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Abstrct:

Arsenic (As), a ubiquitous toxic metal, is an important environmental and
industrial pollutant throughout the world. Inorganic As (iAs) is usually more harmful
than organic ones and with a high risk of diabetes incidence by exposure. However,
the toxicological effects of iAs on growth and function of pancreatic B-cells still
remain unclear. Here, we found that iAs significantly decreased insulin secretion and
cell viability, and increased ROS and MDA formation in pancreatic -cell-derived
RIN-mS5F cells. iAs also induced the increases in sub-G1 hypodiploids, annexin
V-Cy3 binding, and caspase-3 activity in RIN-m5F cells, indicating that iAs could
induce P-cell apoptosis. Moreover, iAs induced MAPKSs activation, mitochondria
dysfunction, p53 up-regulation, Bcl-2 and Mdm-2 down-regulation, PARP, and
caspase cascades, which displayed features of mitochondria-dependent apoptotic
signals. In addition, exposure of RIN-mSF cells to iAs, could trigger ER stress as
indicated by the enhancement in ER stress-related molecules induction (such as
GRP78, GRP94, CHOP, and XBP1), procaspase-12 cleavage, and calpain activation.
The iAs-induced apoptosis and its-related signalings could be effectively reversed by
antioxidant N-acetylcysteine. We next observed that exposure of mice to iAs in
drinking water for 6 consecutive weeks significantly decreased the plasma insulin and
elevated glucose intolerance, plasma lipid peroxidation, and induced islet cells
apoptosis, which accompanied with arsenic accumulation in the whole blood and
pancreas. N-acetylcysteine effectively antagonized the iAs-induced responses in mice.
Taken together, these results suggest that iAs-induced oxidative stress causes
pancreatic B-cells apoptosis via the mitochondria-dependent and ER stress-triggered
signaling pathways.
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ER stress; Apoptosis



1. Introduction:

Arsenic (As), a naturally occurring toxic metalloid, is ubiquitous in the
environment in both inorganic and organic forms. Inorganic As (iAs) is the
predominant form of As in soil, groundwater reservoirs, and industrial pollutants-all
of which are important sources of As in cases of human exposure (Ng et al., 2003;
Smith et al., 2002). Moreover, significant exposure to As is also an occupational
hazard for copper or lead smelters, glass workers, and agricultural workers who use
As-containing agricultural pesticides or herbicides, etc (Otles and Cagindi, 2010;
Rahman and Axelson, 1995). Many epidemiological studies have reported that in the
United States, China, and other countries, chronic exposure to As in drinking water is
associated with increased rates of serious health problems, including incidences of
various cancers, neurotoxicity, liver injury, peripheral vascular disease (e.g., blackfoot
disease (BFD)), and endocrine dysfunction (Chiou et al., 2005; Mazumder, 2005;
Meliker et al., 2007). Recent studies have provided growing evidence of a significant
dose-response relationship between As exposure and the prevalence of diabetes
mellitus in high-iAs exposure areas in Taiwan and Bangladesh (Lia et al., 1994;
Rahman et al., 1998). Notably, diabetes mellitus has been a substantially increasing
world health problem, and As exposure is an environmental risk factors for diabetes
mellitus development and/or pancreatic B-cell dysfunction (Tseng et al., 2002).

The endoplasmic reticulum (ER), a central intracellular organelle, is a quality
control system for intracellular protein homeostasis: it controls protein synthesis,
folding, and delivery of biologically active proteins (Schorder and Kaufman, 2005;
Sitia and Braakman, 2003). The accumulation of unfolded or misfolded proteins in the
lumen of the ER, which induces a coordinated adaptive program called the unfolded
protein response (UPR), causes ER stress (Mori et al., 2000). Increasing evidence

indicates that ER stress plays a critical role in the regulation of apoptosis caused by a
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variety of toxic insults that damage mammalian cells, including hypoxia, chemicals,
Ca”>" homeostasis imbalance, and heavy metals (Biagioli et al., 2008; Kubota et al.,
2005). On the other hand, the production of ROS is induced by misfolded proteins in
the ER, which leads to the activation of UPR and contributes to the induction of
apoptosis (Hung et al., 2010; Malhotra et al., 2008). ROS induce a wide variety of
undesirable biological reactions and functional cell damage, including pancreatic
B-cell dysfunction and/or apoptosis caused by cytokines or autoimmune attack in type
1 diabetes. Pancreatic B-cells are reported to be vulnerable to ROS, which elicits
oxidative stress damage (Hotta et al., 2000; Kaneto et al., 2005). iAs has been
reported to induce toxic effects via oxidative stress causing the disruption of cellular
functions and eventually resulting in cell apoptosis and pathophysiological injury
(Mishra and Flora, 2008; Shi et al., 2010). 1As exposure is a critical risk factor for
developing diabetes; however, only a few studies have shown that iAs can induce the
dysfunction and apoptosis of pancreatic -cells in vitro and in vivo (Diaz-Villasenor et
al., 2006; Izquierdo-Vega et al., 2006; Yen et al., 2007). Moreover, the toxic effects of
iAs in pancreatic -cells and the possible mechanisms underlying these effects are
mostly unclear.

Taken together, in the current study, we try to explore the role of ROS in
iAs-induced pancreatic (-cell apoptosis. To this aim, we investigated the in vitro
effects of iAs on ROS generation, insulin secretion, mitochondrial dysfunction, and
ER stress-related molecules. In addition, we tested whether exposure to iAs, in a way
that mimics the route of human exposure, alters the regulation of insulin secretion, the
disturbance of blood glucose tolerance, generate lipid peroxidation, and islet cells
apoptosis in mice. Moreover, we also investigated the potential protective effects of
the antioxidant N-acetylcysteine on iAs-induced pancreatic $-cell damage in vitro and

in vivo.



