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Abstract: Humans are constantly exposed to many environmental pollutants, some of which have
been largely acknowledged as key factors in the development of metabolic disorders such as dia-
betes and obesity. These chemicals have been classified as endocrine-disrupting chemicals (EDCs)
and, more recently, since they can interfere with metabolic functions, they have been renamed as
metabolism-disrupting chemicals (MDCs). MDCs are present in many consumer products, including
food packaging, personal care products, plastic bottles and containers, and detergents. The scien-
tific literature has ever-increasingly focused on insulin-releasing pancreatic β-cells as one of the
main targets for MDCs. Evidence highlights that these substances may disrupt glucose homeostasis
by altering pancreatic β-cell physiology. However, their potential impact on glucagon-secreting
pancreatic α-cells remains poorly known despite the essential role that this cellular type plays in
controlling glucose metabolism. In the present study, we have selected seven paradigmatic MDCs
representing major toxic classes, including bisphenols, phthalates, perfluorinated compounds, metals,
and pesticides. By using an in vitro cell-based model, the pancreatic α-cell line αTC1-9, we have
explored the effects of these compounds on pancreatic α-cell viability, gene expression, and secretion.
We found that cell viability was moderately affected after bisphenol-A (BPA), bisphenol-F (BPF),
and perfluorooctanesulfonic acid (PFOS) exposure, although cytotoxicity was relatively low. In
addition, all bisphenols, as well as di(2-ethylhexyl) phthalate (DEHP) and cadmium chloride (CdCl2),
promoted a marked decreased on glucagon secretion, together with changes in the expression of
glucagon and/or transcription factors involved in cell function and identity, such as Foxo1 and Arx.
Overall, our results indicated that most of the selected chemicals studied caused functional alterations
in pancreatic α-cells. Moreover, we revealed, for the first time, their direct effects on key molecular
aspects of pancreatic α-cell biology.

Keywords: metabolism-disrupting chemicals; pancreatic α-cell; diabetes; metabolic diseases;
screening testing

1. Introduction

Pancreatic α and β-cells are the most abundant endocrine cells within the islets of
Langerhans, and together, they orchestrate a bi-hormonal secreting system central to
the regulation of glucose metabolism. Specifically, pancreatic β-cells secrete insulin in
response to elevated blood glucose levels, while α-cells release glucagon as a counter-
regulatory hormone in response to hypoglycaemia conditions [1,2]. Indeed, the adequate
function of pancreatic α-cells and glucagon release constitute the first line of defence against
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hypoglycaemia. Beyond their function as glucagon-secreting cells, it is also known that
pancreatic α-cells may behave as important keepers of pancreatic β-cells. For instance,
in conditions of extensive β-cell loss, α-cells may convert into new functional β-cells, a
process called transdifferentiation [3,4]. Pancreatic α-cells may also exhibit a significant
degree of plasticity in the form of an increased rate of proliferation to compensate when
glucagon signalling is impaired [5–8]. Furthermore, hyperplastic α-cells seem to be able to
overexpress the glucagon-like peptide GLP-1 [9], which is known to increase pancreatic
β-cell proliferation and insulin secretion [10], thus contributing to replenishing insulin-
producing cells. In addition to GLP-1, glucagon, as well as other paracrine signals from the
pancreatic α-cell, play a beneficial role in regulating β-cell function [11,12].

Impaired α-cell function and glucagon release are involved in the aetiology of dia-
betes [13]. In type 1 (T1D) and advanced type 2 diabetes (T2D), pancreatic α-cells fail to
respond adequately to decreased plasma glucose levels, increasing the risk of hypogly-
caemia [13]. On the contrary, in the context of β-cell failure, impaired inhibition of α-cell
secretion at high glucose levels can contribute to postprandial hyperglucagonemia and
hyperglycaemia in diabetes [13]. Overall, this evidence supports the critical importance
of pancreatic α-cells not only in the maintenance of metabolic homeostasis, but also in the
pathophysiology of diabetes.

Diabetes is a complex disease caused by a combination of genetic and environmental
factors. Among those environmental factors, a subset of chemicals named metabolism-
disrupting chemicals (MDCs) has emerged as key players in the occurrence of this disease,
particularly for T2D [14–17]. MDCs are found in many everyday products, including plastic
bottles and food containers, food-can liners, cosmetics, flame retardants, and pesticides [14].
In recent years, it has been acknowledged that some of these chemicals can induce pancre-
atic β-cell malfunction and impair insulin action, thus playing a causative role in metabolic
disorders progression [15–18]. While pancreatic β-cells are gaining importance as a main
target of MDCs’ action, the potential impact of MDCs on pancreatic α-cell biology remains
largely unknown. Besides this knowledge gap, another major limitation is that there are no
effective methods with which to test for MDCs, and the regulatory tests currently employed
in the European Union do not assess endocrine pathways related to the pancreatic islet
system [19].

In the present study, we examined the effects of a number of putative MDCs on key
aspects of pancreatic α-cell biology, including cell viability, gene expression profile, and
glucagon secretion. Furthermore, by using the pancreatic α-cell line αTC1-9, we explore,
for the first time, the biological applicability of this cell-based model as a potential tool for
MDCs screening. In summary, we believe this will help to provide new insights into the
field of endocrine disruption and unravel the effects and modes of action of MDCs at the
pancreatic α-cell level.

2. Results
2.1. Bisphenols Exert Detrimental Effects on Pancreatic α-Cell Physiology

Bisphenol-A (BPA), bisphenol-S (BPS), and bisphenol-F (BPF) effects on pancreatic
α-cell viability were assayed following 24, 48, or 72 h of exposure by using a combination
of three classical and commonly used cell-cytotoxicity assays: the resazurin (RZ) assay,
which evaluates mitochondrial metabolic activity; the neutral red uptake (NRU) assay, as
an indicator of lysosomal activity; and the 5-carboxyfluorescein diacetate acetoxymethyl
ester (CFDA-AM) assay, to determine plasma membrane integrity.

As shown in Figure 1A, the RZ assay indicated a slight decrease in pancreatic α-
cell viability in BPA-treated cells (24 h) at the concentration range of 10 nM to 10 µM
(reduction to 93–94% compared to control 100%). At the same doses, membrane integrity
was also moderately reduced (reduction to 94–95% compared to control 100%). However,
the NRU assay did not indicate cytotoxicity, except for a moderate effect at the 10 nM BPA
concentration (93.90 ± 1.42%) (Figure 1A).
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Figure 1. Viability of pancreatic αTC1-9 cells treated for 24 h with different concentrations of bisphenols.
Cells were treated with a range of concentrations (100 pM–10 µM) of (A) BPA, (B) BPS, or (C) BPF.
Viability was evaluated with RZ, NRU, and CFDA-AM assays for each compound. Results are expressed
as % of the solvent control (Control = 100%). Data are represented as mean ± SEM of (A) n = 4, (B) n = 5,
and (C) n = 4 independent experiments. * vs. Control; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
by one-way ANOVA followed by Dunnett’s post hoc test or Kruskal–Wallis followed by Dunn’s post
hoc test.

In contrast, cell viability (measured as RZ test) in response to BPS treatment was
slightly but significantly reduced only at the highest dose tested (10 µM) (Figure 1B), while
membrane integrity was found to be decreased at all doses assayed, except for 1 nM concen-
tration (Figure 1B). As is the case for BPA, the NRU assay did not show any differences in
cell viability between control- and BPS-treated cells after 24 h (Figure 1B). Compared to BPA
and BPS, BPF showed a more pronounced cytotoxicity effect. As shown in Figure 1C, de-
creased cell viability (RZ assay) was quantified at almost all BPF concentrations tested, from
1 nM to 10 µM. The maximum inhibitory effect was observed at the 10 µM concentration
(83.64 ± 1.19%) compared to the control (100.00 ± 1.13%). Membrane integrity was also
found to be affected, with a minimum reduction effect observed at 1 nM (92.92 ± 1.55%)
and a maximum effect at the highest dose of 10 µM (88.74 ± 1.27%) compared to the control
(100.00 ± 0.98%) (Figure 1C). No effect was found in the NRU assay (Figure 1C). Overall,
these data showed that BPA, BPS, and particularly BPF slightly impaired mitochondrial
activity and membrane integrity, while lysosomal activity was unaffected.

Cell viability was also explored after 48 and 72 h treatment with different BPA, BPS,
or BPF concentrations (100 pM–10 µM). The most remarkable changes for BPA were found
at 48 h, while no cytotoxic effects were observed at 72 h, except for a moderate reduction
at 10 µM (RZ assay) (Supplemental Tables S1 and S2). At 48 h, mitochondrial (1, 100 nM
and 1 µM) and lysosomal (1 and 10 µM) activity, as well as membrane integrity (100 nM, 1
and 10 µM), were slightly reduced in BPA-treated α-cells compared to the control. On the
contrary, 48 h treatment with BPS did not impact cell viability (Supplemental Table S1). At
72 h, a modest decrease in cell viability was measured using RZ (1, 10 nM and 10 µM) and
NRU assays (1 nM). No effects were found at the level of membrane integrity (Supplemental
Table S2). As observed in the 24 h treatment, BPF provoked a more pronounced effect on
cell viability at longer times of exposure. Following 48 h treatment, decreased mitochondrial
activity (1 nM–10 µM) was found, with a maximum effect at the 10 µM dose (86.61 ± 1.27)
(Supplemental Table S1). Similar effects were observed at 72 h, with a significant reduction at
all doses tested (Supplemental Table S2). At both time points, 48 and 72 h, membrane integrity
was also moderately reduced in response to BPF treatment at the concentration range of 1 nM
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to 10 µM (Supplemental Tables S1 and S2). No effects were observed in the NRU assay, except
for a slight reduction at 48 h (10 µM) (Supplemental Table S1).

