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A B S T R A C T

Background: In children with obesity, accentuated insulin secretion has been coupled with development of type
2 diabetes mellitus (T2DM). Bisphenol A (BPA) is a chemical with endocrine- and metabolism-disrupting
properties which can be measured in a majority of the population. Exposure to BPA has been associated with the
development of metabolic diseases including T2DM.
Objective: The aim of this study was to investigate if exposure early in life to an environmentally relevant low
dose of BPA causes insulin hypersecretion in rat offspring.
Methods: Pregnant Fischer 344 rats were exposed to 0.5 (BPA0.5) or 50 (BPA50) µg BPA/kg BW/day via
drinking water from gestational day 3.5 until postnatal day 22. Pancreata from dams and 5- and 52-week-old
offspring were procured and islets were isolated by collagenase digestion. Glucose-stimulated insulin secretion
and insulin content in the islets were determined by ELISA.
Results: Basal (5.5mM glucose) islet insulin secretion was not affected by BPA exposure. However, stimulated
(11mM glucose) insulin secretion was enhanced by about 50% in islets isolated from BPA0.5-exposed 5- and 52-
week-old female and male offspring and by 80% in islets from dams, compared with control. In contrast, the
higher dose, BPA50, reduced stimulated insulin secretion by 40% in both 5- and 52-week-old female and male
offspring and dams, compared with control.
Conclusion: A BPA intake 8 times lower than the European Food Safety Authority's (EFSA's) current tolerable
daily intake (TDI) of 4 µg/kg BW/day of BPA delivered via drinking water during gestation and early devel-
opment causes islet insulin hypersecretion in rat offspring up to one year after exposure. The effects of BPA
exposure on the endocrine pancreas may promote the development of metabolic disease including T2DM.

1. Introduction

Subjects with obesity exhibit elevated insulin levels both post-
prandially and at fasting (von Berghes et al., 2011). We have previously
reported that such high insulin levels are seen even in young children
with obesity (Manell et al., 2016) and that children with elevated lipid
levels have especially accentuated insulin levels (Staaf et al., 2016).
Based on these observations we suggested that high insulin levels may
reflect insulin hypersecretion, which could be an early factor leading to

overweight, obesity, insulin resistance and obesity-related complica-
tions (Staaf et al., 2016). In this sense, environmental stressors and
substances causing insulin hypersecretion may therefore increase the
risk of developing obesity and obesity-related complications.

Despite first discovered as a synthetic estrogen (Dodds and Lawson,
1936), bisphenol A (BPA) is currently widely used in the production of
polycarbonate plastics and resins used as lining for metal cans and as an
additive in other commonly used plastics. BPA is incorporated in an
immense variety of products in our everyday life, including building
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materials, paints, food and drink packaging and medical devices (Rubin
and Bisphenol, 2011; Muncke, 2009; Brotons et al., 1995; Lamprea
et al., 2018; Vandenberg et al., 2007). As a result, BPA is dispersed to
and can be found in residual industrial waste, indoor and outdoor air,
dust samples and water samples worldwide (Vandenberg et al., 2007).
Consequently, humans are continuously exposed to BPA also through
routes other than the most commonly verified oral exposures
(Vandenberg et al., 2013). Indeed, BPA can be detected in human
blood, placenta and breast milk (Vandenberg et al., 2012; Maragou
et al., 2006) leading to exposure of the fetus and infant (Vandenberg
et al., 2009). The concentration of BPA in human serum ranges from 0.2
to 1.6 ng/ml (0.88–7.0 nM) (Vandenberg et al., 2007).

