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Abstract
Diabetes is a leading cause of global morbidity and mortality and the number of those affected by diabetes is growing at an alarming rate [1-5].  Although Type 2 diabetes (T2D) is typically associated with obesity, environmental diabetogens like arsenite (iAsIII) and its trivalent methylated metabolites methylarsonite (MAsIII) and dimethylarsinite (DMAsIII) may be contributing to the global diabetes epidemic.  Previous studies from our lab have shown that these trivalent arsenicals act directly on pancreatic beta-cells by reducing glucose-stimulated insulin secretion (GSIS) and thus contributing to the development of diabetes [6].  Previous in vitro and epidemiological studies from our lab have shown that the diabetogenic effects of arsenic may be reversible following removal of exposure [6,7]. 
 In this study, we examined the effects of 24-hour exposure to iAsIII, MAsIII or DMAsIII on GSIS in a pancreatic beta-cell line, INS-1 832/13 and tested if the inhibitory effects of arsenic exposure on -cell function are reversible. GSIS was significantly inhibited by exposure to 2 µM AsIII, ≥0.375 µM MAsIII and 2 µM DMAsIII.  After a 24-hour recovery period in As-free media, complete recovery of GSIS was observed for cells previously exposed to doses of iAsIII and MAsIII which significantly inhibited GSIS. Preliminary data from this study also show that Ca2+ influx into pancreatic beta-cells was significantly decreased by 0.375 µM MAsIII exposure.  The inhibition of Ca2+ influx was also reversed after a recovery period in As-free media. Data from this study confirm reversibility results reported by previous studies from our lab.
In summary, results from this study show that pancreatic β-cells are a key target for the diabetogenic effects of trivalent arsenicals, and that these diabetogenic effects are reversible.
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I. Specific Aims
	Type 2 diabetes mellitus (T2D) is a leading cause of morbidity and mortality both in the United States and globally [1-5].  T2D is typically associated with obesity; however, 30% of T2D cases are not attributable to obesity [2].  This suggests that environmental diabetogens like arsenite (iAsIII) may be important contributors to the growing rates of T2D [2].  Exposure to iAsIII from drinking water has been found to be associated with a number of diseases including diabetes.
The mechanisms of iAs-associated diabetes are poorly understood.  Our lab was first to show that trivalent arsenicals inhibited glucose-stimulated insulin secretion murine islets [6].  Our lab also determined that the inhibition of glucose-stimulated insulin secretion (GSIS) in arsenic-exposed islets was reversible after a 24-hour recovery period in As-free media [6]. However, pancreatic islet tissue contains several types of cells including α cells, β cells, δ cells and γ cells and differ in terms of 3D structure, which may lead to differences in the effects of trivalent arsenicals on insulin secretion [8].    The purpose of this study is to quantify the effect of iAsIII, MAsIII and DMAsIII on insulin secretion using a β-cell line and to determine if these effects are reversible, as was found in islets. This study will help to elucidate the mechanism of arsenic-induced diabetes and provide evidence that pancreatic β-cells are a key target for iAs-induced diabetes. 
Aim 1: Determine the effect of trivalent arsenicals on GSIS in pancreatic β-cells. We hypothesize that chronic exposure to iAsIII, MAsIII, or DMAsIII will inhibit glucose-stimulated insulin secretion in an insulinoma β-cell line, INS-1 832/13.  We will measure GSIS and glucose-stimulated calcium influx after a 24-hour exposure to iAsIII, MAsIII or DMAsIII.
Aim 2: Determine if the effects of trivalent arsenicals on GSIS in INS-1 832/13 cells are reversible. GSIS was restored in As-exposed islets after a 24-hour period of recovery in As-free media [6].  We predict that this trend will also occur in INS-1 832/13 cells. We will expose INS-1 832/13 cells to arsenicals for 24 hours, followed by a 24-hour recovery period in As-free media. Then, we will measure GSIS.
Aim 3: Explore the effects of trivalent arsenicals on calcium influx, a key step in glucose-stimulated insulin secretion, in murine pancreatic islets and INS-1 832/13 cells.  Calcium influx is a key mechanism regulating insulin secretion.  Preliminary data from our lab show that glucose-stimulated calcium influx is inhibited in murine pancreatic islets after chronic arsenic exposure (Huang et al, unpublished).  We will explore whether calcium influx is also inhibited in INS-1 832/13 cells and whether this inhibition can be rescued with recovery in As-free media.  We hypothesize that a recovery in insulin secretion will be accompanied by a recovery of Ca2+ influx.  