2. Materials and Methods:
2.1. Materials

Arsenic trioxide (AsyO3), 3-(4, S5-dimethyl thiazol-2-yl-)-2, 5-diphenyl
tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), N-methyl-2-phenylindole,

1, 1, 3, 3-tetramethoxypropane (MDA), Annexin V-Cy3™

apoptosis detection kit,
propidium iodide (PI), Z-Val-Phe-CHO (MDL 28170), and D-glucose were purchased
from Sigma-Aldrich (St. Louis, MO). 2°, 7°-dichlorofluorescin diacetate (DCFH-DA),
and 3,3'-dihexyloxacarbocyanine iodide (DiOC6) were purchases from Molecular
Probes 2, 7’-dichlorofluorescin diacetate (DCFH-DA), and
3,3'-dihexyloxacarbocyanine iodide (DiOC6) were purchases from Molecular Probes
(Eugene, OR). CaspACE™ fluorometric activity assay kit, AMV RTase (reverse
transcriptase enzyme), RNasin (RNAase inhibitor), and DeadEnd™ Colorimetric
terminal deoxynucleotidyl transferase mediated dUTP nick end labelling (TUNEL)
system (TUNEL assay kit) were purchases from Promega Corporation (Promega
Corporation, Pty. Ltd.). Mouse- or rabbit-polyclonal antibodies specific for
cytochrome c, caspase-3, caspase-12, c-Jun N-terminal kinases (JNK)-1, extracellular
signal-regulated kinases (ERK)1/2, p38, glucose-regulated protein (GRP)78, (GRP)%4,
XBP-1, a -tubulin, and secondary antibodies (goat anti-mouse or anti-rabbit
IgG-conjugated horseradish peroxidase (HRP)) were purchased from Santa Cruz
Biotechnology (Santa Cruz, Biotechnology, Inc.), and caspase-7, caspase-9,

phosphor-JNK, phosphor-p38, phosphor-ERK1/2, C/EBP homologue protein (CHOP),

were purchased from Cell Signaling Technology (Cell Signaling Technology, Inc.).

2.2. Cell culture
RIN-mS5F rat insulioma pancreatic -cell line is a clone derived from the RIN-m

rat islet cells (Bhathena et al., 1984), which has property to produce and secrete
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insulin (Cai and Lin, 2009; Matias et al., 2006). Cells were purchased from American
Type Culture Collection (ATCC, CRL-11605; with Mycoplasma test: negative) and
maintained in RPMI-1640 medium (Gibco BRL, Life Technologies) supplemented
with 10 % fetal bovine serum (FBS) and antibiotics (100 U/ml of penicillin and 100
pg/ml of streptomycin) in a humidified chamber with a 5 % CO,-95 % air mixture at
37 °C. The culture medium and supernatant from adherent cells were performing test
for Mycoplasma contamination by Mycoplasma Detection Kit (Roche Applied

Science, Indianapolis, USA) at every month.

2.3. Cell viability

Cells were washed with fresh media and cultured in 96-well plates (2x10%/well)
and then stimulated with As;Os (1-10 uM) for 24 h. After incubation, the medium was
aspirated and fresh medium containing 30 pL of 2 mg/mL 3-(4, 5-dimethyl
thiazol-2-yl-)-2, 5-diphenyl tetrazolium bromide (MTT) was added. After 4 h, the
medium was removed and replaced with blue formazan crystal dissolved in dimethyl
sulfoxide (100 pL). Absorbance at 570 nm was measured using an enzyme linked

immunosorbent assay microplate reader (Bio-Rad, model 550, Hercules, CA).

2.4. Measurement of insulin secretion

To measure the amount of insulin secretion in RIN-mS5F cells after exposure to
As,0s, cells were performed in Krebs Ringer buffer (KRB), as previously described
(Chen et al., 2006b and 2010). In briefly, after iAs exposure, cells were switched to
Krebs Ringer buffer (KRB) supplemented with 0.5 % BSA and low levels glucose
(2.8 mM) for 1 h. Afterward, cells were challenged to secrete insulin in 16.7 mM
glucose for 1 h. Supernatants were collected, centrifuged, and frozen at -70 °C until

used. To measure the amount of insulin secretion, aliquots of samples were collected
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from the plasma or experimental solutions at indicated time points, and subjected to
insulin antiserum immunoassay according to the manufacturer's instructions

(Mercodia AB, Sweden).

2.5. Flow cytometry analysis of ROS production, sub-G1 DNA content, and
mitochondrial membrane potential
2.5.1. Determination of reactive oxygen species (ROS) production
Intracellular ROS generation was monitored by flow cytometry using the

peroxide-sensitive fluorescent probe: 2°, 7’-dichlorofluorescin diacetate (DCFH-DA),
as described Chen et al., 2010. In brief, cells were coincubated with 20 puM
DCFH-DA at 37 “C. After incubation with the dye, cells were resuspended in ice-cold
phosphate buffered saline (PBS) and placed on ice in a dark environment. The
intracellular peroxide levels were measured by flow cytometer (FACScalibur, Becton
Dickinson, Sunnyvale, CA), that emitted a fluorescent signal at 525 nm. Each group
was acquired more than 10000 individual cells.
2.5.2. Measurement of sub-G1 DNA content