Currently, BPA is one of six substances identified as an endocrine
disruptor under REACH with probable serious effects to human
health (MSC, 2017). Numerous in vivo, in vitro and epidemiological
studies have reported endocrine and metabolic effects associated
with BPA exposure. In humans, a link between BPA exposure and the
risk of developing type 2 diabetes mellitus (T2DM) has been estab-
lished (Lang et al., 2008; Alonso-Magdalena et al., 2011; Shankar
and Teppala, 2011; Silver et al., 2011). In adults, BPA has been as-
sociated with hyperinsulinemia, insulin resistance, but also impaired
insulin secretion and adverse glucose homeostasis (Wang et al.,
2012; Beydoun et al., 2014; Tai and Chen, 2016). In children, urinary
BPA has been associated with hyperinsulinemia (Menale et al.,
2017). In a recent study low urinary BPA concentrations in children
were coupled with enhanced peak insulin levels during an oral glu-
cose tolerance test (OGGT), whereas higher urinary BPA concentra-
tions correlated with lower peak insulin values (Carlsson et al.,
2018). In rodents, where BPA exposure can be controlled, exposure
to BPA has been shown to exacerbate the effect of a high fat diet on
glucose homeostasis and β-cell function (Garcia-Arevalo et al., 2014;
Wei et al., 2011). A dose of 50 µg/kg BW/day increased acute peak
insulin levels in response to OGGT in rats fed a normal diet compared
to control rats. When rats were given a high fat diet, BPA exposure
attenuated the acute insulin peak compared to control rats on a high
fat diet (Garcia-Arevalo et al., 2014). Other studies that have in-
vestigated effects in mice have reported impaired glucose tolerance
and hyperinsulinemia, reflecting both altered insulin release and
decreased insulin sensitivity in offspring exposed to BPA doses ran-
ging from 5 to 50,000 µg/kg BW/day (Angle et al., 2013; Alonso-
Magdalena et al., 2010).

In previous rodent studies a large span of BPA doses has been used
to investigate insulin metabolism. However, studies using doses of BPA
below the current preliminary European Food Safety Authority's
(EFSA's) tolerable daily intake (TDI) of 4 µg/kg BW/day, are scarce.
Recently, we reported altered fatty acid metabolism in 5-week-old rat
offspring exposed to the very low dose of BPA of 0.5 µg/kg BW/day
(Dunder et al., 2018). However, effects on insulin metabolism were not
investigated and reported for the rats in that sub study. Therefore, the
aim of this present sub study was to investigate if exposure to a very low
dose of BPA during development induces insulin hypersecretion in
pancreatic islets in rat offspring later in life.

2. Materials and methods

Parts of the data from a subset of these animals have previously
been analyzed and published (Dunder et al., 2018; Lejonklou et al.,
2017). The guidance for animal research provided by the two frame-
works SciRAP (Dunder et al., 2018) and ARRIVE (Lejonklou et al.,
2017) has been taken into consideration in the reporting process of this
study (Kilkenny et al., 2010; Molander et al., 2015).

2.1. Ethical statement

The animal study was carried out at an Uppsala University animal
facility. The Uppsala Ethical Committee on Animal Research approved

this study (C26/13) following guidelines laid down by the European
Union Legislation (Convention ETS123 and Directive 2010/63/EU).

2.2. Animals and housing

Forty-five nine-week-old pregnant F344/DuCrl rats (Charles River,
Germany) were transported in groups of three and arrived during seven
weeks; therefore the animal study was performed using a randomized
block experiment design with seven blocks (separated by 1 week), and
all dose groups were equally distributed among blocks. Dams within
each block were randomly distributed into three dosing groups (0
(CTRL; n= 18), 0.5 (BPA0.5; n=12) or 50 (BPA50; n=15)) µg BPA/
kg BW/day and housed one dam per cage. Dams assigned per group
aimed at retrieving 12 offspring per dose and sex but as some dams
were not pregnant, an allocation of offspring to groups that were
lacking pregnant dams were made. The rats were kept at an Uppsala
University animal facility in enriched polysulfone cages (Euro Standard
IV), with glass water bottles to minimize background BPA exposure, in
a temperature- and humidity- controlled room with a 12-h light/dark
cycle. Litters were adjusted to six pups per dam (3 males and 3 females)
on postnatal day (PND) 4. Food and water were available ad libitum,
and intake was registered. Rats were fed a standard breeding chow,
RM3, obtained from NOVA-SCB, Sollentuna, Sweden, until weaning and
a maintenance diet, RM1, also obtained from NOVA-SCB, after
weaning. Since phytoestrogens may mask the effects of low-dose ex-
posure to endocrine disrupting chemicals (EDCs) it is important to
analyze the phytoestrogen content in the diet. The manufacturer spe-
cified the diet nutrient and phytoestrogen content of individual batches
(Previously published in (Lejonklou et al., 2017)). The phytoestrogen
content was well below the Organization for Economic Co-operation
and Development's (OECD’s) upper limit in all batches (Owens et al.,
2003).