II. Introduction

2.1.  Overview of arsenic-associated diabetes
Type 2 diabetes (T2D) is the 7th leading cause of death in the United States [2].  Morbidity from T2D is estimated to be 12.3% in US adults age 20 and older [2].  Diabetes is also a global crisis, affecting an estimated 346 million people worldwide [2].  Mortality from diabetes is expected to increase >50% in the next decade [2]. Notably, over 30% of T2D cases are not attributable to obesity [2].  Environmental diabetogens, such as inorganic arsenic (iAs), may be important contributors to these growing rates of T2D. 
Over 100 million people worldwide are exposed to levels of iAs higher than the EPA- and WHO-determined limit of exposure (>10 ug/L) [3-5]. Epidemiological studies in multiple populations show that chronic exposure to iAs is associated with increased risk or incidence of T2D [2,7,9]. Del Razo et. al showed an increased prevalence of diabetes associated with chronic exposure to arsenic in drinking water in populations in the Zimapan and Lagunera regions of Mexico [7]. Islam et al. showed that odds ratios for T2D produced a graded, dose-response increasing with concentration and duration of arsenic exposure [9].  Further investigation into the typology and diabetogenic mechanisms of iAs is an important step in designing effective preventative measures for people in arsenic-endemic areas with diabetes or at risk of developing diabetes 
2.2. Pancreatic β-cells; a target for arsenic’s diabetogenic effects
T2D is characterized by insulin resistance associated with chronic overnutrition and obesity [10].  Pancreatic β-cells respond to insulin resistance with a compensatory increase in insulin secretion to maintain normoglycemia [10].  This compensatory insulin hypersecretion results in hyperinsulinemia which characterizes the early phase of development of T2D [10].  Continued hyperglycemia and insulin resistance results in progressive β-cell failure and T2D when β-cells are unable to sustain compensatory response [10].  Results from our lab indicate that pancreatic β-cells may be a primary target of iAs exposure, making iAs-associated diabetes distinct from typical T2D which is first characterized by insulin resistance, then progressive β-cell failure.  In their cross sectional study in Mexico, Del Razo et. al showed that, unlike typical T2D, iAs-induced diabetes was not associated with increased insulin resistance measured by HOMA-IR [7].  Paul et. al. found that diabetes induced in C57B1/6 mice by chronic exposure to arsenic and high-fat diet produced a diabetic phenotype characterized by low insulin resistance and impaired insulin production in response to glucose [11].  Notably, our lab has shown that chronic exposure of murine pancreatic islets to iAs and its methylated metabolites significantly inhibited glucose-stimulated insulin secretion (GSIS) without changing insulin content or expression [6]. Further research characterizing the phenotype of iAs-induced diabetes and the targets of iAs exposure is essential to designing effective treatments for individuals with iAs-induced diabetes [6]. 
2.3.  Arsenic metabolism
iAs is metabolized in the body through methylation by arsenite (+3 oxidation state) methyltransferase (AS3MT), generating methyl- (MAsIII) and dimethyl- (DMAsIII) arsenic metabolites. Methylation of iAs uses S-adenyslmethionine (SAM) and occurs primarily in the liver [12]. While metabolism clears iAs from the body, the methylated arsenic metabolites are often more toxic than iAs [12]. Additionally, the trivalent forms of arsenic are more toxic than pentavalent forms. Our lab found that trivalent arsenicals inhibit GSIS by murine pancreatic islets [6] and that MAsIII and DMAsIII were more potent inhibitors of GSIS in murine pancreatic islets than iAsIII [6].  Furthermore, AS3MT polymorphisms have been found to be associated with differences in arsenic methylation capacity and metabolism [13-15].  A case-control study in an arsenic-endemic region of Mexico showed AS3MT/287T polymorphisms were associated with increased urinary MAsIII [14].  A cross-sectional study from our lab has shown that carriers of certain AS3MT polymorphisms show higher levels of urinary DMAsIII and are more likely to develop diabetes with iAs exposure [15]. Taken together, these studies suggest that trivalent methylated arsenicals, in addition to iAsIII, may play a key role in the pathophysiology of iAs-induced diabetes.  Further studies are needed to characterize the role iAs methylation plays in the development of iAs-induced diabetes.
