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Abstract

Chronic exposure to inorganic arsenic (iAs), a common drinking water and food contaminant, has been associated with an
increased risk of type 2 diabetes in population studies worldwide. Several mechanisms underlying the diabetogenic effects of
iAs have been proposed through laboratory investigations. We have previously shown that exposure to arsenite (iAs(III)) or
its methylated trivalent metabolites, methylarsonite (MAs(III)) and dimethylarsinite (DM As(III)), inhibits glucose-stimulated
insulin secretion (GSIS) in pancreatic islets, without significant effects on insulin expression or insulin content. The goal of
the present study was to determine if iAs(III) and/or its metabolites inhibit Ca>* influx, an essential mechanism that regulates
the release of insulin from f cells in response to glucose. We found that in vitro exposures for 48 h to non-cytotoxic con-
centrations of iAs(IIT), MAs(III), and DMAs(III) impaired Ca’* influx in isolated murine pancreatic islets stimulated with
glucose. MAs(III) and DMASs(III) were more potent inhibitors of Ca’* influx than iAs(III). These arsenicals also inhibited
Ca®* influx and GSIS in islets treated with depolarizing levels of potassium chloride in the absence of glucose. Treatment
with Bay K8644, a Ca,1.2 channel agonist, did not restore insulin secretion in arsenical-exposed islets. Tolbutamide, a K yrp
channel blocker, prevented inhibition of insulin secretion in MAs(III)- and DMAs(III)-exposed islets, but only marginally in
islets exposed to 1As(III). Our findings suggest that iAs(IIl), MAs(III), and DM As(III) inhibit glucose-stimulated Ca* influx
in pancreatic islets, possibly by interfering with K,p and/or Ca, 1.2 channel function. Notably, the mechanisms underlying
inhibition of GSIS by iAs(III) may differ from those of its trivalent methylated metabolites.
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Introduction

Approximately 9% of the global population is diagnosed
with diabetes, a condition of chronic hyperglycemia (World
Health Organization 2016). The majority of these indi-
viduals have type 2 diabetes (T2D), which involves insulin
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resistance, a result of impaired insulin signaling in insulin-
sensitive tissues, followed by insufficient insulin secretion by
pancreatic p-cells (Prentki and Nolan 2006). The prevalence
of T2D is increasing and is expected to double in the next
20 years if current trends continue (Chen et al. 2012). While
obesity is a major factor in the rise of T2D, environmental
chemicals, termed “diabetogens”, have also been implicated
(Maull et al. 2012; Thayer et al. 2012).

Numerous epidemiological studies from populations
around the world have shown inorganic arsenic (iAs), a prev-
alent drinking water and food contaminant, to be a diabeto-
gen (Maull et al. 2012; Kuo et al. 2017). The pathogenesis
of iAs-associated diabetes is not well understood. We have
reported that human exposure to iAs is negatively associ-
ated with fasting plasma insulin and HOMA-IR (Del Razo
et al. 2011), suggesting that insulin secretion by the pancreas
may be the primary target for iAs. Several population stud-
ies that found iAs exposure to be associated with markers of
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impaired p-cell dysfunction, but not with insulin resistance
also support this mechanism (Del Razo et al. 2011; Gribble
et al. 2012; Peng et al. 2015; Rhee et al. 2013). However,
results of laboratory studies using animal and in vitro mod-
els suggest that exposure to trivalent iAs, arsenite (iAs(IIl)),
can impair both insulin secretion by pancreatic p-cells and
insulin signaling in glucose-utilizing tissues (Douillet et al.
2013; Fu et al. 2010; Paul et al. 2007; Zhang et al. 2017). In
addition, exposure to iAs has been shown to modify DNA
methylation and/or expression of T2D-associated genes in
both human population and laboratory models (Martin et al.
2017). Hence, the contributions of these mechanisms to the
pathogenesis of iAs-associated diabetes remain unclear.

Our lab has shown that in vitro exposure of isolated
murine pancreatic islets to iAs(III) and its trivalent methyl-
ated metabolites, methylarsonite (MAs(III)) and dimethyl-
arsinite (DMASs(III)), inhibited glucose-stimulated insulin
secretion (GSIS) without altering cell viability, insulin
content, or insulin gene expression (Douillet et al. 2013).
These findings indicate that arsenicals impair the process
of insulin secretion rather than insulin production. Further-
more, methylated trivalent metabolites of iAs(IIT), MAs(III)
and DMAs(III), were more potent inhibitors of GSIS in iso-
lated islets than iAs(II). Thus, the production of methylated
metabolites in the pathway of iAs metabolism is likely to
play an important role in etiology of iAs-associated diabetes.
Yet, the exact mechanisms by which these arsenicals impair
GSIS have never been systematically investigated.