RIN-mS5F cells were detached and washed with PBS after treatment with for
Asy03 24 h, then resuspended in 1 mL of cold 70% (v/v) ethanol and stored at 4 °C
for 24 h. After they were washed with PBS, the cells were stained with PI [50 pg/mL
PI and 10 pg/mL ribonuclease (Rnase) in PBS] at 4 °C for 30 min in dark conditions.
The cells were washed and subjected to flow cytometry analysis of DNA content
(FACScalibur, Becton Dickinson). Nuclei displaying hypodiploid, sub-G1 DNA
contents were identified as apoptotic. The sample of each group was collected more
than 10,000 individual cells.
2.5.3. Determination of mitochondrial membrane potential

The mitochondrial membrane potential was analyzed using the fluorescent probe
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DiOC6, with a positive charge of a mitochondria-specific fluorophore. Briefly,
RIN-mS5F cells were plated in 12-well culture plate. After treatment, cells were
harvested and loaded with 40 nM DiOC6 for 30 min and analyzed with FACScan
flow cytometer (Becton Dickinson). The sample of each group was collected more

than 10,000 individual cells.

2.6. Lipid peroxidation analysis

The formation of MDA, a substance produced during lipid peroxidation, was
determined by using the commercial LPO assay kit (Calbiochem, San Diego, USA) as
described by Huang et al. (2007) and Lu et al. (2010). Briefly, after exposure to As;O3
alone or in combination with NAC for 24 h, RIN-m5F cells were harvested and
homogenized in 20 mM Tris-HCI buffer, pH 7.4, containing 0.5 mM butylated
hydroxytoluene to prevent sample oxidation. The equal volumes samples (cell
supernatant or plasma) were added 3.25 volumes of diluted R1 reagent (10.3 mM
N-methyl-2-phenylindole in acetonitrile). After mixing, the mixture was added with
0.75 volumes of 37% HCI was added to the mixtures, which was then incubated at
45°C for 60 min. After cooling, the absorbance of the clear supernatant was read at
586 nm. The linearity of the standard curve was confirmed with 0, 1, 2.5, 5, 10, 20, 40
uM MDA standard (1, 1, 3, 3-tetramethoxypropane in Tris-HCI). The protein
concentration was determined using the bicinchoninic acid protein assay kit with an
absorption band of 570 nm. (Pierce, Rockford, IL, UAS). LPO level was expressed as

nanomoles (nmol) MDA per milligram protein and estimated from the standard curve.

2.7. Detection of apoptotic cells
Apoptosis was assessed using Annexin V, a protein that binds to

phosphatidylserine (PS) residues which are exposed on the cell surface of apoptotic
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cells (Yen et al., 2007). Cells were treated with or without As,O; for 24 h. After
treatment, cells were washed twice with PBS (ph 7.4), and incubated with Annexin
V-Cy3 (Ann Cy3) and 6-carboxy fluorescein diacetate (6-CFDA) simultaneously
(Annexin V-Cy3™ apoptosis detection kit). After labeled at room temperature, the
cells were immediately observed by fluorescence microscopy (Axiovert 200, Zeiss,
200x). Ann Cy3 was available for binding to PS, which was observed as red
fluorescence. In addition, cell viability could be measured by 6-CFDA, which was
hydrolyzed to 6-CF and appears as green fluorescence. Cells in the early stage of

apoptosis would be labeled with both Ann Cy3 (red) and 6-CF (green).

2.8. Measurement of Caspase-3 Activity

Caspase-3 activity was determined using the CaspACE™ fluorometric activity
assay kit as described by Chen et al., 2006. In brief, cell lysates were incubated at 37
°C with 10 uM Ac-DEVD-AMC, a caspase-3/CPP32 substrate for 1 h. The
fluorescence of the cleaved substrate was measured by a spectrofluorometer
(Spectramax, Molecular devices) with an excitation wavelength at 380 nm and an

emission wavelength at 460 nm.

2.9. Quantitative Real-time PCR analysis

Expression of apoptosis-related genes was evaluated by quantitative real-time
PCR (qPCR) analysis that carried out using Tagman® one-step PCR Master Mix
(Applied Biosystems, Foster City CA). Briefly, total cDNA (100 ng) was added per
25-ul reaction with sequence-specific primers and Tagman® probes. Sequences for all
target gene primers and probes were purchased commercially (f-actin, the
housekeeping gene, was used as an internal control) (Applied Biosystems, CA).

Quantitative RT-PCR assays were carried out in triplicate on StepOnePlus sequence
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detection system. Cycling conditions were 10 min of polymerase activation at 95 °C
followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. After 40 cycles, samples
were run on a 2 % agarose gel to confirm specificity. Data analysis was performed
using StepOne™ software (Version 2.1, Applied Biosystems). All amplification
curves were analysed with a normalized reporter (R,: the ratio of the fluorescence
emission intensity to the fluorescence signal of the passive reference dye) threshold of
0.2 to obtain the Cp values (threshold cycle). The reference control genes were
measured with four replicates in each PCR run, and their average Ct was used for
relative quantification analyses (the relative quantification method utilizing real-time
PCR efficiencies (Pfaffl et al.,, 2002)). TF expression data were normalized by
subtracting the mean of reference gene Cr value from their Ct value (ACr). The Fold
Change value was calculated using the expression 2y, where AACt represents
ACr_condition of interest — ACtcontrol. Prior to conducting statistical analyses, the fold

change from the mean of the control group was calculated for each individual sample.