On PND 22, the dams were sacrificed, and two males and two fe-
males from each litter (one male and one female to the 5-week-old
group, and one male and one female to the 52-week-old group) were
selected at random and moved to cages with three offspring in each,
divided by sex, dose and timing point of sacrifice. Pups of the same sex
and dosing group all had different mothers, thus avoiding litter effects.
One group of animals (n=63) was sacrificed at 5 weeks of age and
included 13 CTRL males and 13 CTRL females, 11 BPA0.5 males and
10 BPA0.5 females, 8 BPA50 males and 7 BPA50 females. The
other group of animals (n=56) was sacrificed at 52 weeks of age
(± 2 weeks) and included 12 CTRL males and 12 CTRL females,
8 BPA0.5 males and 8 BPA0.5 females, 8 BPA50 males and 8 BPA50
females. Animals were anesthetized using a cocktail of ketamine
(90mg/kg BW) and xylazine (10 mg/kg BW) (intraperitoneal injec-
tion) according to Institutional Animal Care and Use Committee an-
esthesia guidelines for rats. After anesthesia, animals were sacrificed
through aortic exsanguinations.

2.3. Exposure

BPA (CAS 80–05-7) ≥99% purity was obtained from Sigma
Aldrich, St Louis, MO. Dams were exposed to BPA via their drinking
water ad libitum from gestational day (GD) 3.5 until PND 22. New
fresh solutions were prepared twice per week to ensure that the
animals were continuously exposed to the intended doses of BPA.
Consumed water volume was recorded twice per week. Control dams
received water containing 1% ethanol (vehicle). Based on the volume
consumed by the dams, we aimed for average doses of 0.5 μg BPA/kg
BW/day (denoted BPA0.5), which is considered environmentally
relevant and 50 μg BPA/kg BW/day (denoted BPA50), a dose
corresponding to the U.S Food and Drug Administration (FDA)
reference dose. Studies have shown that BPA can cross the
placenta (Moors et al., 2006; Balakrishnan et al., 2010) and
transfer into breast milk (Mendonca et al., 2014; Okabayashi and
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Watanabe, 2010). Thus, probable main routes of BPA exposure for
the fetuses and the offspring were via the placenta in utero and via
lactation, but it is also likely that offspring were exposed via the
drinking water until they approached PND 22. After PND 22 the

offspring were not dosed with BPA. BPA concentrations in the
drinking water were verified at the Division of Occupational and
Environmental Medicine in Lund, Sweden, by a previously described
method with some modifications (Bornehag et al., 2015).

Fig. 1. Dynamic glucose-stimulated insulin secretion. Dynamic insulin secretion in the presence of 5.5 and 11mM glucose from perifused islets isolated from 5-week-
old female (Panel A) and male (Panel B), and 52-week-old female (Panel C) and male (Panel D) Fischer 344 rat offspring, and dams (Panel E) exposed to 0 (CTRL), 0.5
(BPA0.5) or 50 (BPA50) μg BPA/kg BW/day. Arrows indicate when the glucose concentration was increased to 11mM (stimulated). Results show representative
graphs obtained from one animal for 5 and 52 week old females and males and dams exposed to 0, 0.5 or 50 μg BPA/kg BW/day.
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Fig. 2. Basal and glucose-stimulated insulin secretion. Average insulin secretion in the presence of 5.5 and 11mM of glucose from perifused islets isolated from 5-
week-old female (Panel A) and male (Panel B), 52-week-old female (Panel C) and male (Panel D) Fischer 344 rat offspring, and dams (Panel E) exposed to 0 (CTRL),
0.5 (BPA0.5) or 50 (BPA50) μg BPA/kg BW/day. Results are presented as mean ± SEM from 6 animals per group, except for 5-week-old BPA50 male offspring where
n= 5, *p < 0.05 vs 5.5mM glucose and #p < 0.05 vs control.
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2.4. Islet isolation

For the present study, pancreata were used from 18 rat dams (6
dams per dosing group) and 6 offspring per sex/dosing group and age
(5-or 52-week old) resulting in 24 control offspring (12 males, 12 fe-
males), 24 BPA0.5 offspring (12 males, 12 females), and 24 BPA50
offspring (12 males, 12 females). Pancreata were removed directly after
sacrifice and islets were isolated by collagenase digestion as previously
described (Sandler et al., 1987).