Glucose is the primary stimulus for the secretion of insu-
lin by pancreatic p-cells. Upon entry into the f-cell, glucose
is metabolized through glycolysis and downstream ATP-
producing pathways, including the Krebs cycle and oxida-
tive phosphorylation. The generation of ATP leads to the
closure of ATP-dependent potassium (K ,pp) channels, spe-
cifically K|z6.1 or K;z6.2 channels, causing depolarization
of the cell membrane. Depolarization initiates the opening
of voltage-gated calcium channels, primarily L-type chan-
nels (Ca,1.2) (Wiser et al. 1999; Barg et al. 2001), leading
to an increase in intracellular Ca**. Ca*" then activates the
exocytotic machinery, enabling fusion of insulin granules
with the plasma membrane and the release of insulin into
the bloodstream. The fact that insulin secretion does not
occur when B-cells are stimulated with glucose in Ca**-free
medium strongly suggests that Ca** influx and insulin secre-
tion are tightly linked (Henquin 2000). Furthermore, inhibi-
tion of calcium channels with pharmacological agents also
inhibits GSIS (Wollheim and Sharp 1981).

In 2008, Diaz-Villasefior et al. reported that iAs(III)
decreased insulin secretion and glucose-stimulated Ca>*
influx in a rat insulinoma Rin-m5F f-cell line (Diaz-Vil-
lasefor et al. 2008). Our study builds on this finding, demon-
strating that (1) exposure to iAs(III) or its methylated metab-
olites inhibits glucose-stimulated Ca*" influx in isolated
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murine pancreatic islets, and that (2) K,pp and/or Ca,1.2
channels are likely targets of these arsenicals in f-cells.

Methods
Islet isolation and treatment

Pancreatic islets were isolated from adult C57BL/6 male
mice as previously described (Douillet et al. 2013). Briefly,
the pancreas was perfused and digested with 1 mg/ml col-
lagenase P (Roche Diagnostics Crop, Indianapolis, IN)
and islets were purified using a Ficoll PM-400 gradient
(GE Healthcare, Chicago, IL). After isolation, islets were
incubated overnight at 37 °C with 5% CO, in RPMI 1640
medium with 10% fetal bovine serum, 10 mM HEPES,
1 mM sodium pyruvate, 100 U/ml penicillin, and 100 pg/
ml streptomycin (all from Gibco, Waltham, MA). Islets
were exposed for 48 h to either iAs(IIl) (sodium arsen-
ite,>99% pure, Sigma-Aldrich, St. Louis, MO), MAs(III)
(methylarsine oxide,>98% pure), or DMAs(III) (iododi-
methylarsine, > 98% pure). The methylated arsenicals were
synthetized by Dr. William Cullen’s lab at the University of
British Columbia, Canada. Media were changed after 24 h
to minimize oxidation of trivalent arsenicals to pentavalency.

Measurement of intracellular calcium

Islets (~30—40/run) exposed to arsenicals and control (unex-
posed) islets were pre-incubated with 2 uM FURA-2AM
(Thermo Fisher Scientific) in the presence or absence of the
arsenicals for 30 min at 37 °C in KRP buffer (114 mM NaCl,
4.7 mM KCl, 1.2 mM KH,PO,, 1.16 mM MgSO,, 10 mM
HEPES, 2.5 mM CaCl,, 0.1% BSA, 25.5 mM NaHCO;, pH
7.2). The islets were then transferred to a Delta T live-cell
imaging flow chamber (Bioptechs) and perfused with the
same buffer containing 2.5 mM glucose for 5 min, followed
by buffer containing 16.7 mM glucose for 8 min at a flow
rate of 0.3 ml/min. The imaging chamber was maintained at
37 °C and 5% CO,. For each run, FURA-2 fluorescence at
520 nm wavelength following excitation with 340 nm (F340)
or 380 nm (F380) wavelengths (Semrock FURA2-C000
dichroic filter set) was captured every 6 s using an Olym-
pus IX81 inverted microscope and a Hamamatsu ORCA R2
cooled CCD camera. Camera exposure times were kept con-
sistent across runs within the day. Imaging was controlled by
Velocity (PerkinElmer, Coventry, England). The ratio (F340/
F380), a proxy for calcium concentrations, was calculated
for each run using ImagelJ. Ratio values were normalized
to (i.e., divided by) the average ratio value after 5 min in
2.5 mM glucose. After plotting ratio vs. time, the area under
the curve for 8 min, starting when 16.7 mM glucose/KCl
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entered the perfusion system, was calculated in Excel and
assessed for statistical significance.