2.10. Calpain activity assays

Suc-Leu-Leu-Val-Tyr-AMC is a calpain protease substrate. Quantitation of
7-amino-4-methylcoumarin (AMC) fluorescence permits the monitoring of enzyme
hydrolysis of the peptide-AMC conjugate and can be used to measure enzyme activity.
Cells were prepared and treated on 24-well culture plates. Prior to addition of
inhibitors cells were loaded with 40 uM Suc-Leu-Leu-Val-Tyr-AMC (Biomol) and
treated with 1As for the indicated time at 37 °C in a humidified 5% CO2 incubator.
Proteolysis of the fluorescent probe was monitored using a fluorescent plate reading
system (FLx800, BioTek") with filter settings of 360+20 nm for excitation and

460+20 nm for emission.

12



2.11. Western blot analysis

The cellular lysates were prepared and western blotting was performed as
previously described (Chen et al., 2006a). In brief, equal amounts of proteins (50 pg
per lane) was subjected to electrophoresis on 10% (W/V) SDS-polyacrylamide gels
and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes
were blocked for 1 h in PBST (PBS, 0.05% Tween-20) containing 5% nonfat dry milk.
After blocking, the membranes were incubated with rabbit anti-rat antibodies against
cytochrome ¢, PARP, caspase-3, caspase-7, caspase-9, caspase-12, PARP,
phosphor-JNK, phosphor-p38, phosphor-ERK1/2, JNK-1, ERK1/2, p38, GRP-78,
GRP-94, CHOP, XBP-1, calpain I, calpain II, or « -tubulin in 0.1% PBST (1:1000)
for 1 h at room temperature. After they were washed in 0.1% PBST followed by two
washes (15 min each), the blots were subsequently incubated with goat anti-mouse or
anti-rabbit IgG-HRP secondary antibody (1:1000) for 1 h. The antibody-reactive
bands were revealed by enhanced chemiluminescence reagents (Perkin-Elmer™, Life

Sciences) and were exposed on the Fuji radiographic film.

2.12. Animal preparation

We purchased normal male ICR mice (4weeks old, 20-25 g) from the Animal
Center of College of Medical, National Taiwan University. The protocols used were
approved by the Institutional Animal Care and Use Committee (IACUC) and the care
and use of laboratory animals were conducted in accordance with the guidelines of the
Animal Research Committee of China Medical University. Mice were housed in a
room at a constant temperature (23 £ 2 “C), 50 + 20 % relative humidity, given a
solid diet and tap water ad-libidum, and 12 hrs of light-ark cycles. Mice were
acclimatized to the laboratory conditions prior to the experiments and all experiments

were carried out between 8:00 AM and 05:00 PM. Mice were treated with 0, and 5
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ppm arsenic trioxide (As;Os) in drinking water for 6 consecutive weeks in the
presence or absence of NAC (150 mg - kg - day™, oral application by gavage),
respectively. Each group was contained 15 mice. All  experimental mice were
sacrificed by decapitation under pentobarbital anesthesia (80 mg/kg, i.p.), and the
whole blood samples were collected from the peripheral vessels. Whole blood sample
were centrifuged at 3000 x g for 10 min, and plasma was obtained, and insulin and
lipid peroxidation (LPO) levels were assayed immediately. Pancreas were fixed in 4
% paraformaldehyde and embedded by paraffin for detecting islet apoptosis. At the
same time, whole blood and pancreas were quickly removed and stored at liquid

nitrogen until use, and then was analysis of As content.

2.13. Oral glucose tolerance test (OGTT)

Oral glucose tolerance testing was performed as previously described (Chen et
al., 2006b). Mice were administrated with D-glucose by stomach tube after an
overnight fast. Blood samples were collected (from an eyehole under anesthesia)
before and 30, 60, 90, and 120 min after delivery of the glucose load. Blood glucose
levels were determined using the Bayer blood glucose meter (Ascensia ELITE,

Bayer).

2.14. Determination of arsenic content

300 mg of whole blood and pancreas were placed in a 15 ml polyethylene tube,
and 0.5 ml of a 3:1 mixture of hydrocholic acid (35%) and nitric acid (70%) was
added. The tube were capped and allowed to stand overnight at 50°C oven. After
cooling, suitable dilution buffer (0.3% nitric acid and 0.1% Triton X-100 in distilled
water) was added to the digested material, and the total arsenic content was

determined by inductively coupled plasma mass spectrometry (ICP-MS). The
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detection limit for arsenic was ~0.1 ppb(ug/L).

2.15. Apoptosis analysis in mouse islet

Islet cells apoptosis was detected by TUNEL method utilizing the Dead End
Colorimetic Apoptosis Detection system, as described previously (Kuwano et al.,
1999). The deep brown of TUNEL-positive cells was imaged under the Nikon
ECLIPSE 80i upright microscope equipped with a charge-coupled device camera

(with x200 magnification).

