. All mice had ad libitum access to casein-based phytoestro-
gen-free food (AIN-93 G Rodent Diets, Harlan, Indianapolis, IN)
and filtered water. All protocols/procedures were approved by
the Saint Cloud State University IACUC prior any experimenta-
tion (Protocol ID #5-75).

BPA preparation and administration

BPA (1 and 10 mg; Sigma, St. Louis, MO) was dissolved in 0.01%
[v/v] ethanol, mixed in 1L de-ionized (DI) autoclaved water, and
heated to 60°C. As a control, ethanol was added to autoclaved
DI water at a level as in the BPA solutions. Addition of BPA to
drinking water at the levels here (1 and 10mg/L) - as before
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(Bodin et al. 2013) - did not affect drinking habits/water intake.
Pilot studies showed an average male 25-g mouse drank ~4 ml
water/d, regardless of BPA addition. Based on daily water intake,
1 and 10mg BPA/L doses corresponded to ~160 and 1600 pg
BPA/kg/d, respectively. The water was first provided to 4-wk-old
male mice in BPA-free glass bottles with rubber sips; levels were
checked daily and bottles re-filled accordingly. Water bottles
were autoclaved and changed weekly (ie. filled with fresh
BPA/control solutions).

Induction of multiple low doses of streptozotocin (MLDSTZ)
model of T1D

For the MLDSTZ model, on five consecutive days, streptozotocin
(STZ, Sigma-Aldrich, St. Louis, MO) was injected at 40 mg/kg/d
(intraperitoneally [i.p.]) to control and BPA-treated 9-wk-old male
mice (Cetkovic-Cvrlje and Uckun 2005). Prior to each dosing,
STZ was dissolved in 0.05M citrate buffer (pH 4.5), vortexed, and
within 20min ip. injected at 6.7 pl/g (ter Veld et al. 2008).
Activity was then monitored post-injection for any abnormal
behavior.

Experimental design
Diabetes incidence studies

Mice (4 wk old) were randomly placed in groups and then sub-
chronically exposed to 1 or 10 mg BPA/L [or vehicle] in drinking
water before and after induction of T1D. At 9 wk of age, all mice
received the five low-dose STZ injections to induce T1D.
Glycemia and body weight measures were taken prior to the
BPA exposure, on day of first STZ treatment, on Days 5-7 post-
first STZ injection (STZ1), and biweekly from Day 8 to Day 50
post-STZ1 (end of experiment).

Immune parameters studies

To study potential BPA mechanisms of action in MLDSTZ-
induced T1D development, low (1 mg/L)- or high-dose (10 mg/L)
BPA mice, that had been injected with STZ, were euthanized by
CO, asphyxiation at Days 11 or 50 post-STZ1. At necropsy,
spleens were removed and single-cell suspensions prepared
according to Cetkovic-Cvrlje et al. (1997) for analyzing cell
counts, viability, T-cell proliferation, immunophenotyping, and
cytokine profiling.

Blood glucose and body weight measurements

At designated time points, a lateral tail vein puncture was per-
formed and 0.6 pl blood placed onto an Accu-Chek Aviva blood
glucose meter strip (Roche Diagnostics, Indianapolis, IN) to
determine blood glucose levels. This sampling is considered to
have minimal physiologic impact on an animal and requires no
anesthesia, allowing for accurate blood glucose measurement (Lee
and Goosens 2015). Testing was performed biweekly, starting on
Day 8 post-STZ1 (as hyperglycemia was observed for first time at
that time point), until the experiment end. A mouse was consid-
ered diabetic after two consecutive readings of >250 mg glucose/
dl. Body weights were measured at the times of blood sampling.

Histological evaluation of insulitis

Insulitis reflects mononuclear cell infiltration into pancreatic
islets; its level is believed to correlate with B-cell destruction
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(Cetkovic-Cvrlje et al. 1997). Control and BPA-exposed mice
were euthanized on Days 11 or 50 post-STZI, pancreata were
harvested, and the tissues fixed in 10% formalin solution and
embedded in paraffin. Sections (5pum) were prepared, stained
with hematoxylin and eosin, and then three sections per mouse
were examined by light microscopy. All islets present in the sec-
tions were graded on a scale from 0 to 4 for insulitis, according
to the area of an islet infiltrated by lymphocytes (Cetkovic-Cvrlje
et al. 1997, 2003). The insulitis grading scale was as follows: level
0=no infiltration; level 1=<25%; level 2=>25-50%, level
3=>50-75%; and level 4=>75% intra-islet infiltration. An
insulitis index was calculated by dividing the sum of all assigned
insulitis scores in a pancreas by the number of examined islets.