We next analysed whether the treatment with bisphenols could alter the expression
of genes relevant to pancreatic α-cell function and identity. In particular, the expression
pattern of genes encoding for glucagon (Gcg); the enzyme glucokinase (Gck), which is
critical to glucose sensing, the glucose transporter for α-cells Glut1; as well as different
transcription factors that are key for the maintenance of α-cell identity and function, such as
aristaless-related homeobox (Arx), v-maf avian musculoaponeurotic fibrosarcoma oncogene
homolog B (MafB), and forkhead box O1 (Foxo1), were explored. The main change observed
in response to BPA treatment was a reduction in Gcg gene expression, which was significant
at 100 nM and 1 µM concentrations (Figure 2A).
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Figure 2. BPA effects on the expression of genes involved in pancreatic α-cell function and identity.
mRNA expression of (A) Gcg, (B) Gck, (C) Glut1, (D) Arx, (E) MafB, and (F) Foxo1 was measured in
αTC1-9 cells treated for 24 h with different BPA concentrations (100 pM–10 µM). Data are represented
as mean ± SEM of n = 3–4 independent experiments. # vs. Control; # p < 0.05, ## p < 0.01 by the
Student’s t test.

On the contrary, both Gck and MafB gene expression was found to be increased
at 100 nM dose, while at 1 µM, MafB was decreased (Figure 2B,E). Furthermore, Foxo1
expression was elevated at the highest BPA dose tested (Figure 2F). No significant effects on
Glut1 or Arx genes (Figure 2C,D) were found. In a similar manner, BPS exposure resulted
in decreased Gcg expression compared to the control (Figure 3A), although, unlike BPA,
the effect was already visible at the lowest dose tested (100 pM) and was maintained over a
wider dose range, including the 10, 100 nM, and 10 µM concentrations.

Decreased expression of Gck (1 and 10 µM) and Foxo1 (100 pM and 10 nM) was
also observed in BPS-treated α-cells (Figure 3B,F). No changes were observed in Glut1
(Figure 3C), Arx (Figure 3D), or MafB (Figure 3E) gene expression levels in response
to BPS treatment. BPF did not promote any significant effect on Gcg (Figure 4A), Gck
(Figure 4B), or Glut1 expression (Figure 4C), although Arx (Figure 4D) and MafB (Figure 4E)
gene expression was attenuated at the 1 nM and 10 µM, and 100 pM, and 1 µM doses,
respectively. In addition, BPF-treated cells showed a decreased expression of Foxo1 at the
100 nM concentration (Figure 4F).
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Figure 3. BPS effects on the expression of genes involved in pancreatic α-cell function and identity.
mRNA expression of (A) Gcg, (B) Gck, (C) Glut1, (D) Arx, (E) MafB, and (F) Foxo1 was measured in
αTC1-9 cells treated for 24 h with different BPS concentrations (100 pM–10 µM). Data are represented
as mean ± SEM of n = 3–4 independent experiments. * vs. Control; * p < 0.05, ** p < 0.01 by one-way
ANOVA followed by Dunnett’s post hoc test or Kruskal–Wallis followed by Dunn’s post hoc test.
# vs. Control; # p < 0.05, ## p < 0.01 by the Student’s t test.
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Figure 4. BPF effects on the expression of genes involved in pancreatic α-cell function and identity.
mRNA expression of (A) Gcg, (B) Gck, (C) Glut1, (D) Arx, (E) MafB, and (F) Foxo1 was measured in
αTC1-9 cells treated for 24 h with different BPF concentrations (100 pM–10 µM). Data are represented
as mean ± SEM of n = 3 independent experiments. * vs. Control; * p < 0.05 by one-way ANOVA
followed by Dunnett’s post hoc test. # vs. Control; # p < 0.05 by the Student’s t test.
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To decipher whether the above changes were related to altered pancreatic α-cell
function, glucagon secretion was assayed in cells treated with vehicle, BPA, BPS, or BPF
for 24 h. Glucagon secretion was analysed after incubating the cells with 0.5 mM glucose,
16 mM glucose, or 0.5 mM glucose plus 10 nM insulin. As expected in control conditions,
cells exhibited a maximum glucagon release at a low glucose concentration (0.5 mM), as
this is the major physiological stimulus for glucagon release, while significant decreases
were observed at both high glucose (16 mM) and low glucose plus insulin, stimuli that act
as negative regulators of α-cell function. In turn, all analysed bisphenols led to a significant
inhibitory effect on glucagon secretion. However, we found significant differences in the
effective doses. The BPA inhibitory response was only significant at 10 nM concentration
(Figure 5A); however, BPS promoted a marked decline in glucagon release at all doses
assayed with a maximum effect at the lowest one, 1 nM (Figure 5B). BPF effects were
relatively less pronounced compared to BPA and BPS. Of note, BPF displayed a non-
monotonic dose–response behaviour with a reduction at 1 and 100 nM concentrations, but
no effect at 10 nM (Figure 5C).
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Figure 5. Bisphenols treatment disrupts pancreatic α-cell function. Effects of (A) BPA, (B) BPS, and
(C) BPF on glucagon secretion in αTC1-9 cells treated for 24 h. Glucagon release in control- and bisphenol-
treated cells was measured in response to 0.5 mM glucose (0.5 mM G). Glucagon secretion in response
to 16 mM glucose (16 mM G) and 0.5 mM G plus 10 nM insulin (INS 10 nM) conditions were also
included as additional controls. Data are represented as mean ± SEM of (A) n = 6, (B) n = 6, and (C) n = 3
independent experiments. * vs. Control; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by one-way
ANOVA followed by Dunnett’s post hoc test or Kruskal–Wallis followed by Dunn’s post hoc test.

2.2. Di(2-ethylhexyl) Phthalate (DEHP) Impaired Pancreatic α-Cell Function with No Major
Changes in Cell Viability or Gene Expression

DEHP effects on pancreatic α-cell viability were assayed after 24, 48, or 72 h of
exposure. As illustrated in Figure 6A, no significant cytotoxic effects of DEHP were
observed in pancreatic α-cells treated for 24 h in any of the three cell cytotoxicity tests
assayed, except for a slight decrease in mitochondrial activity at the 100 nM (95.64 ± 1.32%)
concentration and of membrane integrity at the 1 µM (95.61 ± 0.90%) concentration.
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Figure 6. DEHP effects on pancreatic α-cells. (A) Viability of pancreatic αTC1-9 cells treated for 24 h
with different concentrations of DEHP (100 pM–10 µM) as evaluated by RZ, NRU, and CFDA-AM assays.
Results are expressed as % of the solvent controls (Control = 100%). (B) mRNA expression of Gcg, Gck,
Glut1, Arx, MafB, and Foxo1 in control- and DEHP-treated αTC1-9 cells for 24 h. (C) Glucagon secretion
in αTC1-9 cells treated for 24 h with DEHP. Data are represented as mean ± SEM of (A) n = 3, (B) n = 3,
(C) n = 5 independent experiments. * vs. Control; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by
one-way ANOVA followed by Dunnett’s post hoc test or Kruskal–Wallis followed by Dunn’s post hoc test.

At longer times of exposure, the decline in mitochondrial activity and membrane
integrity was slightly more pronounced (Supplemental Tables S1 and S2). At 48 h, the
RZ assay indicated a similar reduction in cell viability in the dosage range of 1 nM–1 µM
with a maximum effect at 1 µM dose (93.25 ± 1.42%) (Supplemental Table S1). At 72 h, the
reduction was up to 91.38 ± 1.07% compared to the control (100.00 ± 1.39%) in response to
10 nM DEHP (Supplemental Table S2). Membrane integrity was also altered with a modest
decrease at 48 h (10 nM–10 µM) and 72 h (1 nM–10 µM). In both cases, a maximal reduction
effect was found at 1 µM concentration (Supplemental Tables S1 and S2). No effects were
observed in the lysosomal activity at any time points assayed (Figure 6A and Supplemental
Tables S1 and S2).

At the gene-expression level, no significant effects were observed in DEHP-treated
cells except for increased Gcg gene expression at 100 pM, 100 nM, and 10 µM, and a
tendency toward increased expression at the rest of the doses tested (Figure 6B). In addition,
a reduction in Glut1 was quantified, although the effect was only statistically significant
at the highest concentration assayed, 10 µM (Figure 6B). Despite the enhanced expression
found on the Gcg gene, glucagon secretion in response to low glucose was diminished
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when cells were treated with DEHP for 24 h. The effect was visible at 100 nM and 1 µM but
not at the lowest dose, 10 nM (Figure 6C).