2.16. Statistical analysis

Data are presented as means + S.E. The significance of difference was evaluated
by the Student’s t-test. When more than one group was compared with one control,
significance was evaluated according to one-way analysis of variance (ANOVA) was
used for analysis, and the Duncans’s post hoc test was applied to identify group
differences. The P value less than 0.05 was considered to be significant. The statistical
package SPSS, version 11.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for

the statistical analysis.
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3. Results
3.1. Effects of ids on cell viability, insulin secretion, and ROS production in RIN-m5F
cells

iAs, the predominant form of As in soil, underground water reservoirs, and
industrial pollutants, is the main type of As to which millions of people worldwide
have been exposed. Therefore, 1As (arsenic trioxide, As;Os) was used in this study for
investigating the toxic effects of iAs in the pancreatic B-cells. To examine
iAs-induced pancreatic B-cell cytotoxicity, we first investigated the effect of iAs on
cell survival in rat pancreatic [-cell-derived cell line (RIN-mS5F). Treatment of
RIN-m5F cells with iAs for 24h reduced the number of viable cells in a
concentration-dependent manner with a range from 1 to 10 uM using the MTT assay
(Figure 1A). Moreover, to evaluate the effect of iAs on the insulin secretion, the
short-term response of iAs on insulin secretion from [-cells was dete4cted. After 4 h
of treatment, 1As (2 and 5 uM) effectively suppressed insulin secretion in RIN-m5F
cells (2 uM iAs, 93.77 £ 1.46; 5 uM iAs, 75.93 + 2.77; control, 119.81 +£2.23 pM, n =
6, *p < 0.05) that was not induced the reduction of viable cells (2 pM iAs, 98.68 +
1.07; 5 uM iAs, 98.14 £ 1.21% of control) (Figure 1B), indicating iAs could induced
the dysfunction of pancreatic [-cells insulin secretion.

To investigate the effect of iAs on ROS formation, we treated RIN-mS5SF cells
with iAs (2 and 5 uM) and determined ROS production and MDA formation. After
exposure of RIN-mSF cells to iAs for 0.5-2 h, the intracellular ROS levels were
significantly increased (using DCF fluorescence as an indicator of ROS formation)
(Figure 2A). It also induced the production of high levels of MDA at the cell
membrane (an index of oxidative damage to membrane lipids) by exposing of cells to
iAs for 24 h (exposure to 2 and 5 uM As,0O3 led to MDA levels of 2.95 + 0.12 and

5.37 £ 0.37 nmole-MDA/mg protein, respectively, while the control group had an
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MDA levels of 1.91 + 0.06 nmole-MDA/mg protein, n = 6, “p < 0.05) (Figure 2B).
The antioxidant N-acetylcysteine (NAC, 10 mM) could effectively reverse

iAs-induced ROS formation and cell viability reduction (Figure 2).

3.2. iAs-induced apoptosis is mediated by a mitochondrial-dependent pathway in
RIN-m5F cells

To determine whether iAs-induced cell death occurs through an apoptosis,
Annexin V-Cy3/6-CFDA double-staining was used for detecting of phosphatidyl
serine (PS) externalization, which is a hallmark of early events in apoptosis (Yen et al.,
2007). As shown in Figure 3A, cells treated with iAs (2 and 5 uM) for 24 h were
significantly labeled with both Ann-Cy3 (red) and 6-CF (green) fluorescence, which
meant that these cells were in the early stage of apoptosis. Moreover, we examined
the effect of iAs-induced apoptosis by analyzing the sub-G1 hypodiploid cell
population. As compared to vehicle-treated RIN-mS5F cells, the increase in the number
of sub-G1 hypodiploid cells was markedly triggered in cells treated with iAs for 24 h
(Figure 3B). To further evaluate apoptotic signaling by iAs, caspase-3 activity was
measured. Caspase-3 activity is an integral step in the majority of apoptotic events.
Here, treatment of cells with iAs (2 and 5 uM) induced remarkable caspase-3
activation (Figure 3C). Pretreatment with NAC (10 mM) could effectively prevent
iAs-induced B-cell apoptosis (Figure 3). These results suggest that iAs can induce
apoptosis in pancreatic B-cells.

Next, to determine whether iAs-induced apoptosis was mediated through
mitochondrial dysfunction, we measured mitochondrial membrane potential (MMP)
by using flow cytometry with a mitochondria-sensitive dye, DiOCs. As shown in
Figure 4A, exposure of RIN-m5F cells to iAs for 8 h induced a dose-dependent

decrease in MMP, and the decrease in MMP levels was more significant after
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exposure to iAs for 24h. We next investigated the release of cytochrome ¢ from the
mitochondria into the cytosol in iAs-treated RIN-mS5F cells. Exposure of cells to iAs
for 8 h effectively increased the cytochrome c¢ level in the cytosolic fraction (cytosolic
cytochrome c level: 2 uM As,03, 1.87 £ 0.17; 5 uM As,03, 2.58 + 0.45 fold of control,
n =6, 'p < 0.05) (Figure 4B). Meanwhile, we also examined the change in the
expression of pro-apoptotic and anti-apoptotic mRNA. Treatment of RIN-mS5F cells
with 1As (2 uM) induced an increase in p353 (pro-apoptotic) and a decrease in Mdm?2
(anti-apoptotic) mRNA levels. These changes were accompanied by significant
down-regulation of Bcl-2 (anti-apoptotic) mMRNA expression; however, Bax
(pro-apoptotic) expression was not altered (Figure 4C). Thus, iAs induced a marked
shift in the Bcl-2/Bax expression ratio toward an apoptosis-associated state.

Moreover, PARP and caspase cascades activation were also detected. As shown
in Figure 5A, the levels of 89-kDa cleaved PARP fragment (the active form) was
significantly increased after exposure of RIN-mS5F cells to iAs for 8-12 h. The
activation of cysteine proteases is one of the critical biomarkers of apoptosis. We
observed a marked increase in the activation of caspase-3, caspase-7, and upstream
caspase-9 in iAs-treated RIN-mSF cells (Figure 5B). These iAs-induced responses

could be reversed by NAC (10 mM) (Figures 4, 5A, and 5B).