T-cell proliferation

Ex vivo proliferation assays were performed according to
Cetkovic-Cvrlje et al. (2016). In brief, splenocytes (4 x 10°
cells/ml) from BPA-treated and control mice were separately
suspended in RPMI-1640 medium containing 1 U penicillin/ml,
100 pg  streptomycin/ml and 10% fetal calf serum (FCS)
(each Sigma), with or without addition of 3 pg concanavalin A
(ConA)/ml (Sigma). The cells were cultured for 72hr at 37°C
under 5% CO,. Thereafter, proliferation was quantified using an
Alamar Blue colorimetric assay (Invitrogen, Grand Island, NY)
wherein dye was added to each well at 10% of total culture
volume, the cells were incubated at 37°C a further 5-7hr, and
optical densities were then measured in an ELISA plate reader
(GeneMate, Kaysville, UT) at 570 nm.

Immunophenotyping

Splenocytes were also analyzed by flow cytometry (Cetkovic-
Cvrlje et al. 2016; Kuiper et al. 2016; Cetkovic-Cvrlje and Uckun
2004). Specifically, individual aliquots of 10° splenocytes obtained
from each mouse were suspended in FACS buffer (0.1% NaNj,
1% FCS in phosphate-buffered saline [PBS, pH 7.4]), stained
with appropriate antibodies (at manufacturer-recommended lev-
els), incubated in the dark at 4°C for 30 min, washed, and ana-
lyzed in a FACSCalibur flow cytometer (BD Biosciences, San
Diego, CA). Fluorochrome types and clones of antibodies (all
from BD Biosciences) used for quantification of immune cell
markers for CD4 (Ty), CD8 (T.), CD3 (T-cells), CD4/CD25
(Treg), CD45RB220 (B-cells), CD335 (NK cells) and CD11b (mac-
rophages) were as follows: peridinin chlorophyll-a protein
(PerCP)-conjugated anti-CD4 (clone RM4-5), fluorescein isothio-
cyanate (FITC)-conjugated anti-CD8 (clone 53-6.7), allophyco-
cyanin (APC)-conjugated anti-CD25 (clone 3C7), phycoerythrin
(PE)-conjugated anti-CD3 (clone 145-2C11), APC-conjugated
anti-CD45RB220 (clone RA3-6B2), FITC-conjugated anti-CD335
(clone NKp36), and PerCP-conjugated anti-CDIIb (clone M1/70).
A minimum of 10,000 events was acquired for each analysis.
Immunophenotype analyses were performed using CellQuest Pro
software (BD Biosciences). As percentages of CD4 " FoxP3" sple-
nocytes analyzed in pilot experiments were similar and compar-
able to percentages of CD4"CD25" cells (Cetkovic-Cvrlje et al.
2012; Kuiper et al. 2016 and data not shown), CD4*CD25" dou-
ble staining was used as an indicator of T,cg-cell subpopulation
size.

Cytokine analysis

IL-2, IL-4, IL-10, IL-17, IFN-y, and tumor necrosis factor (TNF)-
o levels in the supernatants of 48-hr cultured ConA-stimulated

splenocytes (parallel cultures run under conditions described for
T-cell proliferation assay) were quantified using a BD Biosciences
cytometric bead assay (CBA) mouse Tyl/Ty2/Tyl7 kit
(Cetkovic-Cvrlje et al. 2016; Kuiper et al. 2016). Cytokine con-
centrations were analyzed by FCAP Array software (SoftFlow,
New Brighton, MN). The level of sensitivity was 0.1 pg IL-2/ml,
0.03 pg IL-4/ml, 16.8pg IL-10/ml, 0.8pg IL-17/ml, 0.5pg IFN-
v/ml, and 0.9 pg TNF-o/ml.

Statistical analysis

A resource equation method for sample size determination and
justification of animal numbers was used. Differences in diabetes
incidence among experimental groups were determined by life-
table analyses and log-rank test (Mantel-Cox), using the statis-
tical software program SPSS (IBM, Armonk, NY); data are
presented as percentage of diabetes-free mice over the entire
experimental period. For blood glucose levels and body weights,
a one-way analysis of variance (ANOVA) with repeated measures
was used. For all other experiments (immunophenotyping, T-cell
proliferation, cytokine profiles), a Student’s ¢-test was performed.
A p value <0.05 was considered significant.