2.3. Perfluorooctanesulfonic Acid (PFOS) Did Not Compromise Pancreatic α-Cell Function

PFOS treatment led to a modest decline in pancreatic α-cell viability, as RZ, CFDA-AM,
and NRU test assays indicated, although some differences in the effective dose and exposure
time were observed. Mitochondrial metabolic activity was reduced in response to a wide
range of PFOS concentrations after 24 (10 nM–1 µM) (Figure 7A) and 48 h (1 nM–10 µM)
treatment (Supplemental Table S1), while at 72 h, the effect was only significant at 10 nM
(Supplemental Table S2).Lysosomal activity was also affected at 10 nM PFOS, both at 24
(Figure 7A) and 48 h time points (Supplemental Table S1), and to a wider extent at 72 h (10 nM,
1 and 10 µM) (Supplemental Table S2). Membrane integrity was reduced at 10, 100 nM, and
10 µM concentrations at 24 h (Figure 7A) and in the dose range of 10 nM to 10 µM and 10 nM
to 1 µM at 48 h and 72 h, respectively (Supplemental Tables S1 and S2).
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Figure 7. PFOS effects on pancreatic α-cells. (A) Viability of pancreatic αTC1-9 cells treated for 24 h with
different concentrations of PFOS (100 pM–10 µM), as evaluated by RZ, NRU, and CFDA-AM assays.
Results are expressed as % of the solvent controls (Control = 100%). (B) mRNA expression of Gcg, Gck,
Glut1, Arx, MafB, and Foxo1 in control- and PFOS-treated αTC1-9 cells for 24 h. (C) Glucagon secretion
in αTC1-9 cells treated for 24 h with PFOS. Data are represented as mean ± SEM of (A) n = 3, (B) n = 3,
and (C) n = 3 independent experiments. * vs. Control; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
by one-way ANOVA followed by Dunnett’s post hoc test or Kruskal–Wallis followed by Dunn’s post
hoc test. # vs. Control; # p < 0.05, ## p < 0.01 by the Student’s t test.
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Upregulated expression of Gck, Glut1, Arx, and Foxo1 was found at various PFOS
concentrations (10 nM, 1 µM, 100 pM, and 10 µM, respectively) (Figure 7B). Despite the
above-described changes, no significant impact on glucagon secretion was observed in
response to PFOS treatment (Figure 7C).

2.4. Cadmium Chloride (CdCl2) Effects on Pancreatic α-Cell Function and Viability

Following 24 h of CdCl2 exposure, no effects on cell viability were reported (Figure 8A).
Similar results were found at 48 h and 72 h, despite a modest decrease in lysosomal activity
at 48 h (100 nM, 1, and 10 µM) and mitochondrial activity at 72 h (10 µM) (Supplemental
Tables S1 and S2).
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Figure 8. CdCl2 effects on pancreatic α-cells. (A) Viability of pancreatic αTC1-9 cells treated for 24 h
with different concentrations of CdCl2 (100 pM–10 µM) as evaluated by RZ, NRU, and CFDA-AM
assays. Results are expressed as % of the solvent controls (Control = 100%). (B) mRNA expres-
sion of Gcg, Gck, Glut1, Arx, MafB, and Foxo1 in control- and CdCl2-treated αTC1-9 cells for 24 h.
(C) Glucagon secretion in αTC1-9 cells treated for 24 h with CdCl2. Data are represented as mean
± SEM of (A) n = 3, (B) n = 3, and (C) n = 6 independent experiments. * vs. Control; * p < 0.05,
*** p < 0.001, **** p < 0.0001 by one-way ANOVA followed by Dunnett’s post hoc test or Kruskal–
Wallis followed by Dunn’s post hoc test.

No significant changes in gene expression were quantified either, except for enhanced
Gcg expression at 10 µM CdCl2 (Figure 8B). However, a marked decrease in glucagon
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secretion in response to low glucose concentration was found at all the concentrations
assayed (1–100 nM) (Figure 8C).

2.5. The Impact of Dichlorodiphenyldichloroethylene (DDE) on Pancreatic α-Cell Physiology

The 24 h DDE treatment promoted a modest decrease in mitochondrial activity (Figure 9A).
The effect was only significant at concentrations in the micromolar range; on the contrary, the
effect was visible at all doses tested (100 pM–10 µM) at 48 h (Supplemental Table S1) and
100 pM, 100 nM, and 1, 10 µM at 72 h (Supplemental Table S2). Membrane integrity was
also consistently reduced at most time points of exposure assayed, with a maximum effect at
the 10 µM dose following 24 (95.94 ± 0.63%) (Figure 9A), 48 (90.60 ± 1.19%) (Supplemental
Table S1), and 72 (96.28 ± 0.59%) (Supplemental Table S2) h treatment. In turn, the NRU assay
manifested only a moderate decrease in lysosomal activity at the lowest dose, 100 pM, at 24 h
(Figure 9A), while no differences were observed at any other dose or time of treatment in
DDE-cells compared to controls, except for a slight increase at 10 µM (48 h) (Supplementary
Materials Tables S1 and S2).
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Figure 9. DDE effects on pancreatic α-cells. (A) Viability of pancreatic αTC1-9 cells treated for 24 h
with different concentrations of DDE (100 pM–10 µM) as evaluated by RZ, NRU, and CFDA-AM
assays. Results are expressed as % of the solvent controls (Control = 100%). (B) mRNA expres-
sion of Gcg, Gck, Glut1, Arx, MafB, and Foxo1 in control- and DDE-treated αTC1-9 cells for 24 h.
(C) Glucagon secretion in αTC1-9 cells treated for 24 h with DDE. Data are represented as mean ± SEM of
(A) n = 5, (B) n = 3, (C) n = 6 independent experiments. * vs. Control; * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 by one-way ANOVA followed by Dunnett’s post hoc test or Kruskal –Wallis followed by
Dunn’s post hoc test. # vs. Control; # p < 0.05 by the Student’s t test.
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At the gene-expression level, we found a dramatic reduction in Glut1 mRNA levels,
which was significant at all doses assayed from 100 pM to 10 µM (Figure 9B). In addition,
some minor changes were quantified, including the enhanced expression of Gck and Arx
at the 100 pM and 1 µM doses, respectively (Figure 9B). Finally, a slight decrease in
glucagon secretion was found, although the inhibitory effect was only significant at the
1 nM concentration (Figure 9C).

3. Discussion

In the present study, we have screened the effects of a number of paradigmatic EDCs
on key aspects of pancreatic α-cell physiology, including cell viability, gene expression,
and glucagon secretion, using an in vitro model, the mouse α-cell line αTC1-9. We se-
lected seven MDCs representing five major toxic classes of chemicals used as plasticizers,
pesticides, or heavy metals. The selected chemicals are representative of the main EDC cate-
gories in terms of environmental relevance and impact on human health. These compounds
are distinguished by their widespread environmental presence, the level of production in
quantity terms, their ubiquity as they are in numerous products used in our everyday lives,
and the documented persistent human exposure. A wide range of doses, from 100 pM to
10 µM, has been tested for each MDC studied. This has allowed for the simulation of human
exposure levels, as these levels vary greatly depending on the population and subgroup
studied (adults, neonates, occupational exposure groups, etc.), but also on different factors
such as sex or individual style life. In addition, the levels measured are influenced by the
analytical methods or specimens (blood, urine, breast milk, cord blood, etc.) that have been
used. Together, these factors mean that the variation of MDC concentrations reported in
biomonitoring research studies may be relatively large. In any case, the selection of doses
assayed here has been made according to their environmental relevance and the actual
human exposure levels, particularly when testing the effects on pancreatic α-cell function.

The αTC1-9 cells are considered a robust and suitable cell model for studying pan-
creatic α-cell function, as they replicate a phenotype consistent with that of differentiated
α-cells in normal islets, and properly resemble their physiology [20–23]. As a proof of
concept, αTC1-9 cells produce the α-cell-specific hormone glucagon but not insulin or any
other islet hormones [20,24], express transcription factors that are key for α-cell specifi-
cation (Nkx2.2, FoxA2, Arx, and Pax6) but not those for β-cell specification (Pdx1, Pax4,
Nkx6.1 and HNF4α, and MafA) [20], and present a large number of common transcriptional
regulatory elements similar to those of primary mouse and human α-cells [25]. Besides the
above-mentioned points, it is important to note that important challenges must be faced
when working with primary pancreatic α-cells. The main reason for this is the scarcity
of this cellular type in islets, particularly in rodents, together with technical limitations,
since the appropriate methodology is needed to purify and identify α-cells, including
the use of single-cell technologies or reporter animal models [26–30]. Therefore, using an
immortalized cell line such as αTC1-9 offers a relatively simple and readily reproducible
approach to studying pancreatic α-cell function.