2.4.  Reversibility of arsenic’s diabetogenic effects
We have observed that inhibition of GSIS by arsenicals is reversible after 24 hours in As-free media [6].  This phenomenon has also been observed in a human population. In Del Razo et al. (2011), the risk of developing arsenic-induced diabetes was associated only with current iAs exposure and there were no significant association between diabetes risk and cumulative previous exposure [7].  These findings suggest that arsenic-associated diabetes requires continual arsenic exposure and is reversible.  However, more experimental studies are needed to confirm this recovery of GSIS and investigate the mechanisms involved. Research investigating the reversibility of the effects of arsenic on insulin secretion has major implications for public health policy.  If removal of arsenic exposure alleviates the contribution of iAs to the development of T2D, then water remediation efforts in arsenic-endemic areas become even more important to implement. 
2.5.  Arsenic’s effect on calcium signaling 
A brief introduction to the insulin secretory pathway is necessary to understand how arsenic exposure may impact insulin secretion. Insulin secretion is biphasic [16]. The first phase is characterized by uptake of glucose through GLUT-2 transporters followed by glycolysis and mitochondrial respiration, generating ATP, which triggers closure of ATP-dependent potassium channels.  This closure causes depolarization of the plasma membrane, opening of voltage-dependent Ca2+ channels, and Ca2+ influx.  Ca2+ ions then either cause insulin secretion through or activate calmodulin protein kinases, protein kinase A and protein kinase C which phosphorylate cellular machinery associated with insulin secretory vesicles [17-18].  Impairment of Ca2+ is implicated in the pathophysiology of diabetes [19]. Numerous studies show a strong correlation between calcium influx and oscillations with membrane potential and insulin secretion [19,20] When Ca2+ influx is too low, pancreatic islets are less able to respond to physiological challenge, including glucose-stimulation [19].  Impaired calcium homeostasis could lead to an impairment in insulin secretion and insulin signaling [19].  An example of impaired calcium homeostasis has been demonstrated in islets from diabetic mice (db/db), which secrete less insulin and have a reduced calcium influx in response to glucose [21]. 
Few studies have investigated the effect of iAs on calcium signaling, specifically in β-cells. RINm5f cells chronically (72 h) exposed to arsenite (0-2 µM) were found to show decreased intracellular Ca2+ in response to glucose stimulation [22]. Corroborating this study, results from our lab show a decrease in calcium influx into murine pancreatic islets following 48-hour trivalent arsenical exposures (Huang et al, unpublished).  A lack of literature on the role arsenic may play in inhibiting the calcium influx of GSIS and whether this inhibition might be reversible necessitates further research using cell models.
2.6.  Significance of research
Research is needed to elucidate the mechanism of iAs-induced diabetes and investigate the importance of methylated As species in the diabetogenic effects of iAs exposure. Insight into the mechanism of iAs diabetes will help identify susceptible individuals to iAs-associated diabetes, based on their ability to methylate iAs, and provide a scientific foundation for the development of epidemiological studies or interventions for people living in arsenic-endemic areas.  Research into the mechanism of GSIS recovery provides valuable information regarding the mechanistic targets of arsenic-induced diabetes and is essential for designing effective treatments and shaping informed policy.  Knowledge of GSIS recovery could serve as a major driving force for implementation of water remediation efforts in order to prevent epidemic prevalence of DM and significant public health burden.  The goals of this study are to better characterize the diabetogenic effects of trivalent arsenicals in pancreatic β-cells and determine whether inhibition of GSIS by trivalent arsenicals is reversible.
III.  Materials and Methods

3.1.  Cell Culture
Rat insulinoma INS-1 832/13 cells transfected to express human proinsulin (Newgard Lab, Duke University) were cultured at 37 °C with 5% CO2 in RPMI 1640 Media (Gibco brand, Thermo Fisher Scientific, Waltham, Massachusetts) with 10% fetal bovine serum, 10 mM Hepes, 0.05 mM 2-mercaptoethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin (Sigma-Aldrich, St. Louis, MO) [23].  Cells were passaged at ~90% confluency.  All experimental assays were conducted on cells with passage numbers 50-60. 