Results
Effect of BPA exposure on T1D development

To test whether BPA exposure would affect development of T1D
in MLDSTZ model of disease, mice were treated with either low
(1 mg/L) or high (10 mg/L) doses of BPA over the period of 4-16
wk of age. At 9 wk of age, both BPA-treated and control group
of mice received five daily injections of streptozotocin (STZ) to
induce diabetes. At the beginning of the experimental period,
there were no significant differences in glucose levels and body
weights between control, low-, and high-dose BPA mice (data
not shown). Regular biweekly glucose and body weight measure-
ments began on Day 8 (post-first STZ injection [STZ1]) and
lasted throughout the BPA exposure, i.e. until Day 50 post-STZI.
During the course of the 12-wk BPA exposure period, there were
no mortality and no relevant clinical signs of toxicity observed in
either drug-treated group.

Overall, TID incidence was significantly increased in both
low- and high-dose BPA-exposed mice (p~0.04 and p~0.02,
respectively) vs. in control mice (Figure 1(A)). On Day 8 post-
STZ1, only 63.6 and 81.0% mice in the high- and low-dose
groups were diabetes-free, respectively, compared to 92.8% of the
controls. A dramatic decrease in numbers of diabetes-free mice
was observed on Day 12 post-STZ1 in the high-dose group
(0.0%); this value was 22.7% in low-dose mice and 46.4% in con-
trols. By Day 50, the controls were 11% disease-free, whereas the
1 mg BPA/L group was 4.4% disease-free. Interestingly, though
the high-dose BPA group expressed a tendency of increased dia-
betes incidence compared to low-dose mice, the difference was
not significant. In addition, the high-dose group showed a trend
toward higher glycemia levels compared to the controls, albeit
without attaining statistical relevance (Figure 1(B)). Apart from
all these important changes, body weights of the BPA-exposed
mice were not affected by either treatment (Figure 1(C)).

BPA effects on insulitis levels

Insulitis levels in pancreatic islets of all groups of mice were
studied on Days 11 and 50 post-STZ1. Insulitis indices obtained
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Figure 1. Diabetes development in MLDSTZ-treated C57BL/6 mice exposed to BPA. Male C57BL/6 mice (4 wk old) received either 1 or 10 mg/L BPA orally via drinking
water for up to 16 wk of age; control mice received vehicle-treated water. MLDSTZ was injected at 9 wk of age via five consecutive daily i.p. injections. Glycemia and
body weights were determined biweekly from Day 8 to Day 50 post-first STZ injection. A mouse was considered diabetic after two consecutive readings of >250 mg
glucose/dl. (A) Diabetes incidence; presented as percentage diabetes-free. *p < 0.05 vs. controls. (B) Glycemia (mg/dl). (C) Body weights (g). Data shown are

means + SEM (n = 11-28/group).

in control, low-dose and high-dose BPA mice on Day 11 did not
differ (data not shown). On Day 50, indices for control, low-dose
and high-dose BPA groups were as follows: 1.3 [+0.2] (n=15),
24 [£0.4] (n=12), and 2.3 [+0.5] (n=13), respectively. These
increases were in both cases significant (p < 0.001) vs. control.
The two groups of BPA-treated mice did not differ among them-
selves in magnitude of islet mononuclear infiltration.

BPA effects on immune parameters

Given the ability of BPA to increase the incidence of auto-
immune MLDSTZ, studies were done to discern possible under-
lying mechanism(s) of BPA action on the immune system during
disease development. Considering efficacy of both low and high
BPA doses in accelerating T1D development in MLDSTZ-treated
mice, the same doses and regimens described in experiments
that followed incidence of diabetes were utilized. Here, total
splenic cell counts, viability, immunophenotypes (major T-cell
subsets/other immune cell types), ex vivo T-cell proliferation, and
ex vivo T-cell cytokine formation profiles were evaluated at two
time points, i.e. early and late in the course of disease develop-
ment (Days 11 and 50 post-STZ1).