Insulin secretion assay

Islets exposed to arsenicals or control islets (15 islets/well)
were transferred into 12-well culture plates containing a
glucose-free buffer (114 mM NaCl, 4.7 mM KCl, 1.2 mM
KH,PO,, 1.16 mM MgSO,, 20 mM HEPES, 2.5 mM CaCl,,
0.2% bovine serum albumin, and 25.5 mM NaHCO;, all
from Sigma-Aldrich, St. Louis, MO, pH 7.4) for 1 h at 37 °C
and 5% CO,, followed by a 1-h incubation with 2.5 mM
glucose (Sigma-Aldrich) and a 1-h incubation with 16.7 mM
glucose and/or insulin secretagogues (potassium chloride,
tolbutamide, and Bay K8644) (all from Sigma-Aldrich).
Medium from each incubation step was frozen and stored
for insulin analysis. Insulin concentrations were determined
using Rat/Mouse Insulin ELISA kit (MilliporeSigma, Burl-
ington, MA). Based on the manufacturer’s information, the
limit of sensitivity for this assay is 0.2 ng/mL (35 pM) using
a 10 pLL sample size.

Cell viability assay

After the 48-h exposure, control and exposed islets were
incubated in phenol-free RPMI islet medium with 0.5 mg/
ml MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide) for 1 h at 37 °C. The formed formazan was
dissolved in DMSO and absorbance read at 570 nm with a
background correction of 630 nm (Styblo et al. 2002).

Quantitative PCR

Total RNA was collected from islets (100/treatment) after
stimulation with 16.7 mM glucose using RNeasy kits (Qia-
gen, Valencia, CA) and analyzed by a Nanodrop 2000c spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA).
cDNA was prepared with the iScript cDNA synthesis kit
(Biorad, Hercules, CA). Gene expression was quantified
using PowerUp SYBR green master mix (Thermo Fisher
Scientific, Waltham, MA) and primers for the alpha subunit
in Ca, 1.2 channels, Cacnalc, and 18S, purchased through
Thermo Fisher Scientific (Waltham, MA). Primer sequences
for Cacnalc were CAGCCCAGAAAAGAAACAGG (for-
ward) and GGATTCTCCATCGGCTGTAA (reverse);
primer sequences for 18S were CGCGGTTCTATTTTGTTG
GT (forward) and AGTCGGCATCGTTTATGGTC (reverse)
(Santulli et al. 2015). Target gene expression was normalized
to the 18S gene. PCRs were performed in a LightCycler 480
II (Roche, Indianapolis, IN).

Statistical analysis

Data are presented as mean + SEM for multiple biologi-
cal replicates where one replicate represents islets isolated
from one mouse. Significance was determined using one-
way ANOVAs followed by post hoc Dunnett’s test compar-
ing samples treated with arsenicals to untreated controls.
Analyses were conducted in JMP (SAS Institute, RTP, NC).

Results
Effects of trivalent arsenicals on GSIS

Following the design of our published study (Douillet et al.
2013), we first re-examined the effects of trivalent arsenicals
on GSIS in isolated pancreatic islets. We confirmed that 48-h
exposures to 2 uM iAs(III), 0.5 uM MAs(III), and 0.5 pM
DMASs(III) significantly inhibit GSIS (Fig. 1a), but are not
cytotoxic to the islets (Fig. 1b).