2.5. Insulin secretion and content

Insulin secretion and content was successfully analyzed for all ani-
mals (n=6 per treatment group, sex and age) except for one (5-week-
old BPA50 male offspring) due to technical difficulties. Isolated rat is-
lets were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
supplemented with 5.5 mM glucose, 15% fetal bovine serum
(Invitrogen), 100 U/ml penicillin, 100 μg/ml streptomycin (Invitrogen)
and 50 μM β-mercaptoethanol (Sigma, St Louis, MO) at 37 °C and 5%
CO2 for 24 h. After culture, groups of 20 islets per animal were placed in
a perifusion chamber and perifused at 37 °C for 60min with KRB HEPES
buffer consisting of 130mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.2mM
KH2PO4, 1.2mM CaCl2, 5mM NaHCO3 and 5mM HEPES, titrated to pH
7.4 with NaOH and supplemented with 1mg/ml BSA and 5.5mM
glucose as previously described (Bergsten and Hellman, 1993). Samples
of perifusate were collected at 5-min intervals during the latter 20min
of perifusion at 5.5mM glucose. Subsequently, the glucose concentra-
tion of the buffer was increased to 11mM glucose and additional
samples of perifusate were collected at 2, 4, 6, 8, 10, 15 and 20min of
perifusion at 11mM glucose. Insulin content and secretion in the pan-
creatic islets were measured by competitive ELISA with the insulin-
capturing antibody immobilized directly in the solid phase (Webster
et al., 1990; Kekow et al., 1988).

2.6. Statistics

Statistical analyses were done in GraphPad Prism v6.0 (GraphPad
Software, La Jolla, CA). Statistical significance between two conditions
was analyzed by the Student’s paired t-test. Differences across several
groups were analyzed by using one-way ANOVA with Bonferroni post-
hoc test. All sets of data passed the Kalmogorov-Smirnov test of nor-
mality. Results are presented as means± SEM. P < 0.05 was con-
sidered statistically significant.

3. Results

Summaries of basic characteristics and data on several metabolic
outcomes of the Fischer 344 rat dose groups have been published pre-
viously (Dunder et al., 2018; Lejonklou et al., 2017).

3.1. Dynamic glucose-stimulated insulin secretion from islets isolated from
rats exposed to BPA

Pancreatic islets were isolated from 5- and 52-week-old female and
male offspring and dams exposed or not to 0.5 (BPA0.5) or 50 (BPA50)
μg BPA/kg/day. Insulin secretion was measured dynamically from
perifused islets in the presence of 5.5 (basal) and 11 (stimulated) mM
glucose to determine glucose-stimulated insulin secretion (GSIS).

In the presence of 5.5mM glucose, islets from unexposed female and
male 5- and 52-week old offspring and dams secreted around 1 fmol/ug
protein/min (Fig. 1). When the glucose concentration was increased to
11mM glucose, insulin secretion from the control islets showed a bi-
phasic response with an initial rise peaking at around 6min with a
secretory rate of approximately 8 fmol/µg protein/min, followed by a
sustained level of around 6 fmol/µg protein/min. Basal insulin secretion
was not affected in 5- and 52-week old female and male offspring or

dams exposed to BPA0.5 (Fig. 1). However, stimulated insulin secretion
showed a more accentuated biphasic response peaking at around 10
fmol/µg protein/min after 6min and leveling off at 8 fmol/µg protein/
min. Islets isolated from offspring and dams exposed to BPA50 had
basal insulin secretion similar to control islets (Fig. 1). In the presence
of 11mM of glucose, the initial rise in insulin release was reduced,
making the secretory pattern more monophasic and at a reduced level
of about 4 fmol/µg protein/min.