Day 11

The results showed there were no significant differences in total
splenic cell counts between control (119.4 [+15.1] x 10%), low-
dose (96.4 [+18.7] x 10°) and high-dose BPA-exposed mice

(129.3 [+17.3] x 10°). The viability of splenocytes was similar in
all groups: 90.3, 91.3, and 90.5%, respectively, in the three
groups. There were no differences in proliferative capacity of
mitogen-stimulated splenic T-cells from 10mg/L BPA-exposed
mice (Figure 2(A)). A significantly higher (p=0.001) spontan-
eous proliferation was observed in splenocytes from 1mg/L
BPA-exposed mice; Con A stimulation did not induce higher
responses in cells compared to control cells (Figure 2(A)).
Immunophenotypes among spleen immune cells, in terms of
percentages, showed a significant decrease in all T-cells (CD3™)
(p<0.005), including CD4" (p<0.01) and CD8" T-cells
(p<0.05), as well as NK cells (p~0.01), and a significant
increase in B-cell levels (p=0.005) in low-dose BPA mice com-
pared to control mouse values (Figure 2(B)). When presented
as absolute cell counts, a significant reduction (p=0.01) in
splenic CD4" T-cell levels in the 1mg/L mice [compared to
controls] was observed (Figure 2(C)). In contrast, there were no
differences observed in either percentages or absolute cell
counts of immune cells obtained from 10 mg/L treatment group
compared to controls (Figures 2(C,D)). Analysis of cytokines
obtained from ConA-stimulated splenocytes from the low-dose
BPA mice showed a trend toward increases in formation/release
of pro-inflammatory TNF-o, IL-6, and IFN-y, and a trend
toward decreases in IL-2, IL-4, and IL-17, compared to values
for control mouse cells (Figure 2(D)). Interestingly, high-dose
BPA induced a significant decrease in TNF-o (p <0.001
and p<0.01 vs. control and low-dose BPA, respectively) and
IFN-y (p<0.001 vs. control, p<0.001 vs. low-dose BPA
(Figure 2(D))).
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Figure 2. T-cell proliferation, immunophenotyping, and cytokine analysis of splenocytes isolated from BPA-exposed and MLDSTZ-treated mice on Day 11 post-first STZ
injection. Mice were exposed to 1 or 10 mg BPA/L and treated by MLDSTZ [see Figure 1] and then euthanized on Day 11 post-first STZ injection. Splenocytes were iso-
lated and analyzed in (A) T-cell proliferation assays, or by flow cytometry for (B and C) immunophenotyping and (D) cytokine secretion. (A) Splenocytes cultured in
absence (unstimulated) or presence (stimulated) of ConA for 72hr; proliferation was then measured via Alamar Blue assay. (B) Percentages and (C) total numbers
(x10% of splenic T-helper (Ty), cytotoxic (T¢), regulatory (Tyeg), and total T-cells (T), as well as of B-cells (B), macrophages (MAC), and NK cells (NK). (D) Cytokines were
assessed in supernatants of splenocytes cultured for 48hr in the presence of ConA using a CBA mouse Ty1/T2/Ty17 kit by flow cytometer. Data shown are
means + SEM; n=8-17 (A), 7-17 (B and (), and 7-9 (D)/group. *p < 0.05 vs. controls; **p < 0.05 vs. BPA-treated group.

Day 50

Total splenic cell counts as well as viability did not differ among
the BPA-exposed and control MLDSTZ-treated mice (data not
shown). T-cell proliferation data showed a significant increase in
spontaneous proliferation of splenocytes from high-dose BPA
group compared to both control (p=0.001) and low-dose treat-
ment group (p=0.003) (Figure 3(A)). In ConA-stimulated T-cell
cultures, while a trend of increased proliferation was observed in
the high-dose BPA group, a significant suppression of prolifer-
ation was found in the low-dose group compared to both control
(p<0.002) and high-dose BPA-exposed group (p<0.001). In
contrast to immunophenotyping results obtained at the early
endpoint, there were no differences observed in the percentages,
as well as absolute cell counts of analyzed cell types on Day 50
post-STZ1 in low-dose BPA mice, compared to control values
(Figures 3(B,C)). High-dose-BPA mice also expressed comparable
percentages and absolute cell numbers of analyzed cell types to
controls. Cytokine analysis revealed that, besides a trend of low-
ering IL-4 and IL-2 levels that was observed at early time point
in the high-dose treatment group as well, all other cytokines lev-
els were comparable to control values (Figure 3(D)). It is notable
there was even a trend toward an increase in pro-inflammatory
IFN-y and IL-6 levels. Levels of the studied cytokines in the low-
dose BPA mice were not significantly affected compared to con-
trols; however, a trend toward lower levels of IL-2 and IFN-vy,
and increased levels of IL-6, was observed in the low-dose mice.