Effects of trivalent arsenicals on calcium influx

Calcium influx was examined in islets exposed to a range
of iAs(IIT), MAs(IIT), and DMASs(III) concentrations and
in control, unexposed islets. Here, the FURA-2 signal was
measured in islets at 2.5 mM glucose followed by stimula-
tion with 16.7 mM (Fig. 2). In control islets, introduction
of 16.7 mM glucose into the flow system was followed by
a sharp increase in Ca®* influx that plateaued after around
3 min. Ca*" influx was inhibited in islets exposed to arseni-
cals as indicated by a smaller or delayed increase in the fluo-
rescent signal (Fig. 2a—c) and a smaller area under the curve
(Fig. 2d). The inhibition of Ca>" influx by the arsenicals did
not follow a typical dose—response pattern, but MAs(III)
was clearly the most potent inhibitor, significantly sup-
pressing Ca** influx at concentrations as low as 0.05 uM.
There were no differences in the intracellular Ca®* levels
between control and exposed islets prior to stimulation with
16.7 mM glucose. For subsequent experiments, we used con-
centrations of arsenicals that caused significant decreases in
intracellular calcium levels after stimulation with 16.7 mM
glucose.

Effects of trivalent arsenicals on Ca,1.2 channels

Inhibition of K,pp channels by increased levels of ATP
causes depolarization of the p-cell membrane, stimulat-
ing the opening of L-type voltage-gated calcium channels
(Ca,1.2) (Wiser et al. 1999; Barg et al. 2001). To deter-
mine if the inhibition of calcium influx by arsenicals was
due to inhibition of events upstream of membrane depo-
larization, we stimulated the islets with depolarizing levels
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Fig. 1 Glucose-stimulated insulin secretion in control islets and in
islets exposed to trivalent arsenicals. Isolated pancreatic islets were
exposed to arsenicals for 48 h and stimulated with 2.5 mM glucose
for 1 h followed by 16.7 mM glucose for 1 h. Islets incubated in As-
free medium for 48 h were used as controls. Insulin secretion (a) and

of potassium chloride (35 mM KCl) in the absence of glu-
cose. Treatment with KCI stimulated both Ca** influx and
insulin secretion in control islets (Fig. 3). KCl-stimulated
Ca* influx was significantly decreased in islets exposed
to 0.5 uM DMAGs(IID); the decrease was marginally signifi-
cant in islets exposed to 2 uM iAs(III) (p=0.1) and 0.5 uM
MAs(III) (p=0.08) (Fig. 3a, b). All three arsenicals signifi-
cantly decreased KCl-stimulated insulin secretion (Fig. 3c).

To test if arsenicals inhibit insulin secretion by affect-
ing calcium influx through Ca,1.2 channels, we measured
GSIS in control and arsenical-exposed islets treated with
Bay K8644, a Ca,1.2 channel-specific agonist. Bay K8644
prolongs the time Ca, 1.2 channels are in the open state,
thus potentiating insulin secretion (Panten et al. 1985).
Control islets stimulated with 16.7 mM glucose and 2 uM
Bay K8644 for an hour secreted more insulin than those
stimulated with 16.7 mM glucose alone (Fig. 4). However,
stimulation with glucose and Bay K8644 did not rescue the
inhibition of insulin secretion in islets exposed to arsenicals
although arsenical-exposed islets stimulated with glucose
and Bay K8644 secreted more insulin than arsenical-exposed
islets stimulated only with glucose.

Given that treatment with a Ca,1.2 channel-specific
agonist did not restore GSIS, we evaluated mRNA levels
of Ca,1.2a,, the pore-forming subunit of Ca,1.2 channel,
in arsenical-exposed islets to determine if arsenicals were
affecting the transcription Ca,1.2 channels. There were
no statistically significant differences in Ca,1.2a; mRNA
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cell viability measured via MTT assay (b) are shown as mean+SEM
for N=35 biological replicates (assay done in triplicate with 15 islets
per replicate). *p <0.05, the amount of insulin secreted by As-treated
islets is significantly different from that secreted by control islets

levels between control islets and islets exposed to arsenicals
(Fig. 5).

Effects of trivalent arsenicals on the Ky, channel

Closure of K,rp channels by ATP prevents influx of potas-
sium ions and triggers membrane depolarization. To test
if arsenicals affect K rp channel-associated membrane
depolarization, we measured insulin secretion from control
and arsenical-exposed islets after glucose stimulation and
treatment with tolbutamide, a K,pp channel blocker. Treat-
ment with tolbutamide further increased insulin secretion in
glucose-stimulated control islets and islets exposed to 2 uM
iAs(1II), 0.5 uM MAs(III) and 0.5 uM DMAS(III) (Fig. 6).
These exposures inhibited insulin secretion in islets stimu-
lated with glucose but had no significant effects on insulin
secretion in glucose-stimulated islets treated with tolbuta-
mide. The inhibitory effect of 2 uM iAs(III) was only mar-
ginally significant (p=0.11).