3.2.  Isolated Pancreatic Islets
Pancreatic islets were isolated from adult male C57BL/6 mice (Charles River Laboratories, Wilmington, MA) described in [6].  Briefly, pancreata were infused with collagense (1 mg/ml, Roche Diagnostics Corp., Indianapolis, IN) and islets were isolated by Ficoll gradient separation (GE Healthcare, Uppsala, Sweden) Szot et al., 2007).  Isolated islets were cultured at 37 °C with 5% CO2 in RPMI 1640 Media (Gibco brand, Thermo Fisher Scientific, Waltham, Massachusetts) supplemented with 10% fetal bovine serum, 10 mM Hepes, 1 mM sodium pyruvate, and 100 U/ml penicillin, and 100 μg/ml streptomycin (Sigma-Aldrich, St. Louis, MO)
3.3. Treatment
INS-1 832/13 Cell Treatment: For GSIS assays, INS-1 832/13 cells (106 cells/well) were plated in a 12-well plate and incubated 24 h prior to arsenic exposure.  For calcium imaging assays, INS-1 832/13 cells (105 cells/well) were plated in 96-well plates and incubated overnight prior to arsenic exposure.  Cells were treated for 24 hours with micromolar levels of iAsIII (sodium arsenite; Sigma-Aldrich), MAsIII or DMAsIII (provided by Dr. William Cullen (University of British Columbia, Vancouver, Canada) and by Dr. Chris Le (University of Alberta, Edmonton, Canada).  For assessment of recovery, cells were exposed to arsenicals for 24 -hours and then incubated with As-free medium for 24-hours prior to GSIS or calcium assays.
Murine Pancreatic Islets Treatment: Islets (30/assay) were exposed to either 0-2 µM iAsIII or 0-0.5 µM MAsIII or DMAsIII in 6-well plates for 48 hours for Ca2+ imaging assays.  Islets (15/assay) were exposed for 48 hours in 12-well plates for MTT assays. Media was changed every 24-hours to minimize oxidation of trivalent arsenicals. 
3.4. GSIS assay
INS-1 832/13 were incubated in secretion assay buffer (SAB) (114 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 20 mM Hepes, 2.5 mM CaCl2, 0.2% bovine serum albumin and 25.5 mM NAHCO3 (Sigma-Aldrich) without glucose for 1 hour at 37 °C, followed by a 1-hour incubation in 2.5 mM glucose SAB and a 2-hour incubation in 16.7 mM glucose SAB.  Medium from the 2.5 mM and 16.7 mM glucose incubations was collected and frozen for insulin analysis. Following the GSIS assay, cells were lysed using radioimmunoprecipitation assay (RIPA) lysis buffer with protease inhibitor. Insulin concentration was determined using Rat/Mouse Insulin ELISA kit (Millipore, Billerica, MA).  Protein was determined using the bicinchoninic acid (BCA) assay (Thermo Fisher Scientific).  
3.5.  Calcium imaging assay
Fura-2 is a calcium imaging dye which binds to free calcium ions [24].    The ratio of Fura-2 AM dye bound to intracellular Ca2+/Fura-2 AM dye unbound to Ca2+ indicates intracellular Ca2+ levels [24]. 
INS-1 832/13 Cell Calcium Imaging: Cells exposed to arsenicals and control, unexposed cells were incubated in 2 µM Fura-2 AM (Thermo Fisher Scientific) in 0 mM glucose SAB buffer for 30 minutes.  Cells were then incubated in 2.5 mM glucose SAB buffer for 20 minutes and 16.7 mM glucose for 5 minutes.  Fluorescence at 340 and 380 nm were read every 28 seconds using the BioTek Cytation Cell Imaging Multi-Mode Reader (BioTek, Winooski, VT). 
Murine Pancreatic Islets: Islets exposed to arsenicals or unexposed islets (30/assay) were incubated in 2 µM Fura-2 AM (Thermo Fisher Scientific) 0 mM glucose SAB buffer for 30 minutes.  Imaging was conducted in a Delta T live-cell imaging flow-chamber (Bioptechs) at 37°C, 5% CO2 with a perfusion flow rate of 0.3 mL/min.  Cells were perfused with 2.5 mM glucose SAB buffer for 7 minutes and 16.7 mM glucose for 8 minutes.  Fluorescent images were captured every 6 seconds using the Olympus IX81 inverted microscope (microscopy services provided by UNC MSL) and a Hammamatsu ORCA R2 cooled CCD camera at 340 nm and 380 nm with the Semrock FURA2-C000 dichroic filter sets.  Volocity software (Improvision) was used to control imaging and data was analyzed with ImageJ and Microsoft Excel.
3.6. MTT assay
INS-1 832/13 Cells MTT Assay: Cell viability for arsenic exposures was determined by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay.  Cells were treated with micromolar levels of iAsIII, MAsIII or DMAsIII for 24-hours prior to MTT assay to parallel GSIS conditions.  Cells were incubated with 1 mg/mL MTT in phenol-red-free INS-1 832/13 RPMI media for 1 hour at 37 °C, 5% CO2.  Following incubation, medium was removed and dimethyl sulfoxide (DMSO) was added for 15 minutes at room temperature to lyse cells.  Absorbance was measured spectrophotometrically at 570 nm and 630 nm using the BioTek Synergy HT plate reader.