Discussion

This study investigated the effects of BPA exposure on develop-
ment of T1D in a chemically induced experimental (MLDSTZ)
mouse model. The results clearly showed that subchronic daily
exposure of MLDSTZ-treated C57BL/6 mice to low, as well as
high, BPA doses increased the incidence of T1D. In addition,
BPA action on the immune system, specifically T-cells, during
development of T1D, was indicated by alterations in T-cell sub-
sets, T-cell proliferation, and cytokine profiles. However, low-
and high-dose BPA exposures, while both being diabetogenic,
expressed different effects on the T-cell composition and func-
tion, indicating their divergent mode of action during the disease
development.

The results presented herein generally corroborated the diabe-
togenic potential of BPA observed by Bodin et al. (2013).
However, those 2013 results, whereas showing a trend toward
augmentation of T1D incidence by continuous oral exposure of
young NOD mice to 1 mg/L BPA, failed to confirm statistical sig-
nificance for the data. In addition, whereas the current data
showed potentiation of T1D by exposure to BPA at both concen-
trations [1 and 10mg/L], previous studies suggested potentiation
of TID by 1 mg BPA/L and protection by 100 mg BPA/L (Bodin
et al. 2013). The differences could be attributed to usage of dif-
ferent experimental models of T1D, or that the threshold dose
for observing different BPA effect was not reached in our study.
The current study also used a MLDSTZ model of TID in
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Figure 3. T-cell proliferation, immunophenotyping, and cytokine analysis of splenocytes isolated from BPA-exposed and MLDSTZ-treated mice on Day 50 post-first STZ
injection. Mice were exposed to 1 or 10 mg BPA/L and treated by MLDSTZ [see Figure 1] and then euthanized on Day 50 post-first STZ injection. Splenocytes were iso-
lated and analyzed in (A) T-cell proliferation assays, or by flow cytometry for (B and C) immunophenotyping and (D) cytokine secretion. (A) Splenocytes cultured in
absence (unstimulated) or presence (stimulated) of ConA for 72hr; proliferation was then measured via Alamar Blue assay. (B) Percentages and (C) total numbers
(x10°% of splenic Ty, Te, Treq and total T-cells (T), as well as B-cells, MAC, and NK cells. (D) Cytokines were assessed in supernatants of splenocytes cultured for 48 hr
in the presence of ConA using a CBA mouse Ty1/Ty2/Ty17 kit by flow cytometer. Data shown are means+SEM; n=28-17 (A), 11-24 (B and C), and 6-9 (D)/group.

*p < 0.05 vs. controls; **p < 0.05 vs. BPA-treated group.

contrast to a genetically predisposed NOD mouse model that
spontaneously develops disease that was used previously.
MLDSTZ model allows an investigation of the effects of poten-
tially toxic substances (such as BPA) in the environment where
insulin-producing PB-cells have been partially damaged by STZ.
This model has an advantage of mimicking a potential
scenario present in humans who had already been exposed to
environmental pollutants before or along the exposure to other
B-cell-damaging substances, such as drugs, food, other chemicals,
or pathogens.

The oral BPA route used in the experimental design here
seemed the most relevant way for comparisons to human expo-
sures, as humans obtain BPA mainly through food intake
(USFDA 2010; WHO 2010). Further, the doses of BPA exposure
chosen herein 1 and 10mg/L corresponding to ~160 and
1600 ug BPA/kg/d, respectively, were comparable to those used
in previous animal studies (Youn et al. 2002; Yoshino et al. 2003,
2004; Goto et al. 2007; Bodin et al. 2013, 2014). At the time
when the experimental design was planned, a BPA dose of
160 ng/kg/d was three-fold higher than the tolerable daily intake
(TDI) of 50 pg BPA/kg defined by the European Food Safety
Authority (EFSA) (EFSA 2006). Since EFSA recently lowered the
TDI to 4 ng/kg/d (EFSA 2015), the present doses can be consid-
ered “relatively high and questionable” as relevant for human
exposure. However, considering that the BPA no-observed-
adverse-effect level (NOAEL) for humans is still 5mg/kg

(FDA 2008), and that the EFSA report emphasized uncertainties
surrounding potential health effects of different BPA exposure
levels on different body systems, including immune system
(EFSA 2015), we believe the BPA dosage used here was relevant.
Moreover, the BPA exposure levels here fell in the dose range
defined as “low” (2-2700 ug/kg/d) in subchronic studies per-
formed by Delclos et al. (2014) and chronic studies by Heindel
et al. (2015) in mice aimed at defining adverse effects of low-
dose BPA exposures on different body systems (including
immune).