We found that among the MDCs tested, those with the greatest effect on α-cell viability
were BPA, BPF, and PFOS, while the rest of the compounds evaluated did not exert major
cytotoxic effects. Cell viability was moderately affected in α-cells after 24 h of exposure, as
measured with the RZ assay. For BPF, the decline was around 11–16%, 6–7% for BPA, and in
the case of PFOS, the reduction was approximately 7–10% within the nano- and micromolar
range in all cases. These results indicate that mitochondrial metabolism could be impaired
to some extent by the mentioned pollutants, as RZ reduction has been demonstrated to
be highly correlated to oxygen consumption [31–33]. Similar results were found using
the CFDA-AM assay, with a maximum reduction effect on viability for BPF (8–12%) and
around 5% for BPA and PFOS. Although significant, in all cases, cytotoxicity was relatively
low, which may be attributed to the fact that glucagon-producing α-cells showed enhanced
protection against the toxic environment created by certain insults. The mechanism under-
lying this phenomenon is not fully understood, although some scientific evidence suggests
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that α-cells may face and adapt to long-term metabolic stress by expressing higher levels of
the anti-apoptotic protein Bcl2l1 [34]. IL-6 has also been suggested to protect α-cells from
apoptosis induced by metabolic stress and promote α-cell mass expansion during obesity
as a compensatory response. However, prolonged elevated IL-6 circulating levels may
lead to α-cell failure [35]. Additionally, the high expression of UCP2 in α-cells seems to
play a cytoprotective role against different stressors [36]. The activation of these signalling
pathways in α-cells upon exposure to MDCs needs further investigation.

Another important aspect to consider is whether or not MDCs may regulate pancreatic
α-cell gene expression and if the functional outcomes described in this study may respond
to the gene-expression pattern modulation. In this regard, pancreatic αTC1-9 cells were
especially sensitive to bisphenols action. In particular, we found that BPS, at low doses,
markedly impaired low-glucose-induced glucagon secretion. This was associated with the
decreased expression of the glucagon gene in response to BPS at nanomolar doses (10 and
100 nM) but also at a lower (100 pM) and a higher dose (10 µM). In addition, Foxo1 mRNA
levels were reduced at 100 pM and 10 nM BPS concentrations. Similarly, BPF exposure
promoted decreased glucagon secretion (1, 100 nM) and Foxo1 gene expression (100 nM).
These data are in accordance with previous findings indicating that Foxo1 may behave
as a positive regulation factor, as Foxo1 silencing reduced glucagon gene expression in
αTC1-9 cells [37]. Of note, orexin-A (OXA), a neuropeptide involved in the regulation of
food intake and energy homeostasis, has been shown to decrease glucagon expression and
secretion in a mechanism dependent on Foxo1 phosphorylation [38], a process which leads
Foxo1 to be excluded from the nucleus and therefore inactivated [39]. Thus, we speculate
that there may be a connection between the decrease in Foxo1 expression and the decline
in glucagon secretion in response to BPS and BPF treatment at least at 10 nM and 100 nM
doses, respectively. Remarkably, BPF also promoted a decline in the expression of the Arx
gene. This is of relevance as Arx is an important transcription factor that is critical in the
differentiation of α-cells. In addition, it has been demonstrated that the ablation of Arx
results in a loss of α-cells and a concomitant increase in β and δ cells [40–43], which may
indicate that a lower expression of Arx might be connected with a decrease in the number
and/or function of α-cells. Whether this is the case in BPF-treated αTC1-9 cells merits
further investigation.

BPA, like BPS and BPF, also promoted a decline in glucagon secretion, which was
significant at 10 nM concentration, and manifested a consistent tendency toward dimin-
ished secretion at 100 nM and 1 µM concentrations. This effect was accompanied by
downregulated mRNA levels of the glucagon gene at 100 nM and 1 µM BPA doses. In
line with this, previous findings from our lab revealed that low doses of BPA can suppress
low glucose-induced intracellular Ca2+ oscillations in α-cells, a signal which is key for
triggering glucagon secretion [44].

Unlike what has been previously described for BPS and BPF, no major effects on Foxo1
or Arx transcript levels were found in response to BPA treatment. However, MafB gene
expression in BPA-treated cells was found to be altered. MafB is a transcription factor ex-
pressed in both pancreatic α and β-cells in the embryonic pancreas but becomes exclusively
restricted to α-cells in the adult pancreas. Besides its importance in α-cell development,
MafB has also been reported to promote glucagon gene expression and be important for
the functional maintenance of adult α-cells [45,46]. Here, we found that BPA (100 nM)
treatment led to enhanced MafB expression, which might be a compensatory response to
the downregulation of mRNA glucagon level found at the same BPA concentration, while
at 1 µM both Gcg and MafB expression levels were decreased.

Interestingly, when αTC1-9 cells were exposed to either DEHP or CdCl2, a marked
decline in pancreatic α-cell function was also found, although higher doses were needed for
DEHP to impair glucagon secretion. In contrast with bisphenols, the reduction in glucagon
release was not accompanied by changes in the gene expression profile except for a slight
increase in glucagon mRNA levels in the DEHP-treated cells.
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In the case of DDE, the most significant effect was a dramatic reduction in mRNA
levels of the Glut1 gene, which was significant at all doses tested. Contrary to what might be
expected, this was not accompanied by important changes in glucagon secretion except for
a slight decrease at 1 nM DDE. This could be because, although Glut 1 has been traditionally
considered the main glucose transporter in α-cells [47], the sodium–glucose transporters
1 and 2 (SGLT1 and SGLT2) have also been shown to be present in α-cells [48]. Recent
findings have found that canagliflozin, an inhibitor of SGLT1, repressed glucagon secretion
in αTC1-9 cells in a mechanism dependent on glucose transport and intracellular Ca2+

increase. In addition, a correlation between SGLT1 mRNA levels and glucagon release
was reported. On the contrary, the inhibition of Glut1 by phloretin resulted in enhanced
glucagon secretion in mouse islets, indicating that Glut 1 and SGLT1 may regulate glucagon
release oppositely [49]. It remains unclear whether or not DDE may also modulate SGLT1
expression and if the final effect on glucagon release depends on the joint action of both
transporters. In addition, it should be noted that modulation of the intracellular sodium
level also seems to be important for glucagon secretion [50,51] and, therefore, not only
glucose uptake regulation must be taken into account.

At the functional level, we found that bisphenols, DEHP, and CdCl2, at environmen-
tally relevant doses, can promote an impairment in the glucose-induced glucagon-secretion
process. To the best of our knowledge, this is the first study to evaluate the direct effects of
MDCs on α-cell secretion. Using an in vitro cellular model, we performed a screen to search
for individual chemical effects on α-cell physiology. The model, the αTC1-9 cell line, is not
exempt from certain limitations, as it is a 2D rodent cellular model, and therefore, it cannot
accurately represent the cellular proximity and anatomical structure arrangement within
the islets of Langerhans. Nevertheless, it should be emphasized that 2D in vitro models
constitute a particularly suitable approach for systematic and reproducible studies on
specific cell types, especially for chemical testing. In addition, they represent an animal-free
tool that is more cost-effective and easier to handle compared to 3D cell culture or animal
models. As such, we believe that the current system offers a rapid assay platform for MDCs
as a first-line screening of pancreatic α-cell biology.

Despite its obvious importance, there is a compelling need for further chemical testing
as a second step under in vivo assays. To date, in vivo studies interrogating the impact
of MDCs on α-cell physiology are still scarce, and in most cases, they draw contradictory
conclusions. The discrepancy between studies may be attributed to different timings
of exposure, dosing, and species-specificity, among other factors. For example, some
investigations have shown that male zebrafish exposed to BPS for 28 d exhibited decreased
glucagon gene expression [52], as was the case in flatfish treated with PFOS for 96 h [53]. In
line with this, MEHP, a bioactive metabolite of DEHP, promoted decreased α-cell area in
zebrafish embryos [54]. On the contrary, developmental exposure to BPA in mice resulted
in increased glucagon expression and number of α-cells [55], while other authors did
not find any effect on α-cell mass in the BPA-treated offspring [56]. Decreased α-cell
proportion was observed in adult BPA-treated rats [57]. Glucagon levels were not found
to be significantly changed either in response to DEHP [58,59], PFOS [60], or CdCl2 [61]
treatment. Nevertheless, as previously mentioned, studies are limited, and the in vivo
investigation needs to be further extended.

Another major question that warrants further investigation is the combined effects of
MDCs since in “real-life” multi-chemical exposure occurs simultaneously. This is necessary
but at the same time challenging as it will require the identification of the most representa-
tive chemical mixtures to which humans are exposed to. Nevertheless, considering that the
effects of individual MDCs have been demonstrated to promote metabolic disorders, the
effects of chemical mixtures should also be explored. Up to date a limited number of studies
have addressed this aspect. As an example, a recent study conducted by Rahman and
collaborators has found that the combined exposure to BPA and seven phthalates (including
DEHP, DBP, benzyl butyl phthalate [BBP], diethylphthalate [DEP], di-n-octyl phthalate
[DNOP], diisodecyl phthalate [DIDP], and DINP) in male mice, at environmentally relevant
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doses, led to steatohepatitis, hepatic fibrosis, and altered liver function, despite the fact that
the individual chemicals did not promote detrimental effects [62].