Murine Pancreatic Islet MTT Assay: Islet viability following arsenic exposures was determined using the MTT assay (15 islets/assay).  Islets were incubated with 1 mg/mL MTT in phenol-red-free RPMI islet media for 1 hour at 37 °C, 5% CO2.  Following incubation, medium was removed and DMSO was added for 15 minutes at room temperature to lyse islets.  Absorbance was measured spectrophotometrically at 570 nm and 630 nm using the BioTek Synergy HT plate reader.
3.7. Statistical analysis 
Data were analyzed by two-tailed, two-sample equal variance Student’s t test using Microsoft Excel 2016 software (Microsoft Corporation, Redmond, WA).  Data are represented as mean ± standard error.  P-values are considered statistically significant at α<0.05.




IV. Results

4.1. Trivalent arsenicals were inhibitors of GSIS by INS-1 832/13 cells at non-cytotoxic doses.
GSIS was significantly inhibited by non-cytotoxic, micromolar treatments of trivalent arsenicals [Figures 1,3,4].  Significant inhibition of GSIS was observed between control cells and 2 μM iAsIII dosed cells incubated in 16.7 mM glucose (p=0.00085) [Figure 1]. Significant inhibition of GSIS was observed between control cells and 0.5 μM MAsIII dosed cells incubated in 16.7 mM glucose (p=0.0079) [Figure 1].  Significant inhibition of GSIS was also observed between control cells and 2 μM DMASIII dosed cells incubated in 16.7 mM glucose (p=0.014) [Figure 1].  In summary, significant inhibition of GSIS occurred at 2 µM iAsIII, 0.375 µM MAsIII, 0.5 µM MAsIII, and 2 µM DMAsIII [Figures 1, 3 and 4].  Statistically significant cytotoxicity (difference in cell viability between control, unexposed cells and arsenic-treated cells) was not observed at arsenical doses which inhibited GSIS except for 0.5 µM MAsIII, nearing the threshold of cytotoxicity [Figures 2 and 4B].  
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4.2. Inhibition of GSIS by trivalent arsenicals in INS-1 832/13 was reversible
GSIS was restored in arsenic-exposed cells after a 24 h period of recovery in As-free media.  Initial inhibition of GSIS after 24 h exposure was statistically significant for cells exposed to 2 µM iAsIII [Figure 3].  For iAsIII-exposed cells, recovery (difference between 24 h arsenical exposure GSIS and GSIS after recovery) was statistically significant in cells treated with 2 µM iAsIII [Figure 3].  GSIS in previously iAsIII exposed cells did not differ significantly from GSIS in control, unexposed cells after 24 h recovery, indicating complete recovery of GSIS after discontinuing iAsIII exposure [Figure 3].  
In MAsIII -exposed cells (the 0.5 µM MAsIII dose was not used for MAsIII recovery GSIS assays because this dose approaches cytotoxicity), inhibition of GSIS was statistically significant for cells exposed for 24 h to 0.375 µM MAsIII [Figure 4A].  Significant recovery of GSIS following inhibition was found between initial GSIS and recovery GSIS for control cells (p=0.072), 0.3 μM MAsIII treated cells (p=0.019) and 0.375 μM MAsIII treated cells (0.044) [Figure 4A] Similar to what was observed in iAsIII exposure recovery GSIS experiments, no statistically significant difference was found for GSIS between control and recovered MAsIII exposed cells. [Figure 4A] Taken together, these data show that GSIS recovery was observed in all previously arsenic-exposed cells. In summary, a 24-hour recovery period reverses the inhibitory effects of 24-hour exposure to iAsIII or MAsIII on GSIS in INS-1 832/13 cells.
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4.3. Trivalent arsenical exposure decreases glucose-stimulated Ca2+ influx by pancreatic islets.  The purpose of this assay was to confirm previous results from our lab which showed a decrease in glucose-stimulated Ca2+ influx following arsenical exposure (Huang et al., unpublished). Ratiometric calcium imaging showed a generally dose-dependent inhibition of Ca2+ influx into pancreatic islets following 48 h sub-cytotoxic arsenical exposure to either 0-1 µM iAsIII, 0-0.5 µM MAsIII or 0-0.1 µM DMAsIII, as shown by a decreasing trend in 340/380 nm excitation ratio with increasing arsenical dose [Figure 5].  All arsenical doses used for this Ca2+ imaging assay were non-cytotoxic [Figure 6].  