To study mechanisms of BPA diabetogenic action in the etio-
pathogenesis of T1D, BPA effects on the immune system, and
specifically T-cells, were studied here. The results showed that
BPA affected the immune system; however, the results also illus-
trated there might be differing modes of diabetogenic action for
low vs. high BPA doses. Specifically, low-dose BPA resulted in
decreased percentages and absolute numbers of splenic T-cells,
especially CD4" T-cells, and this was accompanied by a trend
toward increased levels of pro-inflammatory cytokines, such as
IFN-y, TNF-o and IL-6 in the spleens of exposed mice early on
(i.e. Day 11 post-STZ1) during T1D development. In contrast,
high-dose BPA did not affect levels of T-cell subpopulations
but did significantly reduce splenocyte IFN-y and TNF-a
production.

The low-dose BPA effects, i.e. a decrease of Ty subpopula-
tions and increase in pro-inflammatory cytokines, fit a typical
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T-cell-dependent pro-diabetogenic compound profile. The high-
dose BPA exposure, while exhibiting comparable if not more
pronounced effect on diabetes incidence and severity of disease
(although not significantly different than those observed in the
low-dose group), seemed not to induce diabetogenic action
through pro-inflammatory response potentiation, at least not in
the early stages of disease development. Interestingly, previous
work by Bodin et al. (2013) suggested an increase of insulitis
severity through apoptotic death of pancreatic islet cells and resi-
dential macrophages, without any systemic immune system influ-
ences, as a mechanism of subchronic BPA action in potentiation
of T1D development. Unfortunately, since T-cell responses were
not simultaneously elucidated in that study, such a one-sided
characterization of BPA diabetogenic mechanisms should be
reevaluated. Especially considering that even protective BPA dose
of 100 mg/L, found by the same authors to inhibit T1D develop-
ment in NOD mice, exhibited the same mechanism of action
and potentiated insulitis severity like the pathogenic BPA dose
(Bodin et al. 2013).

Not surprisingly, the immune parameter studies obtained at
the end of the experimental period (i.e. Day 50 post-STZ1),
when nearly all mice exhibited full-blown disease, showed that
both low- and high-dose BPA treatments did not affect T-cell
numbers even though T-cell proliferation was suppressed in the
low-dose BPA mice. Interestingly, in contrast to findings at
the early stage of disease development, splenic IFN-y and TNF-a
levels showed a tendency toward becoming increased in the
high-dose mice.

It has been shown that hyperglycemia per se can suppress T-
cell function; T-cells cultured under high glucose concentrations
displayed decreased proliferation (Sakowicz-Burkiewicz et al.
2006). Considering higher glycemic values observed in high-dose
BPA-treated mice, a hyperglycemic influence might be implied as
a cause of “weak” early immune responses, reflected in dimin-
ished secretion of cytokines, in comparison with low-dose treat-
ment group. However, taking into account differential immune
profiles and immune responses observed in low- vs. high-dose
BPA-exposed mice and glycemic effects, one would expect
potentiation of those findings with prolonged duration of disease
and increased hyperglycemia values toward the end of experi-
ment. In contrast, on Day 50 post-STZ1, when average hypergly-
cemia was 369 [+24] and 432 [+41] mg/dL in the low- and
high-dose BPA-exposed groups, respectively, high-dose treatment
group exhibited more robust production of select inflammatory
cytokines compared to suppressed levels observed at the earlier
time point.

Whereas direct and indirect effects of BPA on pancreatic
B-cells were not studied here, it is plausible to propose that high-
dose BPA could initially affect B-cells, thus augmenting diabetes
development via different mechanism. For example, Lin et al.
(2013) found that BPA affects insulin secretion and induces
apoptosis of pancreatic B-cells. In addition, BPA was found to
induce apoptotic cell death of pancreatic islet cells in NOD mice
exposed to it either early in life (Bodin et al. 2013) or transma-
ternally (Bodin et al. 2014). Interestingly, whereas augmented
insulitis levels were observed in these studies (Bodin et al. 2013,
2014) in BPA-exposed NOD mice at an early stage of T1D devel-
opment, data here showed increased lymphocytic infiltration in
islets of low- and high-dose BPA mice only at the late endpoint,
with no differences early on.