Discussion

Exposure to iAs has been associated with increased preva-
lence or incidence of T2D in many populations around the
world (Maull et al. 2012; Kuo et al. 2017). Experimental
studies show that iAs(II) and its methylated trivalent metab-
olites inhibit insulin secretion in isolated pancreatic islets
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Fig.2 Glucose-stimulated calcium influx in control islets and in
islets exposed to trivalent arsenicals. Isolated pancreatic islets were
exposed to arsenicals for 48 h and stimulated with 16.7 mM glu-
cose (indicated by arrow). Levels of intracellular calcium are shown
in time course profiles as an average of 5-10 biological repli-
cates for islets exposed to a iAs(IIl) at O (black solid line), 0.5 uM
(dashed line), 1 pM (dotted line), and 2 pM (gray solid line); b

and cultured B-cells (Douillet et al. 2013; Fu et al. 2010;
Diaz-Villaseiior et al. 2008; Dover et al. 2017). Some mecha-
nisms for this inhibition have been proposed. For example,
chronic exposure to iAs(IIl) has been shown to upregulate
Nrf2, an oxidative stress-sensitive transcription factor, and
Nrf2-dependent transcription of antioxidant enzymes in rat
insulinoma INS-1 f-cells and other cell types (Lau et al.
2013). Fu et al. proposed that stimulation of antioxidant
defenses after iAs(III) exposure suppressed reactive oxygen
species that are thought to be involved in the regulation of
GSIS (Fu et al. 2010). Dover et al. found that exposure to
iAs(III) and MAs(III), but not DMAs(III), impaired mito-
chondrial respiration in glucose-stimulated INS-1 832/13
cells (Dover et al. 2017), suggesting an impairment in ATP
production, one of the critical steps in GSIS regulation. In
2008, Diaz-Villasefior et al. showed that exposure of rat insu-
linoma (RINmSF) cells to 0.5-2 uM iAs(III) reduced glu-
cose-stimulated Ca>" oscillations and increased calpain-10
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solid line), 0.05 uM (dashed line), 0.1 uM (dotted line), and 0.5 M
(gray solid line). Areas under the curve (d) calculated from time
of glucose injection to end of run are shown as mean+SEM for
N=5-10 biological replicates, 3040 islets per replicate. *p <0.05
compared to control; $p <0.05 from 0.1 pM

activity and SNAP-25 proteolysis, proposed mechanisms
involved in granule exocytosis (Diaz-Villasefior et al. 2008).

In this study, we found that iAs(III) and its methylated
trivalent metabolites inhibited glucose-stimulated Ca>*
influx in isolated pancreatic islets at concentrations that
also inhibit GSIS, but do not impair islet viability. We also
found that DM ASs(III), and to a lesser extent iAs(IIl) and
MAGs(III), inhibited Ca** influx and insulin secretion in islets
stimulated with a membrane depolarizing concentration of
KCl, suggesting that arsenicals affect insulin-regulating
mechanisms downstream from membrane depolarization.
Furthermore, stimulation with the Ca,1.2 channel ago-
nist, Bay K8644, did not restore GSIS in islets exposed to
the arsenicals, and the 48-h exposure did not suppress the
Ca, 1.2 mRNA expression. These data suggest that iAs(III),
MAs(III) and DMAs(III) may target Ca,1.2 channels, thus
disrupting the Ca**-dependent steps in the assembly and/or
exocytosis of insulin vesicles.
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Fig.3 KCl-stimulated calcium influx in control pancreatic islets and
islets exposed to trivalent arsenicals. Isolated pancreatic islets were
exposed to arsenicals for 48 h and stimulated with 35 mM potassium
chloride (KCl), a potent insulin secretagogue. Levels of intracellular
calcium (a) were measured over time and are shown in time course
profiles of an average of 4 biological experiments; the arrow indicates
injection of KCl. Area under the curve (b) was calculated from time
of KCl injection to end of run and shown as mean+SEM of N=4
biological replicates, 30—40 islets per replicate. Insulin secretion (c)
was measured in the absence of glucose (basal) and after 1-h stimula-
tion with KCl. N=4 biological replicates (each assay done in tripli-
cate, 15 islets per replicate) *p <0.05 compared to control