4.4. Trivalent arsenical exposure decreases glucose-stimulated Ca2+ influx by INS-1 832/13 cells and can be reversed with a 24-hour recovery period.  We used MAsIII for this preliminary experiment because MAsIII was shown to be the most potent inhibitor of GSIS [Figures 1 and 4] and was therefore the optimal arsenical to test whether the inhibition of Ca2+ influx observed in islets also occurred in β cells. We observed a statistically significant decrease in Ca2+ influx following 24 h exposure to 0.375 µM MAsIII [Figure 7].  This decrease in Ca2+ was recovered following a 24 h period of incubation in As-free media [Figure 7].  
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V. Discussion

5.1.  Conclusions

GSIS in INS-1 832/13 cells was significantly inhibited by micromolar, non-cytotoxic doses of trivalent arsenicals.  MAsIII was the most potent inhibitor of GSIS in INS-1 832/13 cells, causing significant inhibition of GSIS at lower doses (0.375 µM MAsIII and 0.5 µM MAsIII) than either iAsIII or DMAsIII.  Significant inhibition of GSIS by iAsIII or MAsIII was found to be reversible following recovery in As-free media.  Ca2+ influx was significantly inhibited by doses of 0.375 µM MAsIII and inhibition of Ca2+ influx was reversible after incubation in arsenic-free media.  Notably, significant decrease in Ca2+ influx in MAsIII exposed cells was accompanied by a significant decrease in GSIS and recovery of Ca2+ influx was accompanied by a recovery in GSIS.  Taken together, these data confirm our hypotheses that non-cytotoxic concentrations of trivalent arsenicals would inhibit GSIS by INS-1 832/13 cells, that this inhibition would be reversible, and that decreased GSIS would be concurrent with decreased Ca2+ influx and GSIS recovery with recovery of Ca2+ influx.
The findings of the present study confirm results from our previous study that showed trivalent arsenicals and their methylated metabolites are potent inhibitors of GSIS in islets and support the results of our lab’s population studies which show a higher correlation between methylated metabolite presence in urine and incidence of diabetes [6].  Additionally, the present study highlights the important role arsenic’s methylated metabolites may play in the pathophysiology of arsenic-induced diabetes.  Our lab has shown that AS3MT polymorphisms which upregulate arsenic biomethylation were associated with diabetes [15].  Results from the current study confirm that MAsIII and DMAsIII are potent inhibitors of GSIS by pancreatic β cells. Taken together, these data suggest methylation capacity could modulate disease risk with arsenic exposure and that the methylated metabolites of arsenic play an important role in the development of arsenic-induced diabetes.  Individuals with AS3MT polymorphisms which have increased methylation activity may be at greater risk for developing diabetes with arsenic exposure.  Results from this current study indicate that this hypothetical increased risk is due, at least in part, to the potent GSIS inhibitory effects of these trivalent methylated metabolites targeting pancreatic β-cells.
Notably, this study showed that arsenic-induced inhibition of GSIS was reversed in INS-1 832/13 cells after 24-hr recovery in As-free media.  These results demonstrate complete recovery of GSIS for both iAsIII and MAsIII exposed cells.  Cells treated with sub-cytotoxic doses of iAsIII and MAsIII which reduced GSIS by half or more showed complete recovery of GSIS following incubation in As-free media.  These results are consistent with previous studies done by our lab which showed nearly complete recovery of GSIS in pancreatic islets after 48-hour exposures to micromolar concentrations of arsenicals, followed by a 24-hour incubation in As-free media [6].  Data from the current study support findings from our lab’s epidemiological study that indicate arsenic-induced diabetes may be temporary and reversible as well as the reversibility hypothesis originally investigated in Douillet et al. [6].  
Consistent with previous experiments done in our lab, exposure to sub- cytotoxic, sub-micromolar concentrations of iAsIII, MAsIII, or DMAsIII inhibited glucose-stimulated calcium influx, at concentrations that also decreased insulin secretion.  We wanted to determine if calcium influx would also be impaired in INS-1 832/13 cells and, furthermore, if this mechanism would be reversed after 24-hour recovery period.  After a 24 h recovery period in As-free media, glucose-stimulated calcium influx was restored.  This is the first study to examine the effect of arsenicals on Ca2+ influx in INS-1 832/13 cells and to find that a decrease in calcium influx is reversible. These preliminary data suggest that one target of trivalent arsenicals is at or upstream of Ca2+ influx and that the effect is reversible after removal of arsenic exposure.