In concurrence with what is known about BPA effects on the
immune system and T-cells, a large number of studies have
reported an augmentation of Tyl responses due to BPA exposure

(Youn et al. 2002; Yoshino et al. 2003, 2004; Alizadeh et al. 2006;
Goto et al. 2007). However, an increase in Ty2 responses has
been also observed (Lee et al. 2003; Yan et al. 2008). Some rea-
sons for the contradictions among these reports could include
the differences among mouse strains, dosage, routes, and solvents
used for BPA administration in the experimental protocols.
Those studies that are in agreement with the present data about
potentiation of Ty1-type responses used similar dosages (between
0.015 and 3mg/kg/d), and an oral route for BPA exposures
(Youn et al. 2002; Yoshino et al. 2003, 2004; Goto et al. 2007), in
contrast to high doses (23-46 mg/kg/d) administered by intraper-
itoneal and subcutaneous routes in studies that emphasized there
were effects that manifest as T2 responses (Lee et al. 2003; Yan
et al. 2008). Interestingly, in a previous study that examined
effects of phthalates and BPA on T1D development, treatment of
NOD mice with 1 mg BPA/L (via drinking water; mice exposed
in utero from conception [via dams being exposed] and then
postnatally until 11 wk of age) gave rise to decreased splenocyte
production of IL-4 and IL-10, with a trend toward increases in
IFN-y (Bodin et al. 2015). Similarly, the present data showed that
in addition to a trend toward increases in IFN-y, there was a
trend toward decreased splenic levels of IL-4 in both low- and
high-dose BPA-exposed hosts. One could hypothesize along the
lines of previous studies in MLDSTZ models of T1D (Muller
et al. 2002) that a decrease in protective Ty2-type IL-4 might
have a substantial role in early phase BPA-induced potentiation
of T1D development. This could provide an alternate hypothesis
about the impact of BPA-induced T-cell-related immunomodula-
tion on the development of T1D.

The precise mechanisms underlying immunomodulatory
effects of BPA in the pathogenesis of autoimmune disorders still
remain to be clarified. Among several proposed mechanisms of
BPA action on T-cells (reviewed in Kharrazian 2014 and
Acconcia et al. 2015), estrogenic effects from estrogen-mimicking
endocrine disruptors like BPA (as well as of estradiol itself
(Karpuzoglu-Sahin et al. 2001) have been widely studied. Further,
any BPA estrogenic activity might activate immune responses
that contribute to ultimate development of autoimmune patholo-
gies (Chailurkit et al. 2014). It is also known that BPA binding
to estrogen receptors induces dysfunction of T-cell signal trans-
duction pathways (Canesi et al. 2005); the latter are known to
play pivotal roles in prevention of the upregulation of autoreac-
tive T-cells (Wildner and Kaufmann 2013).

Conclusions

This study showed for the first time the effects of BPA exposure
on TID development in a STZ-induced mouse model of T1D.
The outcomes revealed a strong diabetogenic potential of BPA,
as aggravation of T1D development in low- and high-dose BPA
groups of subchronically exposed STZ-treated C57BL/6 mice was
observed. Augmentation of T1D by low-dose BPA in the early
stage of disease development might be attributed to a significant
decrease in T-cells, especially CD4" Ty cells, along with a trend
toward increased expression of pro-inflammatory cytokines like
IFN-v, IL-6, and TNF-o. In comparison, high-dose BPA exposure
was not accompanied by perturbations in T-cell levels, but there
still was a significant impact on pro-inflammatory cytokine levels.
These divergent outcomes suggest distinct mechanisms of diabe-
togenic action dependent on BPA dose. Though data from the
mouse model here are not directly extrapolatable to humans, this
study indicates a need for greater awareness about potential
effects of BPA on human TI1D. Further, while Taylor et al.



(2013) and Bodin et al. (2015) emphasized that little or no data
of direct relevance of environmental pollutants on T1D were
available, in contrast to relationships between BPA and T2D, we
believe the present study adds to the knowledge about relation-
ships between BPA and T1D.
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