Previous work from our group has demonstrated that most of the assayed chemicals
also display direct and detrimental effects in both murine and human pancreatic β-cells [63].
In particular, we found that BPA, BPS, DEHP, PFOS, and CdCl2 were able to impair glucose-
stimulated insulin secretion, insulin content, gene expression profile, and/or electrical
activity in β-cells and that the effects were in general agreement with those described under
in vivo conditions [63]. This is important if we consider that glucose homeostasis critically
depends on the coordinated action of both pancreatic β and α-cells. The fact that these
chemical compounds can alter the biology of both cellular systems highlights the significant
harmful impact they can exert on glucose metabolism and, therefore, in the aetiology of
metabolic disorders.

4. Conclusions

In recent decades, considerable research has been conducted to identify and under-
stand the mechanisms underlying the adverse actions of EDCs. However, the scope of
the findings made has been mainly limited to environmental chemicals with oestrogenic,
androgenic, or steroidogenic activity, and comparatively, fewer studies have addressed
other endocrine pathways. Of special interest are endocrine modalities with metabolic
competence, as metabolism disorders have emerged as an important global health problem.
Considering this, the impairment of metabolic pathways affecting the functional capacity
of the endocrine pancreas is key. To date, a number of studies have explored the impact
of MDCs on pancreatic β-cell function; however, little is known about the ability of these
compounds to disrupt pancreatic α-cell biology, despite this cellular type playing a critical
role in the maintenance of glucose homeostasis. The present study tries to shed some light
on this aspect. The work highlights that most of the selected MDCs, at doses relevant to
human exposure, have a moderate impact on α-cell viability but deleterious effects on
glucagon secretion and gene-expression profile patterns. Our study also establishes the
pancreatic α-cell line αTC1-9 as a potential tool for in vitro screening to identify MDCs that
can directly affect pancreatic α-cells and, to elucidate the potential molecular mechanisms
of these environmental pollutants. This latest aspect is particularly relevant as, to date, the
pancreatic α-cell system is not covered by the current bioassay tests implemented by the
European Union for regulatory purposes [19,64].

5. Material and Methods
5.1. Chemicals

BPA (Cat. No. 239658), BPS (Cat. No. 103039), BPF (Cat. No. B47006), DEHP (Cat. No.
36735), PFOS (Cat. No. 77283), CdCl2 (Cat. No. 202908), and DDE (Cat. No. 35487) were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). All the chemicals were dissolved
in dimethyl sulfoxide (DMSO) to prepare the stock solution, except for CdCl2, which was
dissolved in water.

5.2. Cell Culture

αTC1-9 cells (American Type Cultures Collection (ATCC) CRL-2350; Barcelona, Spain)
were cultured and passaged as previously described [22]. Briefly, cells were cultured in
DMEM without phenol red (Sigma-Aldrich, Saint Louis, MO, USA) containing 16 mM
glucose, 19 mM NaHCO3, 15 mM HEPES, 2 mM L-glutamine (Gibco, Paisley, UK), 0.1 mM
non-essential amino acids (Gibco, NY, USA), 100 units/mL penicillin and 100 µg/mL
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), and 10% fetal bovine serum
(FBS) (HyClone, GE Healthcare Life Sciences, Logan, UT, USA). For EDC treatment, FBS
was replaced by charcoal dextran-treated FBS (HyClone, GE Healthcare Life Sciences,
Logan, Utah, USA). Cells were incubated at 37 ◦C in 95% humidified air and 5% CO2 and
discarded after passage 25.
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5.3. Cell Viability

αTC1-9 cells were seeded at a density of 25 × 103 cells per well in black 96-well plates
(Corning Incorporated, Kennebunk, ME, USA) 72-96 h before the treatment. Then, the
medium was replaced, and cells were treated with the different MDCs for 24, 48, or 72 h,
as indicated in the figure legends. Medium was replaced every 24 h. Cell viability was
measured by using a combination of three different indicator dyes: RZ (Thermo Fisher
Scientific, Waltham, MA, USA), NR (Sigma-Aldrich, Saint Louis, MO, USA), and CFDA-AM
(Thermo Fisher Scientific, Waltham, MA, USA). After the incubation period, cells were
washed with phosphate-buffered saline (PBS). Then, cells were treated with a solution
containing RZ (5% v/v) and CFDA-AM (4 µM) prepared in serum-free DMEM for 40 min.
Fluorescence was measured using a fluorescence plate reader (POLARstar Omega, BMG
Labtech). RZ is converted by dehydrogenase activity into resorufin (excitation 530–570 nm,
emission 590-620 nm); CFDA-AM is cleaved by esterases and retained in the cells with
intact membranes as a fluorescent product (excitation 485 nm, emission 520 nm). After
the incubation period, solution containing RZ and CFDA-AM dye was removed, and
cells were rinsed with PBS. Then, cells were incubated with NR solution for 2 h (0.005%
w/v). NR dye solution was aspirated from the wells, and NR destaining solution (1%
acetic acid–50% ethanol) was added after the cells were rinsed twice with PBS. NRU was
quantified by measuring absorbance at 540 and 690 nm (background) using a microplate
reader (Biotek EON). 10% DMSO was used as positive control for cellular damage. The
results are expressed as percentages (%) of the readings in the control wells.

5.4. Gene Expression

Cells were seeded in 24-well plates at a density of 150–200 × 103 cells/well. RNA was
extracted using a commercial kit (Extractme RNA & DNA Kit; Blirt, Poland) according to the
manufacturer’s instructions. After completing the extraction process, the RNA was reverse-
transcribed using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA). Quantitative PCR assays were performed using the CFX96 Real
Time System (Bio-Rad Laboratories, Hercules, CA, USA). Amplification reactions were
carried out in medium containing a 200 nM concentration of each primer, 1µL of cDNA,
and IQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA). Primers were
designed between exons to avoid genomic cross-reaction. Samples were subjected to the
following conditions: 30 s at 95 ◦C, 45 cycles (5 s at 95 ◦C, 5 s at 60 ◦C, and 10 s at 72 ◦C) and
a melting curve of 65–95 ◦C. The resulting values were analysed with the CFX96 Real-Time
System (Bio-Rad Laboratories, Hercules, CA, USA) and were expressed relative to the
control values (2 − ∆∆CT). Measurements were performed in duplicate and normalized
against the geometric mean of the three housekeeping genes Actb, Hprt, and Gapdh. The
primers used herein are listed in Supplemental Table S3.

5.5. Glucagon-Secretion Measurement

αTC1-9 cells were seeded in 24-well plates at a density of 125 × 103 cells per well
72–96 h before the treatment. Cells were treated with the different EDCs for 24 h. After the
treatment period, cells were preincubated with modified Krebs–Ringer medium containing
120 mM NaCl, 5.4 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 20 mM HEPES, 2.4 mM
CaCl2, 5.6 mM glucose, and 0.1% BSA, pH 7.4 at 37 ◦C for 2 h. Then, cells were washed
with Krebs (0 mM glucose) and incubated with Krebs–Ringer medium (0.5 mM glucose)
for 30 min. Cells were washed again with Krebs without glucose and then incubated with
16 mM glucose for 30 min, or 0.5 mM glucose + 10 nM insulin. Supernatants were collected
and used to measure glucagon secretion using ELISA (Mercodia, Uppsala, Sweden). To
measure glucagon release, aprotinin (20 mg/L) (Sigma-Aldrich, Saint Louis, MO, USA)
was included in all media. The total protein concentration was analysed using the Bradford
dye method. Glucagon secretion was normalized by protein content and expressed as
percentage of control 0.5 mM glucose.
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5.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7.0 software (GraphPad
Software, Inc., San Diego, CA, USA). Data are expressed as the mean ± SEM. To examine
differences between groups, one-way ANOVA followed by Dunnett’s post hoc test or
Student’s t-test was used when appropriate. When data did not pass the parametric test,
Kruskal–Wallis followed by post hoc Dunn’s multiple comparison test was used. Statistical
significance was set at p < 0.05 for all the analyses.

The results presented here have been obtained in the framework of the OBERON
project, a project funded by the European Union’s Horizon 2020 Research and Innovation
programme with the main goal of developing experimental methods for EDC assessment
in relation to metabolic disorders and supporting the OECD conceptual framework for
testing and assessment of EDCs.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24021044/s1.

Author Contributions: Conceptualization, R.A.-A., H.F. and P.A.-M.; formal analysis, R.A.-A., H.F.,
T.B.-B., S.S., I.Q. and P.A.-M.; investigation, R.A.-A., H.F., T.B.-B. and P.A.-M.; resources, P.A.-M.
and I.Q.; writing—original draft preparation, P.A.-M.; writing—review and editing, R.A.-A., H.F.,
T.B.-B., S.S., I.Q. and P.A.-M.; visualization, R.A.-A., H.F., T.B.-B., S.S., I.Q. and P.A.-M.; supervision,
P.A.-M.; funding acquisition, P.A.-M. All authors have read and agreed to the published version of
the manuscript.