Since treatment with a Ca,1.2 channel agonist did not
restore GSIS in arsenical-exposed islets, arsenicals may be
interfering with the Ca, 1.2 channel by modifying its traffick-
ing and/or by inhibiting activity/conductance of the Ca, 1.2
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Fig.4 Bay K8644-stimulated insulin secretion and Ca,1.2 channel
expression in control islets and in islets exposed to trivalent arseni-
cals. Isolated pancreatic islets were exposed to arsenicals for 48 h and
stimulated for 1 h each with 2.5 mM glucose, 16.7 mM glucose, and
16.7 mM glucose with 2 uM Bay K8644. Mean+SEM of N=3-4
biological replicates (each assay done in triplicate, 15 islets per rep-
licate) are shown. *p <0.05 for comparison of arsenical-treated islets
to unexposed controls. p <0.05 for the comparison of 16.7 mM glu-
cose and 16.7 mM glucose+2 uM Bay K8644

channels within the plasma membrane of f-cells. Ca, 1.2
channel expression at the plasma membrane and its activ-
ity are regulated by various proteins, including its auxiliary
subunits, kinases, and exocytotic proteins. Auxiliary subu-
nits of calcium channels regulate channel translocation to
the membrane or channel activity (Dolphin 2012). In pB-cells,
the a, subunit is bound to the 6 subunit through a disulfide
bond (Dolphin 2012). This a,—6 complex then binds to core
o, subunits and can increase plasma membrane expression
of Ca,1.2, leading to increased glucose-stimulated calcium
influx (Dolphin 2012; Yang and Berggren 2006; Gao et al.
2000). Since trivalent arsenicals bind readily to thiols, they
could be interfering with the formation of the a,—6 complex
and inhibiting channel translocation.

Ca, 1.2 channel trafficking and activity are also regu-
lated by various kinases (reviewed in Yang and Berggren
2006). In islets and B-cells, inhibition of Ca**/calmodulin-
dependent kinase II decreased insulin secretion, paralleled
by a decrease in calcium influx (Dadi et al. 2014). Protein
kinase B (Akt) upregulates Ca,1.2 channels in excitable
cells; phosphorylation by Akt promotes Ca, 1.2 stabilization
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in control islets and in islets exposed to trivalent arsenicals. Isolated
pancreatic islets were exposed to arsenicals for 48 h and stimulated
for 1 h each with 2.5 mM glucose and 16.7 mM glucose. Relative
quantitative value (RQV) of the expression of the alpha subunit of
Ca, 1.2 channels (Cacnalc) after GSIS is shown as mean+SEM for
N =4 biological replicates

and increases trafficking to the plasma membrane (Catalucci
et al. 2009; Viard et al. 2004). Akt kinases are expressed
in B-cells and have been reported to be a positive regulator
of insulin secretion (Cui et al. 2012). We have previously
shown that iAs(IIl) and its trivalent methylated metabolites,
MAs(IIT) and DM ASs(III), inhibit the phosphorylation/acti-
vation of Akt and the Akt-mediated signaling in adipocytes
(Paul et al. 2007) and hepatocytes (Zhang et al. 2017). Thus,
the inhibition of Akt phosphorylation could contribute to the
inhibition of Ca®" influx in the islets exposed to trivalent
arsenicals.

Ca,1.2 channel activity is also regulated by exocytotic
proteins. For example, syntaxin 1A was found to decrease
the amplitude of the Ca®* current through the channel and
modify the intrinsic kinetic properties of the channel (e.g.,
rate of activation and inactivation) (Wiser et al. 1996; Atlas
2001). Conversely, another exocytotic protein, SNAP-
25, modifies the kinetic properties of L-type channels by
increasing the rate of inactivation without affecting current
amplitude (Atlas 2001). There are numerous regulators of
Ca, 1.2 channel activity and expression. Measurement of cal-
cium flux across the Ca,1.2 channel via the gold-standard
patch clamp technique would be needed to determine if
arsenicals impair flow of Ca®* through channels or modify
expression of Ca, 1.2 channel at the membrane.