3.3. ids-activated phosphorylation of MAPKs in RIN-m5F cells

Mitogen-activated protein kinases (MAPKs) play important roles in many
apoptosis signaling pathways, and ROS are known to induce MAPK activation in
many kinds of cells. Therefore, the possible role of MAPKSs in iAs-induced pancreatic
B-cell death was investigated. As shown in Figure 5, the phosphorylation of INK, p38
MAPK and ERK1/2 were significantly increased within 30 mins in iAs (2 and 5

uM)-treated RIN-mSF cells compared with control (Figure 5). In addition, the effect
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of iAs on the MAPK pathway could be effectively abrogated by co-treatment with
NAC (10 mM), which indicated that ROS played a key role in iAs-induced MAPKs

activation (Figure 5C).

3.4. iAs also induced ER stress response and increased calpain activity in RIN-m5F
cells

To further evaluate the involvement of ER stress signaling in responses triggered
by iAs-induced oxidative stress damage, the expression of ER stress markers was
examined after treatment of RIN-m5F cells with iAs. As shown in Figure 6A, iAs
significantly increased the protein expression levels of GRP78, GPR94, CHOP, and
XBP-1 within 8 h of exposure, and this increased expression was maintained for up to
24 h. It was also markedly triggered the degradation of the 55-kDa full-length
caspase-12 in iAs-treated cells. Notably, the effect of iAs on the response of ER stress
proteins, i.e., GRP78, GRP94, and CHOP, in RIN-m5F cells could be reversed by
NAC (10 mM); however, the effect on the ER stress protein XBP-1 could not be
reversed (Figure 6B). Next, we determined whether the activity of calpain (a
calcium-dependent thiol proteases) could be induced in iAs (2 and 5 pM)-treated
RIN-m5F cells. Calpain I and II protein expression and calpain activity were
increased after iAs treatment in a time-dependent manner (Figures 7A and 7B).
Furthermore, the calpain inhibitor, Z-Val-Phe-CHO (MDL 28170), and NAC,
effectively inhibited the increase in calpain activity induced by iAs in RIN-m5F cells
(Figure 7C). These results suggest that ER stress and calpain activity are involved in

iAs-induced oxidative stress damage.

3.5. Effects of iAs on blood and pancreas arsenic levels, plasma insulin secretion,

blood glucose regulation, plasma lipid peroxidation, and islet cells apoptosis
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production in mice

Mice exposed to 1As (5 ppm As,Os in drinking water) during a 6-week period
had elevated whole blood As (age-matched control group: 9.43 + 0.17 pg/L; iAs
group: 35.28 + 4.76 ng/L) and pancreatic As (age-matched control group: 8.85 = 1.35
ng/g w.t.; 1As group: 68.75 £ 4.71 ng/g w.t.) levels (Table 1). Thus, these results
provide evidence that even the exposure to 1As occurs over a long period, As could
still absorbed by the gastrointestinal (G-I) tract and significantly accumulated in the
whole blood and pancreas.

The next aim of our investigation was to ascertain whether iAs-induced oxidative
stress might alter the function of pancreatic B-cells in vivo. As shown in Figure 8A,
there was a significant decrease in the plasma insulin levels of mice after exposure to
1As for 6 consecutive weeks. iAs-exposed mice also appeared an elevation in glucose
intolerance as compared with vehicle control (Figure 8B). Furthermore, the results of
the plasma lipid peroxidation assay and islet cells apoptosis determination showed
that the plasma malondialdehyde (MDA) levels were markedly increased, and the
deep brown of TUNEL-positive cells was significantly induced after mice exposed to
iAs for 6 consecutive weeks (Figures 8C and 8D). These iAs-triggered responses in

mice were effectively reversed by the treatment with NAC (150 mg - kg™).
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4. Discussion:

Diabetes mellitus is a group of metabolic diseases characterized by
hyperglycemia caused by defects in insulin secretion by pancreatic B-cells and/or
insulin action on peripheral tissues. The crucial feature of type 1 (insulin-dependent)
diabetes is severe insulin deficiency, which is caused by the autoimmune destruction
of pancreatic B-cells. In contrast, type 2 (non-insulin-dependent) diabetes typically
shows a partial decrease of B-cell mass, while insulin resistance may be exist, and the
insufficiency of insulin production is relative (American Diabetes Association, 2005).
iAs is an important environmental pollutant, and that exposure to iAs from drinking
water is significantly associated with the prevalence and incidence of diabetes
mellitus (Lia et al., 1994; Rahman et al., 1998). In addition, many studies have shown
that 1As is a potent inducer of oxidative stress, which causes the important cascade
activation during iAs-induced cellular damage (Chowdhury et al., 2009; Han et al.,
2010). The deleterious effect of oxidative stress has been found to be induced during
the progression of pancreatic PB-cell dysfunction under diabetic conditions and
apoptosis triggered by toxic insults (such as mercury exposure and high glucose levels)
(Chen et al., 2006a; Zhang et al., 2010). Despite many studies indicated that iAs can
induce oxidative stress damage, subsequently causing apoptosis in several kinds of
cells and organs (Chowdhury et al., 2009; Han et al., 2010; Singh et al., 2010), the
precise mechanisms underlying the pancreatic PB-cell dysfunction and cell death
caused by iAs-induced oxidative stress are mostly unclear. The main finding of this
study was that iAs induced B-cells dysfunction, ROS generation, and apoptotic
cascades activation in RIN-m5f cells. One of the mechanisms underlying iAs directed
cell apoptosis was through mitochondrial dysfunction and ER stress. These
iAs-induced cytotoxic responses could be reversed by treatment with the antioxidant

NAC. Therefore, these findings indicate that oxidative stress mediated
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mitochondria-dependent and ER stress-activated apoptotic signals are involved in
iAs-induced pancreatic -cell apoptosis.