Funding: This study received funding from the European Union’s Horizon 2020 Research and Innova-
tion programme under Grant agreement no. 825712 (OBERON) project and Generalitat Valenciana:
PROMETEO/2020/006 grant. The author’s laboratory also holds grant PID2020-113112RB-I00 funded
by MCIN/AEI/10.13039/501100011033. CIBERDEM is an initiative of the Instituto de Salud Carlos III.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank M. L. Navarro and S. Ramon (IDiBE, Universidad Miguel
Hernández) for their excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nadal, A.; Quesada, I.; Soria, B. Homologous and heterologous asynchronicity between identified alpha-, beta- and delta-cells

within intact islets of Langerhans in the mouse. J. Physiol. 1999, 517 Pt 1, 85–93. [CrossRef]
2. Quesada, I.; Todorova, M.G.; Soria, B. Different metabolic responses in alpha-, beta-, and delta-cells of the islet of Langerhans

monitored by redox confocal microscopy. Biophys. J. 2006, 90, 2641–2650. [CrossRef]
3. Thorel, F.; Nepote, V.; Avril, I.; Kohno, K.; Desgraz, R.; Chera, S.; Herrera, P.L. Conversion of adult pancreatic alpha-cells to

beta-cells after extreme beta-cell loss. Nature 2010, 464, 1149–1154. [CrossRef]
4. Collombat, P.; Xu, X.; Ravassard, P.; Sosa-Pineda, B.; Dussaud, S.; Billestrup, N.; Madsen, O.D.; Serup, P.; Heimberg, H.; Mansouri,

A. The ectopic expression of Pax4 in the mouse pancreas converts progenitor cells into alpha and subsequently beta cells. Cell
2009, 138, 449–462. [CrossRef]

5. Longuet, C.; Robledo, A.M.; Dean, E.D.; Dai, C.; Ali, S.; McGuinness, I.; de Chavez, V.; Vuguin, P.M.; Charron, M.J.; Powers,
A.C.; et al. Liver-specific disruption of the murine glucagon receptor produces alpha-cell hyperplasia: Evidence for a circulating
alpha-cell growth factor. Diabetes 2013, 62, 1196–1205. [CrossRef]

6. Okamoto, H.; Kim, J.; Aglione, J.; Lee, J.; Cavino, K.; Na, E.; Rafique, A.; Kim, J.H.; Harp, J.; Valenzuela, D.M.; et al. Glucagon
Receptor Blockade With a Human Antibody Normalizes Blood Glucose in Diabetic Mice and Monkeys. Endocrinology 2015, 156,
2781–2794. [CrossRef]

7. Muller, T.D.; Finan, B.; Clemmensen, C.; DiMarchi, R.D.; Tschop, M.H. The New Biology and Pharmacology of Glucagon. Physiol.
Rev. 2017, 97, 721–766. [CrossRef]

8. Hayashi, Y.; Yamamoto, M.; Mizoguchi, H.; Watanabe, C.; Ito, R.; Yamamoto, S.; Sun, X.Y.; Murata, Y. Mice deficient for glucagon
gene-derived peptides display normoglycemia and hyperplasia of islet {alpha}-cells but not of intestinal L-cells. Mol. Endocrinol.
2009, 23, 1990–1999. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24021044/s1
https://www.mdpi.com/article/10.3390/ijms24021044/s1
http://doi.org/10.1111/j.1469-7793.1999.0085z.x
http://doi.org/10.1529/biophysj.105.069906
http://doi.org/10.1038/nature08894
http://doi.org/10.1016/j.cell.2009.05.035
http://doi.org/10.2337/db11-1605
http://doi.org/10.1210/en.2015-1011
http://doi.org/10.1152/physrev.00025.2016
http://doi.org/10.1210/me.2009-0296


Int. J. Mol. Sci. 2023, 24, 1044 17 of 19

9. Kilimnik, G.; Kim, A.; Steiner, D.F.; Friedman, T.C.; Hara, M. Intraislet production of GLP-1 by activation of prohormone
convertase 1/3 in pancreatic alpha-cells in mouse models of ss-cell regeneration. Islets 2010, 2, 149–155. [CrossRef]

10. Muller, T.D.; Finan, B.; Bloom, S.R.; D’Alessio, D.; Drucker, D.J.; Flatt, P.R.; Fritsche, A.; Gribble, F.; Grill, H.J.; Habener, J.F.; et al.
Glucagon-like peptide 1 (GLP-1). Mol. Metab. 2019, 30, 72–130.

11. Rodriguez-Diaz, R.; Tamayo, A.; Hara, M.; Caicedo, A. The Local Paracrine Actions of the Pancreatic alpha-Cell. Diabetes 2020, 69,
550–558. [CrossRef]

12. Holter, M.M.; Saikia, M.; Cummings, B.P. Alpha-cell paracrine signaling in the regulation of beta-cell insulin secretion. Front.
Endocrinol. 2022, 13, 934775. [CrossRef]

13. Cryer, P.E. Minireview: Glucagon in the pathogenesis of hypoglycemia and hyperglycemia in diabetes. Endocrinology 2012, 153,
1039–1048. [CrossRef]

14. Gore, A.C.; Chappell, V.A.; Fenton, S.E.; Flaws, J.A.; Nadal, A.; Prins, G.S.; Toppari, J.; Zoeller, R.T. EDC-2: The Endocrine
Society’s Second Scientific Statement on Endocrine-Disrupting Chemicals. Endocr. Rev. 2015, 36, E1–E150.

15. Alonso-Magdalena, P.; Quesada, I.; Nadal, A. Endocrine disruptors in the etiology of type 2 diabetes mellitus. Nat. Rev. Endocrinol.
2011, 7, 346–353. [CrossRef]

16. Nadal, A.; Quesada, I.; Tuduri, E.; Nogueiras, R.; Alonso-Magdalena, P. Endocrine-disrupting chemicals and the regulation of
energy balance. Nat. Rev. Endocrinol. 2017, 13, 536–546. [CrossRef]

17. Heindel, J.J.; Blumberg, B.; Cave, M.; Machtinger, R.; Mantovani, A.; Mendez, M.A.; Nadal, A.; Palanza, P.; Panzica, G.; Sargis, R.;
et al. Metabolism disrupting chemicals and metabolic disorders. Reprod. Toxicol. 2017, 68, 3–33. [CrossRef]

18. Mimoto, M.S.; Nadal, A.; Sargis, R.M. Polluted Pathways: Mechanisms of Metabolic Disruption by Endocrine Disrupting
Chemicals. Curr. Environ. Health Rep. 2017, 4, 208–222. [CrossRef]

19. Audouze, K.; Sarigiannis, D.; Alonso-Magdalena, P.; Brochot, C.; Casas, M.; Vrijheid, M.; Babin, P.J.; Karakitsios, S.; Coumoul, X.;
Barouki, R. Integrative Strategy of Testing Systems for Identification of Endocrine Disruptors Inducing Metabolic Disorders-An
Introduction to the OBERON Project. Int. J. Mol. Sci. 2020, 21, 2988. [CrossRef]

20. Sangan, C.B.; Jover, R.; Heimberg, H.; Tosh, D. In vitro reprogramming of pancreatic alpha cells towards a beta cell phenotype
following ectopic HNF4alpha expression. Mol. Cell. Endocrinol. 2015, 399, 50–59. [CrossRef]

21. Powers, A.C.; Efrat, S.; Mojsov, S.; Spector, D.; Habener, J.F.; Hanahan, D. Proglucagon processing similar to normal islets in
pancreatic alpha-like cell line derived from transgenic mouse tumor. Diabetes 1990, 39, 406–414. [CrossRef] [PubMed]

22. Vieira, E.; Marroqui, L.; Figueroa, A.L.; Merino, B.; Fernandez-Ruiz, R.; Nadal, A.; Burris, T.P.; Gomis, R.; Quesada, I. Involvement
of the clock gene Rev-erb alpha in the regulation of glucagon secretion in pancreatic alpha-cells. PLoS ONE 2013, 8, e69939.
[CrossRef] [PubMed]

23. Leclerc, I.; Sun, G.; Morris, C.; Fernandez-Millan, E.; Nyirenda, M.; Rutter, G.A. AMP-activated protein kinase regulates glucagon
secretion from mouse pancreatic alpha cells. Diabetologia 2011, 54, 125–134. [CrossRef] [PubMed]

24. Hamaguchi, K.; Leiter, E.H. Comparison of cytokine effects on mouse pancreatic alpha-cell and beta-cell lines. Viability, secretory
function, and MHC antigen expression. Diabetes 1990, 39, 415–425. [CrossRef] [PubMed]

25. Lawlor, N.; Youn, A.; Kursawe, R.; Ucar, D.; Stitzel, M.L. Alpha TC1 and Beta-TC-6 genomic profiling uncovers both shared and
distinct transcriptional regulatory features with their primary islet counterparts. Sci. Rep. 2017, 7, 11959. [CrossRef]

26. Quesada, I.; Tuduri, E.; Ripoll, C.; Nadal, A. Physiology of the pancreatic alpha-cell and glucagon secretion: Role in glucose
homeostasis and diabetes. J. Endocrinol. 2008, 199, 5–19. [CrossRef]

27. Berthault, C.; Staels, W.; Scharfmann, R. Purification of pancreatic endocrine subsets reveals increased iron metabolism in beta
cells. Mol. Metab. 2020, 42, 101060. [CrossRef]

28. Quoix, N.; Cheng-Xue, R.; Guiot, Y.; Herrera, P.L.; Henquin, J.C.; Gilon, P. The GluCre-ROSA26EYFP mouse: A new model for
easy identification of living pancreatic alpha-cells. FEBS Lett. 2007, 581, 4235–4240. [CrossRef]