3.2. Basal and glucose-stimulated insulin secretion from islets isolated from
rats exposed to BPA

The changes observed in GSIS from islets exposed to BPA (Fig. 1)
were further calculated and analyzed with regard to average insulin
secretion in the presence of 5.5 (basal) and 11 (stimulated) mM glucose.
In islets from unexposed 5- and 52-week-old female and male offspring
and dams, basal insulin secretion was approximately 1.5 fmol/µg pro-
tein/min (Fig. 2). When the glucose concentration was increased to
11mM, average insulin secretion increased about 3-fold to approxi-
mately 4 fmol/µg protein/min in both 5- and 52-week-old female and
male offspring and dams (Fig. 2). In islets exposed to BPA0.5, basal
insulin secretion from both 5- and 52-week-old offspring and dams was
similar to control (Fig. 2). In contrast, stimulated insulin secretion was
enhanced by about 50% compared with control islets, in 5- and 52-
week-old female and male offspring, resulting in a 4-fold stimulation
(Fig. 2A–D), and 80% in dams, corresponding to a 5-fold stimulation
(Fig. 2E). In the BPA50 exposed animals the basal insulin secretion from
both offspring and dams was similar to control (Fig. 2). Stimulated
insulin secretion was reduced by about 40% in both offspring and dams
compared with control islets, resulting in a 2.5-fold stimulation (Fig. 2).

3.3. First and second phase insulin secretion in the islets isolated from rats
exposed to BPA

The changes observed in GSIS from islets exposed to BPA (Fig. 2)
were next evaluated with regard to first- and second-phase insulin se-
cretion. First phase was defined as the first 10min after increasing the
glucose concentration from 5.5 to 11mM. Second phase insulin secre-
tion was defined as the subsequent 10min in the presence of 11mM
glucose. Insulin secretion in the presence of 5.5mM glucose was de-
fined as basal.

In islets isolated from offspring exposed to BPA0.5, first- and-second
phase secretion was increased in 5-week-old female and male offspring
compared with controls (Fig. 3A and B). In 52-week offspring, BPA0.5
enhanced first-phase insulin secretion especially in females but also in
males compared with controls. However, second-phase insulin secretion
was not altered (Fig. 3C and D). Dams exposed to BPA0.5 showed both
enhanced first- and second-phase insulin secretion. For all animals ex-
posed to BPA0.5, first-phase secretion was significantly higher com-
pared with the second phase (Fig. 3A–E).

In islets isolated from offspring exposed to BPA50, first-phase in-
sulin secretion was lower in 5-week-old female and male offspring
compared with controls, while second-phase was not affected (Fig. 3A
and B). In 52-week female and male offspring, BPA50 decreased both
first- and second-phase insulin secretion (Fig. 3C and D). In dams,
BPA50 also reduced first- and second-phase insulin secretion. There was
no difference between first and second phase insulin secretion for off-
spring exposed to BPA50 (Fig. 3A–D), except for dams, where first-
phase insulin secretion was significantly higher than second-phase
(Fig. 3E).

3.4. Insulin content in islets isolated from rats exposed to BPA

Insulin content was measured in islets isolated from 5- and 52-week-
old offspring and dams. Neither exposure to BPA0.5 nor BPA50 affected
the islet insulin content (Fig. 4). Insulin content in the 52-week
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Fig. 3. First and second phase insulin se-
cretion. Basal, first (1st) and second (2nd)
phase insulin secretion in the presence of
5.5 and 11mM of glucose from perifused
islets isolated from 5-week-old female
(Panel A) and male (Panel B), and 52-
week-old female (Panel C) and male
(Panel D) Fischer 344 rat offspring, and
dams (Panel E) exposed to 0 (CTRL), 0.5
(BPA0.5) or 50 (BPA50) µg BPA/kg BW/
day. First phase was defined as the first
10min after increasing the glucose con-
centration from 5.5 to 11mM. Second-
phase insulin secretion was defined as the
subsequent 10min in the presence of
11mM glucose. Insulin secretion in the
presence of 5.5mM glucose was defined as
basal. Results are presented as
mean ± SEM from 6 animals per group,
except for 5-week-old BPA50 male off-
spring where n=5, *p < 0.05 vs controls
and #p < 0.05 vs first-phase insulin se-
cretion.
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offspring was significantly lower (p < 0.01) compared with the 5-week
offspring both in the absence and presence of BPA.