It has been reported that the excess ROS caused the perturbations in
mitochondrial function has been identified and affect the cause and complications of
diabetes (Hotta et al., 2000; Kaneto et al., 2005). Mitochondria are very sensitive to
oxidative stress that caused by various factors, and mitochondrial dysfunction caused
by mitochondrial DNA mutation has been implicated in the pathogenesis of many
diseases, including diabetes (Kang and Hamasaki, 2005). Mitochondrial dysfunction
has been demonstrated to play a crucial role in mammalian cell apoptosis. Recent
studies have indicated that iAs induces cell apoptosis by disrupting mitochondrial
function (disruption of MMP and cytochrome c release from the intermembrane space
of mitochondria to the cytosol) and activating caspase cascade signals in several types
of cells (Singh et al., 2010; Tang et al., 2009; Yan et al., 2006). In this study, the
results shown that iAs was capable of inducing RIN-m5f cell apoptosis by reducing
MMP and increasing cytochrome c release. Meanwhile, we also found a significant
increase in the levels of 89-kDa fragment (active form) of PARP, associated with the
activation of caspase-3, -7, and -9 proteases. NAC could effectively prevent these
1As-induced responses. Furthermore, Bel-2 family proteins have been reported to be
the central regulators of the mitochondria-dependent (intrinsic) apoptotic pathway,
with cell death being dependent on the balance of anti- and pro-apoptotic members
(Leibowitz and Yu, 2010). p53, a tumor suppressor gene, is also a critical activator in
intrinsic apoptosis. It has been reported that Bc/-2 and Bax gene expression is
differentially regulated by p53 activation (Miyashita et al., 1994). Here, exposure
RIN-m5f cells to iAs resulted in a marked decrease in Bcl-2 expression and an
increase in p53 expression, but not Bax expression was not altered, which was

reversed by NAC. Our results suggest that changes in the expression ratio of pro- and
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anti-apoptotic Bcl-2 family members, concomitant with increased p53 expression,
might contribute to the promotion of apoptotic activity by 1As. On the basis of these
results, we implicate that iAs induces an oxidative stress-regulated pancreatic 3-cell
apoptosis through the mitochondria-dependent apoptosis pathway.

ROS can elicit oxidative stress, which serves as a trigger for cell death and
affects many pathological and physiological processes, including pancreatic -cell
dysfunction and apoptosis (Chen et al., 2006a; Kaneto et al., 2005). Oxidative stress
induces cellular responses by activating several protein phosphorylation pathways,
including JNK, ERK1/2, and p38 MAPK pathways (McCubrey et al., 2006). It has
been indicated that activation of the JNK pathway, which is mediated by oxidative
stress, is involved in the progression of B-cell death (Hou et al., 2008). However, to
the best of our knowledge, there is no literature to explore the role of MAPKSs
activation in iAs-induced oxidative stress with respect to cause pancreatic B-cell death.
The results of the present study revealed that iAs significantly enhanced the
phosphorylation of JNK, ERK, and p38 MAPK in RIN-m5f cells. The antioxidant
NAC prevented iAs-induced MAPKs activation. These results suggest that
1As-triggered MAPKs activation may be involved in pancreatic B-cell death that is
regulated by oxidative stress.

ER stress has been demonstrated to be involved in apoptosis induction that
occurs during the pathophysiological progresses, including diabetes (Fonseca et al.,
2009). GRP78 and GRP94, the major ER-resident chaperones and the most abundant
glycoproteins in the ER, play critical roles in protein folding/assembly and ER
calcium binding and are widely used as biomarkers of ER stress (Lee, 2001).
Moreover, other ER stress-related chaperones, such as CHOP and XBPI, are also
components of the apoptosis pathway mediated by ER stress. CHOP, known as

growth arrest- and DNA damage-inducible gene 153 (GADD153), is a member of the

23



C/EBP transcription factor family. It has been reported that CHOP induction, which
occurs during several responses to cellular stress, is involved in the ER stress-induced
apoptosis pathway (Zinszner et al., 1998). In mammalian cells, upon ER stress, XBP1
mRNA is initiated the splice processing by the ER transmembrane kinase
inositol-requiring enzyme 1 (IRE1), and the results in activation of XBP1, which can
then bind ER stress response elements and activate the transcriptional set of ER
chaperones, such as GRP and CHOP (Lee et al., 2003). Several studies have shown
that the upregulation of these ER stress-related chaperones is believed to induce ER
stress, leading to cell apoptosis by toxic insults (such as heavy metals and anit-tumor
agents)(Shinkai et al., 2010; Yokouchi et al., 2007). Moreover, calpains are proteins
that belong to the family of calcium-dependent intracellular cysteine proteases, which
are ubiquitously expressed in mammalian cells and organisms. Activation of calpain-I
(u-calpain) and calpain-II (m-calpain) proteases has been implicated in the
development of apoptosis (Huang and Wang, 2001). Caspase-12 is specifically
localized to the ER and cleaved during the disruption of ER function.
Calpain-mediated cleavage of caspase-12 is reported to be involved in the processes
of ER stress-induced apoptosis (Sheu et al., 2007). However, it is still unclear whether
iAs-induced oxidative stress causing the expression of ER chaperones and the
activation of calpain in pancreatic B-cell apoptosis. In the current study, our results
showed that the expression of the ER-related chaperones, including GPR78, GPR94,
CHOP, and XBP1, and the degradation of caspase-12 were significantly increased
after exposure of RIN-m5F cells to 1As for 8-24 h. These effects could be reversed by
treatment of cells with NAC, with the exception of XBP1. Furthermore, iAs also
increased calpain-I and calpain-II expression and calpain activity in a time-dependent
manner. The pharmacological inhibitor MDL-28170 (calpain inhibitor) and NAC

(antioxidant) could prevent iAs-induced calpain activity. These results implicate that
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an increase in ER stress is involved, at least partially, in iAs-triggered pancreatic
B-cell apoptosis.