29. Oropeza, D.; Cigliola, V.; Romero, A.; Chera, S.; Rodriguez-Segui, S.A.; Herrera, P.L. Stage-specific transcriptomic changes in
pancreatic alpha-cells after massive beta-cell loss. BMC Genom. 2021, 22, 585. [CrossRef]

30. Pullen, T.J.; Huising, M.O.; Rutter, G.A. Analysis of Purified Pancreatic Islet Beta and Alpha Cell Transcriptomes Reveals
11beta-Hydroxysteroid Dehydrogenase (Hsd11b1) as a Novel Disallowed Gene. Front. Genet. 2017, 8, 41. [CrossRef]

31. Liu, D. Resazurin reduction method for activated sludge process control. Environ. Sci. Technol. 1983, 17, 407–411. [CrossRef]
[PubMed]

32. McNicholl, B.P.; McGrath, J.W.; Quinn, J.P. Development and application of a resazurin-based biomass activity test for activated
sludge plant management. Water Res. 2007, 41, 127–133. [CrossRef] [PubMed]

33. González-Pinzón, R.; Haggerty, R.; Myrold, D.D. Measuring aerobic respiration in stream ecosystems using the resazurin-resorufin
system. J. Geophys. Res. 2012, 117. [CrossRef]

34. Marroqui, L.; Masini, M.; Merino, B.; Grieco, F.A.; Millard, I.; Dubois, C.; Quesada, I.; Marchetti, P.; Cnop, M.; Eizirik, D.L.
Pancreatic alpha Cells are Resistant to Metabolic Stress-induced Apoptosis in Type 2 Diabetes. eBioMedicine 2015, 2, 378–385.
[CrossRef] [PubMed]

35. Ellingsgaard, H.; Ehses, J.A.; Hammar, E.B.; Van Lommel, L.; Quintens, R.; Martens, G.; Kerr-Conte, J.; Pattou, F.; Berney, T.;
Pipeleers, D.; et al. Interleukin-6 regulates pancreatic alpha-cell mass expansion. Proc. Natl. Acad. Sci. USA 2008, 105, 13163–13168.
[CrossRef] [PubMed]

http://doi.org/10.4161/isl.2.3.11396
http://doi.org/10.2337/dbi19-0002
http://doi.org/10.3389/fendo.2022.934775
http://doi.org/10.1210/en.2011-1499
http://doi.org/10.1038/nrendo.2011.56
http://doi.org/10.1038/nrendo.2017.51
http://doi.org/10.1016/j.reprotox.2016.10.001
http://doi.org/10.1007/s40572-017-0137-0
http://doi.org/10.3390/ijms21082988
http://doi.org/10.1016/j.mce.2014.09.009
http://doi.org/10.2337/diab.39.4.406
http://www.ncbi.nlm.nih.gov/pubmed/2156740
http://doi.org/10.1371/journal.pone.0069939
http://www.ncbi.nlm.nih.gov/pubmed/23936124
http://doi.org/10.1007/s00125-010-1929-z
http://www.ncbi.nlm.nih.gov/pubmed/20938634
http://doi.org/10.2337/diab.39.4.415
http://www.ncbi.nlm.nih.gov/pubmed/2108069
http://doi.org/10.1038/s41598-017-12335-1
http://doi.org/10.1677/JOE-08-0290
http://doi.org/10.1016/j.molmet.2020.101060
http://doi.org/10.1016/j.febslet.2007.07.068
http://doi.org/10.1186/s12864-021-07812-x
http://doi.org/10.3389/fgene.2017.00041
http://doi.org/10.1021/es00113a009
http://www.ncbi.nlm.nih.gov/pubmed/22239191
http://doi.org/10.1016/j.watres.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17113621
http://doi.org/10.1029/2012JG001965
http://doi.org/10.1016/j.ebiom.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/26137583
http://doi.org/10.1073/pnas.0801059105
http://www.ncbi.nlm.nih.gov/pubmed/18719127


Int. J. Mol. Sci. 2023, 24, 1044 18 of 19

36. Diao, J.; Allister, E.M.; Koshkin, V.; Lee, S.C.; Bhattacharjee, A.; Tang, C.; Giacca, A.; Chan, C.B.; Wheeler, M.B. UCP2 is highly
expressed in pancreatic alpha-cells and influences secretion and survival. Proc. Natl. Acad. Sci. USA 2008, 105, 12057–12062.
[CrossRef]

37. McKinnon, C.M.; Ravier, M.A.; Rutter, G.A. FoxO1 is required for the regulation of preproglucagon gene expression by insulin in
pancreatic alphaTC1-9 cells. J. Biol. Chem. 2006, 281, 39358–39369. [CrossRef]

38. Goncz, E.; Strowski, M.Z.; Grotzinger, C.; Nowak, K.W.; Kaczmarek, P.; Sassek, M.; Mergler, S.; El-Zayat, B.F.; Theodoropoulou, M.;
Stalla, G.K.; et al. Orexin-A inhibits glucagon secretion and gene expression through a Foxo1-dependent pathway. Endocrinology
2008, 149, 1618–1626. [CrossRef]

39. Zhang, X.; Gan, L.; Pan, H.; Guo, S.; He, X.; Olson, S.T.; Mesecar, A.; Adam, S.; Unterman, T.G. Phosphorylation of serine 256
suppresses transactivation by FKHR (FOXO1) by multiple mechanisms. Direct and indirect effects on nuclear/cytoplasmic
shuttling and DNA binding. J. Biol. Chem. 2002, 277, 45276–45284. [CrossRef]

40. Collombat, P.; Mansouri, A.; Hecksher-Sorensen, J.; Serup, P.; Krull, J.; Gradwohl, G.; Gruss, P. Opposing actions of Arx and Pax4
in endocrine pancreas development. Genes Dev. 2003, 17, 2591–2603. [CrossRef]

41. Hancock, A.S.; Du, A.; Liu, J.; Miller, M.; May, C.L. Glucagon deficiency reduces hepatic glucose production and improves glucose
tolerance in adult mice. Mol. Endocrinol. 2010, 24, 1605–1614. [CrossRef] [PubMed]

42. Collombat, P.; Hecksher-Sorensen, J.; Broccoli, V.; Krull, J.; Ponte, I.; Mundiger, T.; Smith, J.; Gruss, P.; Serup, P.; Mansouri, A. The
simultaneous loss of Arx and Pax4 genes promotes a somatostatin-producing cell fate specification at the expense of the alpha-
and beta-cell lineages in the mouse endocrine pancreas. Development 2005, 132, 2969–2980. [CrossRef]

43. Mastracci, T.L.; Wilcox, C.L.; Arnes, L.; Panea, C.; Golden, J.A.; May, C.L.; Sussel, L. Nkx2.2 and Arx genetically interact to
regulate pancreatic endocrine cell development and endocrine hormone expression. Dev. Biol. 2011, 359, 1–11. [CrossRef]

44. Alonso-Magdalena, P.; Laribi, O.; Ropero, A.B.; Fuentes, E.; Ripoll, C.; Soria, B.; Nadal, A. Low doses of bisphenol A and
diethylstilbestrol impair Ca2+ signals in pancreatic alpha-cells through a nonclassical membrane estrogen receptor within intact
islets of Langerhans. Environ. Health Perspect. 2005, 113, 969–977. [CrossRef] [PubMed]

45. Artner, I.; Le Lay, J.; Hang, Y.; Elghazi, L.; Schisler, J.C.; Henderson, E.; Sosa-Pineda, B.; Stein, R. MafB: An activator of the
glucagon gene expressed in developing islet alpha- and beta-cells. Diabetes 2006, 55, 297–304. [CrossRef] [PubMed]

46. Katoh, M.C.; Jung, Y.; Ugboma, C.M.; Shimbo, M.; Kuno, A.; Basha, W.A.; Kudo, T.; Oishi, H.; Takahashi, S. MafB Is Critical for
Glucagon Production and Secretion in Mouse Pancreatic alpha Cells In Vivo. Mol. Cell. Biol. 2018, 38, e00504-17. [CrossRef]

47. Heimberg, H.; De Vos, A.; Pipeleers, D.; Thorens, B.; Schuit, F. Differences in glucose transporter gene expression between rat
pancreatic alpha- and beta-cells are correlated to differences in glucose transport but not in glucose utilization. J. Biol. Chem. 1995,
270, 8971–8975. [CrossRef]

48. Bonner, C.; Kerr-Conte, J.; Gmyr, V.; Queniat, G.; Moerman, E.; Thevenet, J.; Beaucamps, C.; Delalleau, N.; Popescu, I.; Malaisse,
W.J.; et al. Inhibition of the glucose transporter SGLT2 with dapagliflozin in pancreatic alpha cells triggers glucagon secretion.
Nat. Med. 2015, 21, 512–517. [CrossRef]

49. Suga, T.; Kikuchi, O.; Kobayashi, M.; Matsui, S.; Yokota-Hashimoto, H.; Wada, E.; Kohno, D.; Sasaki, T.; Takeuchi, K.; Kakizaki,
S.; et al. SGLT1 in pancreatic alpha cells regulates glucagon secretion in mice, possibly explaining the distinct effects of SGLT2
inhibitors on plasma glucagon levels. Mol. Metab. 2019, 19, 1–12. [CrossRef]