4. Discussion

The results of the present study demonstrate that gestational and
developmental exposure to low doses of BPA induces dysfunctional
insulin secretion in isolated pancreatic islets from rat offspring and
dams. Whereas the lowest BPA dose (0.5 μg/kg BW/day) used in our
study induced persistent insulin hypersecretion for up to one year after
exposure, the higher BPA dose (50 μg/kg BW/day) reduced especially
first-phase insulin secretion even early in life in isolated pancreatic is-
lets from both rat offspring and dams. The lowest BPA dose (0.5 μg/kg
BW/day) in the present study corresponds to 1% of the US Food and
Drug Administration (FDA) reference dose (RfD) of 50 μg/kg BW/day

and is much lower than the benchmark dose response modelling
(BMDL10) which has been used to calculate the human equivalent dose
(HED) of 609 μg/kg BW/day which in turn was used to set the current
temporary TDI for BPA of 4 µg/kg BW/day by EFSA (2015). The results
presented herein and earlier reported results from our group (Dunder
et al., 2018; Lejonklou et al., 2017), together with data from other in-
dependent research groups (Hass et al., 2016; Mandrup et al., 2016),
suggest that the current TDI is not sufficiently protective with regards to
endocrine-disrupting effects of BPA. Further, in a recent first experi-
mental study in human volunteers, men and women were orally ad-
ministered FDA’s RfD of BPA and the insulin response was assessed, and
the results suggest that the dose considered safe by U.S. regulators at-
tenuated GSIS in humans (Stahlhut et al., 2018).

4.1. Alterations in insulin secretion in offspring

The developmental origin of health and disease (DOHaD) hypoth-
esis states that environmental factors (e.g. malnutrition, drugs, infec-
tions, stress, exposure to environmental chemicals) act early in life to
program the risks of developing chronic diseases later in life (Barker,
1998; Haugen et al., 2015; Heindel and Vandenberg, 2015). The impact
of early-life exposure to BPA and obesity-related outcomes in rodents
was recently reviewed (Wassenaar et al., 2017). In the present study,
the insulin hyper-and hyposecretion seen in 5-week-old offspring was
still prominent in the 52-week-old offspring. This suggests a persistent
effect of developmental exposure to low levels of BPA.

Biphasic insulin release describes the dynamics of insulin release
after food ingestion with a first and second phase in insulin secretion
(Staaf et al., 2016; Rorsman et al., 2000). In T2DM this pattern changes,
where diminished or even loss of first phase insulin secretion, as ob-
served in the present study in rat islets exposed to the higher BPA
concentration, is a hallmark (Takahara et al., 2015; Tripathy et al.,
2000). Hypersecretion of insulin, as observed from rat islets exposed to
the lower BPA concentration, has been proposed to be an early in-
itiating event, which may lead to adiposity build-up and in turn de-
velopment of metabolic disease, including T2DM (Corkey, 2012; Astley
et al., 2018). Such an accentuated secretory pattern of insulin has been
observed in human islets as well as in humans (Staaf et al., 2016). In-
deed, the observed insulin hypersecretion in human islets was followed
by a time-dependent decline in insulin secretory dynamics as observed
in subjects developing T2DM (Staaf et al., 2016), pointing towards a
potential adversity of the insulin hypersecretion caused by BPA0.5 ex-
posure in the present study. BPA0.5 caused similar secretory char-
acteristics also after 52 weeks (which corresponds to adult subjects),
indicating that BPA0.5 exposure did not cause β-cell failure during the
investigated experimental time period. However, we do not know the
fate of the β-cells in the rats after 52 weeks, but what is known in
human β-cells is that a prolonged hypersecretion state is not beneficial
or sustainable for the β-cells, whose function will ultimately be di-
minished.

In the present study, BPA50 induced a decline in GSIS especially
affecting first-phase insulin secretion compared with control, which
indicates that islet or beta-cell function is impaired. To what extent this
decline in beta-cell function affects glucose homeostasis could not be
determined in the present study, however. During development of
glucose intolerance in humans, an early manifestation is a decline in
beta-cell function mainly affecting first-phase insulin secretion
(Takahara et al., 2015), similar to what was observed in the rat islets
exposed to the higher dose of BPA. To conclude, the two different doses
of BPA in the present study induced two different secretory phenotypes
in rat islets which both have been associated with adverse events in
human islets. In children with obesity and elevated levels of lipids, and
in human islets exposed to elevated lipids, insulin hypersecretion is
observed that precedes a decline in insulin secretion (Staaf et al., 2016),
suggesting a connection between the two observed secretory pheno-
types in this study.