 The fact that we observed GSIS inhibition and recovery consistent with what Douillet et al. (2013) found in pancreatic islets suggests that INS-1 832/13 cells are a suitable model for studying the diabetogenic effects of arsenic on pancreatic β-cells.  These data also suggest the mechanism which regulate GSIS inhibition and recovery in pancreatic-beta cells may be conserved from the mechanisms which regulate these same processes in islets despite physiological differences.  Pancreatic islets differ from INS-1 832/13 cells in terms of 3D structure (presence of gap junctions coupled by connexons in intact pancreatic islets) and contain several different cell types (besides beta-cells, pancreatic islets contain also α cells, δ cells and γ cells) [8]. 
5.2. Study limitations
Results from our current study indicating that MAsIII was a more potent inhibitor of GSIS in beta-cells than DMAsIII appears to stand in contrast with a previous study published by our lab which show DMAsIII as the most potent inhibitors of GSIS in murine pancreatic islets [6].  However, this difference may be attributable to the presence of 2-mercaptoethanol in INS-1 832/13 cell culture media.  INS-1 832/13 cells require 2-mercaptoethanol for survival in tissue culture [25].  Because 2-mercaptoethanol is a thiol, it may interact with trivalent arsenical species, interfering with uptake.  This possibility is supported by differences between the relative potency of the inhibitory effect of DMAsIII in pancreatic islets in media free of 2-mercaptoethanol and in INS-1 832/13 cells cultured in media with 2-mercaptoethanol [6] (Figure 1C).  For this reason, the results of this experiment show that DMAsIII produce significant inhibition of GSIS while experiments done by others in our lab showed DMAsIII had no significant effect on GSIS in INS-1 832/13 cells (Dover et al., unpublished data).  This and results from Douillet et al. study suggest that in the absence of 2-mercaptoethanol interference, we might see a consistent inhibition of GSIS by DMAsIII [6]. However; it is also possible that this difference of DMAsIII GSIS inhibitory effect is due to physiological differences between INS-1 832/13 cells and murine pancreatic islets such as differing 3D structure and the presence of α cells, δ cells and γ cells in islets in addition to β-cells, which could lead to differential susceptibility to arsenic exposure.  
Because of the increased element of uncertainty from potential interactions of 2-mercaptoethanol and DMAsIII, only MAsIII and iAsIII were used for INS-1 832/13 GSIS recovery assays and INS-1 832/13 Ca2+ influx assays.
One limitation for the insulin secretion and calcium influx recovery experiments is the proliferative capacity of the INS-1 832/13 cells. In order to reduce variability in secretion and influx values, data were normalized to total protein.  The statistically significant difference between initial and recovery GSIS in control, unexposed INS-1 832/13 cells suggest that cells may have an improved insulin response compared to initial GSIS cells independent of arsenic exposure (Figure 4A). We speculate that it may result from proliferation leading to a greater number of beta-cells and a resultant increase in cell-cell interaction from cell to cell contact, potentially increasing intercell crosstalk and causing increased insulin response [26].  However, because protein content collected from GSIS experiments did not differ significantly from initial assay to recovery assay for any treatment group besides 2 µM iAsIII and because mean protein was only slightly higher for recovery assays than initial assays, it is unlikely that cell proliferation alone resulted in this anomalous improved insulin response (data not shown).  Despite these limitations, no statistically significant difference in insulin secretion was found between control, unexposed cells and cells previously exposed to iAsIII or MAsIII, indicating that after recovery, arsenic-exposed cells overcame the inhibitory effects of arsenical exposure.  
Interestingly, cells previously exposed to arsenic had an even greater increase in insulin secretion following the recovery period than the control cells; however, this increased fitness was not statistically significant.  This effect may be a product of random variability, as this effect is not statistically significant between initial and recovery GSIS by control, unexposed INS-1 832/13 cells in the inorganic arsenic recovery dataset. 
5.3.  Summary and recommendation for future studies
In summary, trivalent arsenicals inhibit GSIS in INS-1 832/13 cells, with MAsIII showing particular potency.  These effects are reversible after a 24-hour incubation in As-free media.  Preliminary results suggest that doses of MAsIII which significantly inhibit GSIS also significantly inhibit Ca2+ influx and recovery of GSIS is accompanied by a recovery of Ca2+ influx.  These data provide evidence to support the hypothesis our lab has detailed in previous studies that iAs exposure targets pancreatic β-cells and inhibition of insulin secretion through, in part, a reduction in calcium influx. These mechanisms may contribute to the diabetogenic effect of iAs exposure.   Further research in human or murine pancreatic islets is needed to confirm the preliminary findings from this study that Ca2+ influx is significantly inhibited by trivalent arsenicals and that inhibition of Ca2+ influx is reversible following recovery in As-free media.    Furthermore, in order to generate an exposure model more similar to human exposures, findings from this study concerning GSIS recovery should be confirmed using mouse models chronically exposed to iAsIII in drinking water with exposure discontinued before sacrifice to allow for a recovery period.