50. Kalkhoff, R.K.; Siegesmund, K.A. Fluctuations of calcium, phosphorus, sodium, potassium, and chlorine in single alpha and beta
cells during glucose perifusion of rat islets. J. Clin. Investig. 1981, 68, 517–524. [CrossRef]

51. Knudsen, J.G.; Hamilton, A.; Ramracheya, R.; Tarasov, A.I.; Brereton, M.; Haythorne, E.; Chibalina, M.V.; Spegel, P.; Mulder,
H.; Zhang, Q.; et al. Dysregulation of Glucagon Secretion by Hyperglycemia-Induced Sodium-Dependent Reduction of ATP
Production. Cell Metab. 2019, 29, 430–442.e4. [CrossRef] [PubMed]

52. Zhao, F.; Jiang, G.; Wei, P.; Wang, H.; Ru, S. Bisphenol S exposure impairs glucose homeostasis in male zebrafish (Danio rerio).
Ecotoxicol. Environ. Saf. 2018, 147, 794–802. [CrossRef] [PubMed]

53. Zhang, L.; Sun, W.; Chen, H.; Zhang, Z.; Cai, W. Transcriptomic Changes in Liver of Juvenile Cynoglossus semilaevis following
Perfluorooctane Sulfonate Exposure. Environ. Toxicol. Chem. 2020, 39, 556–564. [CrossRef]

54. Jacobs, H.M.; Sant, K.E.; Basnet, A.; Williams, L.M.; Moss, J.B.; Timme-Laragy, A.R. Embryonic exposure to Mono(2-ethylhexyl)
phthalate (MEHP) disrupts pancreatic organogenesis in zebrafish (Danio rerio). Chemosphere 2018, 195, 498–507. [CrossRef]

55. Whitehead, R.; Guan, H.; Arany, E.; Cernea, M.; Yang, K. Prenatal exposure to bisphenol A alters mouse fetal pancreatic
morphology and islet composition. Horm. Mol. Biol. Clin. Investig. 2016, 25, 171–179. [CrossRef] [PubMed]

56. Bansal, A.; Li, C.; Xin, F.; Duemler, A.; Li, W.; Rashid, C.; Bartolomei, M.S.; Simmons, R.A. Transgenerational effects of maternal
bisphenol: A exposure on offspring metabolic health. J. Dev. Orig. Health Dis. 2019, 10, 164–175. [CrossRef]

57. Morsi, A.A.; Mersal, E.A.; Alsabih, A.O.; Abdelmoneim, A.M.; Sakr, E.M.; Alakabawy, S.; Elfawal, R.G.; Naji, M.; Aljanfawe, H.J.;
Alshateb, F.H.; et al. Apoptotic susceptibility of pancreatic alpha cells to environmentally relevant dose levels of bisphenol-A
versus dibutyl phthalate is mediated by HSP60/caspase-3 expression in male albino rats. Cell Biol. Int. 2022, 46, 2232–2245.
[CrossRef]

58. Lin, Y.; Wei, J.; Li, Y.; Chen, J.; Zhou, Z.; Song, L.; Wei, Z.; Lv, Z.; Chen, X.; Xia, W.; et al. Developmental exposure to di(2-ethylhexyl)
phthalate impairs endocrine pancreas and leads to long-term adverse effects on glucose homeostasis in the rat. Am. J. Physiol.
Endocrinol. Metab. 2011, 301, E527–E538. [CrossRef]

http://doi.org/10.1073/pnas.0710434105
http://doi.org/10.1074/jbc.M605022200
http://doi.org/10.1210/en.2007-1257
http://doi.org/10.1074/jbc.M208063200
http://doi.org/10.1101/gad.269003
http://doi.org/10.1210/me.2010-0120
http://www.ncbi.nlm.nih.gov/pubmed/20592160
http://doi.org/10.1242/dev.01870
http://doi.org/10.1016/j.ydbio.2011.08.001
http://doi.org/10.1289/ehp.8002
http://www.ncbi.nlm.nih.gov/pubmed/16079065
http://doi.org/10.2337/diabetes.55.02.06.db05-0946
http://www.ncbi.nlm.nih.gov/pubmed/16443760
http://doi.org/10.1128/MCB.00504-17
http://doi.org/10.1074/jbc.270.15.8971
http://doi.org/10.1038/nm.3828
http://doi.org/10.1016/j.molmet.2018.10.009
http://doi.org/10.1172/JCI110283
http://doi.org/10.1016/j.cmet.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30415925
http://doi.org/10.1016/j.ecoenv.2017.09.048
http://www.ncbi.nlm.nih.gov/pubmed/28946120
http://doi.org/10.1002/etc.4633
http://doi.org/10.1016/j.chemosphere.2017.12.094
http://doi.org/10.1515/hmbci-2015-0052
http://www.ncbi.nlm.nih.gov/pubmed/26812801
http://doi.org/10.1017/S2040174418000764
http://doi.org/10.1002/cbin.11909
http://doi.org/10.1152/ajpendo.00233.2011


Int. J. Mol. Sci. 2023, 24, 1044 19 of 19

59. Bastos Sales, L.; van Esterik, J.C.J.; Hodemaekers, H.M.; Lamoree, M.H.; Hamers, T.; van der Ven, L.T.M.; Legler, J. Analysis of
Lipid Metabolism, Immune Function, and Neurobehavior in Adult C57BL/6JxFVB Mice After Developmental Exposure to di
(2-ethylhexyl) Phthalate. Front. Endocrinol. 2018, 9, 684. [CrossRef]

60. Wan, H.T.; Cheung, L.Y.; Chan, T.F.; Li, M.; Lai, K.P.; Wong, C.K.C. Characterization of PFOS toxicity on in-vivo and ex-vivo
mouse pancreatic islets. Environ. Pollut. 2021, 289, 117857. [CrossRef]

61. Lin, Y.S.; Tsai, S.C.; Lin, H.C.; Hsiao, C.D.; Wu, S.M. Changes of glycogen metabolism in the gills and hepatic tissue of tilapia
(Oreochromis mossambicus) during short-term Cd exposure. Comp. Biochem. Physiol. Toxicol. Pharmacol. CBP 2011, 154, 296–304.
[CrossRef] [PubMed]

62. Rahman, M.S.; Pang, W.K.; Amjad, S.; Ryu, D.Y.; Adegoke, E.O.; Park, Y.J.; Pang, M.G. Hepatic consequences of a mixture of
endocrine-disrupting chemicals in male mice. J. Hazard. Mater. 2022, 436, 129236. [CrossRef] [PubMed]

63. Al-Abdulla, R.; Ferrero, H.; Soriano, S.; Boronat-Belda, T.; Alonso-Magdalena, P. Screening of Relevant Metabolism-Disrupting
Chemicals on Pancreatic beta-Cells: Evaluation of Murine and Human In Vitro Models. Int. J. Mol. Sci. 2022, 23, 4182. [CrossRef]
[PubMed]

64. OECD. Revised Guidance Document 150 on Standardised Test Guidelines for Evaluating Chemicals for Endocrine Disruption.
Available online: https://www.oecd-ilibrary.org/environment/revised-guidance-document-150-on-standardised-test-guidelines-
for-evaluating-chemicals-for-endocrine-disruption/introduction_9789264304741-1-en (accessed on 14 November 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fendo.2018.00684
http://doi.org/10.1016/j.envpol.2021.117857
http://doi.org/10.1016/j.cbpc.2011.06.014
http://www.ncbi.nlm.nih.gov/pubmed/21745594
http://doi.org/10.1016/j.jhazmat.2022.129236
http://www.ncbi.nlm.nih.gov/pubmed/35739755
http://doi.org/10.3390/ijms23084182
http://www.ncbi.nlm.nih.gov/pubmed/35457000
https://www.oecd-ilibrary.org/environment/revised-guidance-document-150-on-standardised-test-guidelines-for-evaluating-chemicals-for-endocrine-disruption/introduction_9789264304741-1-en
https://www.oecd-ilibrary.org/environment/revised-guidance-document-150-on-standardised-test-guidelines-for-evaluating-chemicals-for-endocrine-disruption/introduction_9789264304741-1-en

	Introduction 
	Results 
	Bisphenols Exert Detrimental Effects on Pancreatic -Cell Physiology 
	Di(2-ethylhexyl) Phthalate (DEHP) Impaired Pancreatic -Cell Function with No Major Changes in Cell Viability or Gene Expression 
	Perfluorooctanesulfonic Acid (PFOS) Did Not Compromise Pancreatic -Cell Function 
	Cadmium Chloride (CdCl2) Effects on Pancreatic -Cell Function and Viability 
	The Impact of Dichlorodiphenyldichloroethylene (DDE) on Pancreatic -Cell Physiology 

	Discussion 
	Conclusions 
	Material and Methods 
	Chemicals 
	Cell Culture 
	Cell Viability 
	Gene Expression 
	Glucagon-Secretion Measurement 
	Statistical Analysis 

	References