Fig. 4. Islet insulin content. Insulin content in islets isolated from 5-week-old
female (Panel A) and male (Panel B), 52-week-old female (Panel C) and male
(Panel D) Fischer 344 rat offspring, and dams (Panel E) exposed to 0 (CTRL),
0.5 (BPA0.5) or 50 (BPA50) µg BPA/kg BW/day. Results are presented as
mean± SEM from 6 animals per group, except for 5-week-old BPA50 male
offspring where n= 5.
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The two doses of BPA used in the present study gave rise to different
effects on insulin secretion. Whereas the lower dose (BPA0.5) induced
insulin hypersecretion in both 5- and 52-week-old offspring and dams,
the higher dose (BPA50) attenuated insulin secretion, especially af-
fecting first-phase insulin secretion. Such divergent effects of exposure
to different BPA doses has previously also been observed in mice ex-
posed to 10 or 100 µg/kg BPA (Alonso-Magdalena et al., 2010). Ex-
posure to the lower dose of BPA resulted in accentuated insulin re-
sponse, while the higher BPA dose resulted in reduced insulin response
to an intraperitoneal injection of glucose compared with controls
(Alonso-Magdalena et al., 2010). Our results, and those of others, in-
dicate that BPA has direct effects on islet insulin secretion, where al-
terations in Ca2+ signaling and metabolism may contribute (Alonso-
Magdalena et al., 2010). However, altered insulin secretion may also
occur in response to changes in peripheral insulin sensitivity. Previous
studies have reported that BPA-exposed rodent offspring exhibit altered
sensitivity or signaling in liver (Alonso-Magdalena et al., 2010; Galyon
et al., 2017) and skeletal muscle (Galyon et al., 2017; Indumathi et al.,
2013), alongside with altered insulin secretion (Alonso-Magdalena
et al., 2010; Galyon et al., 2017).

Previously published studies have reported increased insulin con-
tent in isolated islets exposed to BPA (Alonso-Magdalena et al., 2006a,
2008). Such effects were not observed in the present study; however,
differences in route of administration, doses and exposure window may
explain the differences between studies. BPA regulation of insulin
content has shown to be ERα dependent since it was abolished in
ERα-/- mice and reproduced by ERα but not ERβ agonists. ERα agonists
increased insulin content in an inverted U-dose response, indicating
that only ERα is needed to produce this non-monotonic dose-response
(Alonso-Magdalena et al., 2008). A possible explanation to why we do
not observe an increased insulin content in the islets in the present
study could be the activation of GPER1 by BPA (Prossnitz and Barton,
2011; Zimmerman et al., 2016); when activated, GPER1 protects from
β-cell apoptosis and enhances GSIS without affecting insulin biosynth-
esis (Tiano and Mauvais-Jarvis, 2012).

4.2. Alterations in insulin secretion in dams

Results from the present study show that exposure to BPA via the
drinking water during gestation and weaning has effects on the endo-
crine pancreas also in the dams. This is in line with a study in mice
where subcutaneous BPA exposure (10 or 100 µg/kg) during gestational
day 9–16 induced glucose intolerance, hyperinsulinemia and altered
insulin sensitivity in mouse dams (Alonso-Magdalena et al., 2010). In
coherence with our study, the effects of BPA were observed after par-
turition. However, that study also demonstrated that BPA exposure
during gestation had harmful long-term consequences in the dams,
which four months after labor exhibited decreased glucose and insulin
tolerance Alonso-Magdalena et al. (2015). Most of the studies con-
ducted today are focusing on the most vulnerable windows of exposure,
i.e. prenatal and neonatal exposure and subsequently developmental
effects in the offspring. However, the aforementioned results, together
with ours, clearly emphasize the need to also consider effects in the
mother; not least since pregnancy involves a progressive increase in
insulin resistance (Simpson et al., 2018).

4.3. Low-dose exposure and possible mechanisms of BPA

In the present study, we observe disparate responses from the two
different BPA-doses on insulin secretion in both 5- and 52-week-old
offspring and also in dams, with the lowest dose giving rise to sig-
nificantly higher insulin secretion than the higher dose. A previous in
vitro study displayed similar effects with low doses of BPA yielding an
increased GSIS and higher doses resulting in diminished secretion in rat
insulinoma (INS-1) cells (Lin et al., 2013). A possible explanation for
why there are different responses between low and high doses of BPA in