Fig.6 Tolbutamide-stimulated insulin secretion in control islets and
in islets exposed to trivalent arsenicals. Isolated pancreatic islets
were exposed to arsenicals for 48 h and stimulated for 1 h each with
2.5 mM glucose, 16.7 mM glucose, and 16.7 mM glucose + 200 uM
tolbutamide. Mean+SEM of N=3-4 biological replicates (each
assay done in triplicate, 15 islets per replicate) are shown. *p <0.05
for comparison of arsenical-treated islets to unexposed controls.
*p<0.05 for the comparison of 16.7 mM glucose and 16.7 mM glu-
cose + 200 uM tolbutamide

Tolbutamide is similar to KCl in that it stimulates mem-
brane depolarization. However, tolbutamide does so by
blocking K ,rp channels at the SUR1 subunit, a mechanism
that is more physiologically relevant than modifying ion lev-
els with high concentrations of KCI (Ashfield et al. 1999).
In this study, exposure to iAs(IIl), MAs(III), and DM As(III)
had little or no effects on insulin secretion from glucose-
stimulated islets treated with tolbutamide, suggesting that
these arsenicals may prevent membrane depolarization by
inhibiting the closure of Kp channels. The K pp channel
has two subunits that regulate channel closure: ATP inter-
acts with the Kir6.2 subunit and tolbutamide interacts with
the sulfonylurea receptor protein 1 (SUR1) (Babenko et al.
1999). Since GSIS was restored with tolbutamide exposure,
these arsenicals may be interfering with ATP-K ,p channel
interactions at the Kir6.2 subunit, effects which could be
overcome by tolbutamide stimulation. Suppression of ATP
activation of K ,1p channels by trivalent arsenicals could also
explain why Bay K8644-stimulation did not restore insu-
lin secretion. During glucose stimulation, the membrane
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potential of the f-cell membrane oscillates between depo-
larizing and non-depolarizing levels, thus Ca,1.2 channels
oscillate between open and closed states, leading to oscilla-
tions in intracellular Ca>* levels during glucose stimulation
(Henquin 2009). If arsenicals are inhibiting K,pp closure,
the membrane is spending less time at a depolarizing volt-
age, leading to less time Ca, 1.2 channels are open and lower
calcium influx. Thus, although Bay K8644 maintains open
Ca, 1.2 channels, there may be fewer open Ca,1.2 channels
in arsenical-exposed islets than unexposed islets due to the
impairments in membrane depolarization, leading to less
insulin secretion despite Bay K8644 treatment.

The restoration of GSIS by tolbutamide in arsenical-
exposed islets appears inconsistent with the inhibition of
Ca”" influx and/or downstream mechanisms. However, tol-
butamide has been shown to stimulate insulin secretion apart
from its effects on the K, rp channel (Barg et al. 1999). SURs
have been also found in insulin granules and are thought to
contribute to the acidification of insulin granules, a prim-
ing step needed for exocytosis (Eliasson et al. 2003). Thus,
tolbutamide may be able to restore insulin secretion via this
Ca**-independent pathway.

Tolbutamide did not restore GSIS in iAs(III)-exposed
islets to the same extent as in islets exposed to methylated
arsenicals, suggesting that other actions of iAs(IIl) in the
[-cell may be more important for inhibiting insulin secretion.
Studies have found that iAs(III) modifies F-actin remodeling
in vitro (Izdebska et al. 2013, 2014; Qian et al. 2005). In the
B-cell, iAs(III) could be interfering with the remodeling of
B-actin microfilaments that are needed for insulin granule
transport, priming, and release (Wang and Thurmond 2009).
If iAs(III) reduces the availability of releasable insulin gran-
ules, it is conceivable that tolbutamide stimulation would not
be able to overcome the effects of iAs(III). Future studies
should investigate this potential mechanism.

Conclusion

We found that iAs(III) and its methylated trivalent metabo-
lites (MAs(III) and DMAs(III)) impair glucose-stimulated
Ca?* influx in isolated pancreatic islets, at concentrations
that also inhibit GSIS but do not affect islet viability. The
trivalent methylated metabolites of iAs have been previously
shown to be more potent inhibitors of GSIS than iAs(III).
Here, we show that one of these metabolites, MAs(III), is
more potent than iAs(III) as an inhibitor of glucose-stim-
ulated Ca®* influx in islets. DMAs(III), which is as potent
as MASs(III) in inhibiting GSIS, was less effective than
MAs(III) as inhibitor of Ca?* influx. Thus, DMAs(III) may
be targeting other mechanisms involved in the regulation
GSIS in B-cells. Future studies should focus on the identi-
fication of these targets to further characterize the role of
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iAs metabolism in the development of arsenic-associated
diabetes.
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