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Figure 1. Inhibition of GSIS in INS-1 832/13 cells by 24h exposures to trivalent arsenicals. Data
are reported as mean and standard error (SE). (4) Inhibition of GSIS by iAs™ in INS-1 832/13;
data are shown for 3 biological replicates run in triplicate. (B) Inhibition of GSIS by MAs™ in
INS-1 832/13; data are shown for 4 biological replicates run in triplicate. (C). Inhibition of GSIS
by DMAs™ ; Data are shown for 2 biological replicates run in triplicate. [significance of
inhibition denoted as *p<0.05, **p<0.01, ***p<0.001].
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Figure 2. Viability of INS-1 832/13 cells monitored using the MTT assay. Cell viability is shown
as percent of control after 24 h exposure to (A) iAs™(B) MAs™! or (C) DMAs™ with mean and SE
for 2-5 biological replicates in triplicate. Significant loss of cell viability was found for 5 pM
iAs™ treated cells (p=0.015) and for 1 uM MAs™ treated cells (p=0.00017) [*p<0.05, **p<0.01,
#4%p<0.001].
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Figure 3. GSIS by INS-1 832/13 cells exposed to iAs™ for 24 h followed by GSIS after 24 h recovery in
As-free media; mean and SE are shown for 2-4 biological replicates run in duplicate and triplicate.
Significant inhibition of GSIS between control cells and iAs™ treated cells incubated in 16.7 mM glucose
is denoted *, p<0.05. Significant recovery of GSIS between initial GSIS and recovery GSIS following
inhibition is denoted -|—-|—, p<0.01. No statistically significant difference was found for 16.7 mM glucose
GSIS between control and arsenic-exposed recovery treatments.
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Figure 4.

(4) GSIS by INS-1 832/13 cells exposed to MAs!™ for 24 h followed by GSIS after 24 h recovery in
As-free media; mean and SE are shown for 2-3 biological replicates run in duplicate and triplicate.
Significant inhibition of GSIS after initial exposure between control cells and MAs™ treated cells
incubated in 16.7 mM glucose is denoted *, p<0.05. Significant recovery (difference between initial
GSIS and GSIS after recovery) is denoted 4 p<0.05, 4+ p<0.01. (B) [MIT Data Provided by Dr.
Nicole Dover]. Viability of INS-1 cells was monitored using the MTT assay; cell viability is shown
as absorbance after 24h exposure with mean and SD for 3 biological replicates run in triplicate.
Significant decrease in cell viability is denoted **, p<0.01
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Figure 5. Ratiometric calcium imaging (one biological replicate) for islets exposed to arsenicals for 48 h.
Data are normalized for entry of 16.7 mM glucose. Figures A-C show a decrease in Ca®" influx with
increased trivalent arsenical dose. Data shown for (4) iAs™,(B) MAs™, and (C) DMAs
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Figure 6. Viability of islets was monitored using the MTT assay; cell viability is shown as
percent of control after 48 h exposure with mean and SE for 3 biological replicates run in
triplicate.




image9.png
M Initial Imaging  m Recovery Imaging

N +
25 |
o 21
S
<15
1]
* %
05 |
0 . ,

0 uM MAslII 0.1 uM MaAslIl 0.3 uM MAIIl 0.375 uM MAIII

Figure 7. Ratiometric calcium imaging (one biological replicate, run in technical
triplicate) for INS-1 832/13 cells after 24 h exposure to micromolar concentrations of
MAs™ and after 24 h recovery in arsenic-free media. Data are normalized to entry of
16.7 mM glucose. Calcium influx was significantly inhibited after 24 h exposure to
0.375 uM MAs!™ compared to control, unexposed cells (p=0.0019, indicated by **).
This inhibition of calcium influx was reversible following 24 h recovery in As-free
media. Significant recovery between calcium influx after 24 h 0.375 uM MAs™
exposure and calcium influx after recovery was observed. (p=0.0070, indicated by -|- -I-).
No statistically significant differences were found for calcium influx between recovery
treatment groups. (**p<0.01; -|- -|— p<0.01)].
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