both our and other studies, is the mechanism of how hormone con-
centration influences receptor occupancy. Welshons and colleagues
have elegantly described this as “receptor occupancy is never determined
to be linear in relation to hormone concentration … At concentrations above
the Kd [the dissociation constant for receptor-ligand binding kinetics], sa-
turation of the response occurs first, and then at higher concentrations, sa-
turation of receptors is observed.” What this means is that at low con-
centrations, a 10-fold increase in hormone concentration leads to a 9-
fold increase in receptor occupancy, whereas at high doses of hormone,
a 10-fold increase in hormone concentration produces only less than a
1.1-fold increase in receptor occupancy. Thus, in the low-dose range
moderate changes in hormone concentration might be sufficient to in-
duce substantial changes in receptor occupancy, with subsequent
changes in biological effects being more affected at low BPA doses than
at high ones (Welshons et al., 2003).

A recent review article performed in collaboration with the ANSES’
Thematic Working group on endocrine disruptors (EDs) concludes that
there is now evidence that BPA may increase metabolic disturbances
eventually leading to T2D development via an ED mode of action (Le
Magueresse-Battistoni et al., 2018). Studies included in this review and
many other studies have proposed several mechanisms to explain the
effect of BPA on glucose intolerance including disturbance of pancreatic
β cell function (Nadal et al., 2000a; Alonso-Magdalena et al., 2006b)
and increased insulin resistance resulting from increased oxidative
stress and mitochondrial dysfunction (Nakagawa and Tayama, 2000;
Bindhumol et al., 2003; Moon et al., 2012). In rodent islets BPA ex-
posure to 25 µg/l has been shown to induce mitochondrial swelling,
decrease cytochrome c oxidase activity and ATP levels (Song et al.,
2012), decrease mitochondrial membrane potential, increase levels of
reactive oxygen species (ROS) and reduce expression of Sod2 and Gpx3,
two ROS detoxification genes (Carchia et al., 2015). Effects on ion
channels is another potential mechanism of action for BPA, which in-
creased the frequency of glucose-induced [Ca2+]i oscillations in pan-
creatic β-cells (Nadal et al., 2000b). BPA together with the endogenous
estrogen 17β-estradiol share the same receptor at the plasma membrane
(Nadal et al., 2000b). Activation of this membrane receptor, called the
non-classical membrane estrogen receptor (ncmER), triggers an in-
tracellular pathway involving an increase in intracellular cGMP, and
the consequent activation of cGMP-dependent protein kinase (PKG)
which, by a phosphorylation-dependent process, enhances GSIS
(Ropero et al., 1999, 2002). The fact that BPA has 1000- to 2000-fold
less potency than 17β-estradiol when interacting with nuclear receptor
is indicative of the ncmER being a more likely candidate for the action
of BPA (Krishnan et al., 1993; Kuiper et al., 1997). Hence, taken to-
gether, these aforementioned data suggest a multifactorial mechanism
for BPA toxicity in pancreatic islets.

4.4. Strengths and limitations

Various strains of rodents display different sensitivity towards es-
trogenic substances, which can make direct comparisons difficult
(Kacew et al., 1995). The chosen rat strain (F344) is described as an
estrogen-sensitive strain, which should increase the chance of picking
up low-dose effects of EDCs (Burgett et al., 1990; Hossaini et al., 2003).
The more frequently used Sprague-Dawley rat has been shown to have
very low sensitivity to exogenous estrogenic substances (Steinmetz
et al., 1998, 1997), which has also been described for Wistar rats
(Hossaini et al., 2003). Hence, the F344 rat model may be a preferable
rodent model for examining environmental endocrine disruption.

In the present study, due to unfortunate technical reasons, we did
not measure the internal BPA dose in the animals. However, a previous
study in mice also exposing animals to BPA via drinking water, albeit to
25 or 250 µg/kg BW/day, analyzed BPA in serum and measured in-
ternal doses ranging from 0.5 to 8.6 ng/ml (Rubin and Bisphenol,
2011). Based on the linearity reported in BPA exposure dose and in-
ternal dose measurements (Taylor et al., 2011), serum concentration of
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our lowest dose would be below the limit of detection and is most likely
lower than what humans are typically exposed to (Vandenberg et al.,
2007).

5. Conclusions

Disconcertingly, the present study demonstrates that BPA exposure
8 times lower than the European Food Safety Authority's (EFSA's)
current tolerable daily intake (TDI) of BPA affects the endocrine pan-
creas in a way that may promote the development of metabolic disease
including T2DM.
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