Many epidemiological studies have shown that exposure to iAs via drinking
water increases the rates of diabetes mellitus and other chronic diseases (Chiou et al.,
2005; Lia et al., 1994; Meliker et al., 2007; Rahman et al., 1998). In 2001, the United
States Environmental Protection Agency (US EPA) lowered the maximum
contaminant level (MCL) of As permissible in drinking water from 50 pg/L to 10
ng/L. However, very high levels of iAs are still found in underground water reservoirs
in the United States, Taiwan, and Bangladesh (Lai et al., 1994; Meliker et al., 2007,
Rahman et al., 1998). In these areas, the As concentrations range from 0.35 to 2.1
mg/L (ppm), even well above 3 ppm in drinking water, and 5.3 to 11.2 mg/kg in soil
(Alam et al., 2002; Lo, 1978; Rahman et al., 1998). Therefore, in this study, to
investigate the effects of iAs on pancreatic B-cell dysfunction in vivo, we chose a
dosage of 5 ppm iAs via drinking water exposure to mice, which mimics human
exposure route and conditions Here, our results found a significant decrease in plasma
insulin levels (age-matched control, 84.28 + 3.38 pmol; 5 ppm iAs, 43.88 = 5.28
pmol , respectively) and an elevation in glucose intolerance, which was accompanied
by significant arsenic accumulation in the whole blood (age-matched control group:
9.43 £ 0.17 pg/L; iAs group: 35.28 + 4.76 pg/L) and pancreas (age-matched control
group: 8.85 = 1.35 ng/g w.t.; iAs group: 68.75 + 4.71 ng/g w.t.) after exposure of mice
to iAs for 6 consecutive weeks. Moreover, the results of the plasma lipid peroxidation
assay and islet cells apoptosis determination also revealed that the plasma MDA levels
and the TUNEL-positive cells in islet were markedly increased in iAs-exposed mice.
These i1As-induced responses could be effectively reversed by NAC. Thus, these
results indicate that iAs-induced oxidative stress plays a key role in pancreatic -cell
dysfunction and injury.
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5. Conclusion:

In conclusion, the results from the in vitro and in vivo experiments performed in
this study indicate that iAs is capable of inducing the oxidative stress-related insulin
secretion suppression in pancreatic B-cells. More importantly, further evidence
demonstrates that iAs triggers oxidative stress to induce pancreatic -cell apoptosis
through MAPK activation and mitochondrial dysfunction leads to the activation of
PARP and caspase cascades-mediated signaling pathway (Figure 9). iAs also induces
the expression of ER stress-related markers (GRP78, GRP94, and CHOP), which
subsequently triggers calpain activation resulting in apoptosis (Figure 9). Based on the
aforementioned observations, there is beneficial evidence to suggest that iAs may be

an importantly environmental risk factor for diabetes.
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Figure Legends:

Figure 1. Effects of arsenic on cell viability and insulin secretion in RIN-m5f cells. (A)
Cells were treated with As;Os3 (1-10 uM) for 24 h, and cell viability was determined
by MTT assay. (B) Cells were treated with or without As,Os (2 and 5 uM) for 4 h.
The insulin secretion was detected under 16.7 mM glucose-stimulated condition. All
data are expressed as mean + S.E. for four independent experiments with triplicate

determination. *P<0.05 as compared with vehicle control.

Figure 2. Effects of arsenic on oxidative stress damage generation in RIN-m5f cells.
Cells were treated with As,O; (2 and 5 uM) for various time courses in the absence or
presence of NAC (10 mM). (A) ROS was determined by flow cytometry, (B)
oxidative damage to membrane lipid (lipid peroxidation) was measured the levels of
MDA, and (C) cell viability was determined by MTT assay as described in the
Materials and Methods section. Data are presented as mean + S.E. for four
independent experiments with triplicate determination. *P<0.05 as compared with

vehicle control. *P<0.05 as compared with arsenic group alone.

Figure 3. Arsenic induced apoptosis production in RIN-m5f cells. Cells were treated
with or without As;O; (2 and 5 uM) for 24 h in the absence or presence of NAC (10
mM). (A) Apoptosis cells were be observed by fluorescence microscopy (100x)
staining with fluorescent probe: Ann Cy3 (red fluorescence) and 6-CFDA (green
fluorescence)(a and d, control; b and e, As;O3-2 uM; ¢ and f, As;O3-5 uM; g and j,
NAC-10 mM; h and k, As;O03-2 uM + NAC; 1 and 1, As;O03-5 uM + NAC).(B) Cells
with genomic DNA fragmentation (sub-Gl1 DNA content) were analyzed by flow
cytometry. (C). Caspase-3 activity was examined by CaspACETM fluorometric

activity assay kit as described in the Materials and Methods section. Data in B and C
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are presented as mean = S.E. for four independent experiments with triplicate

determination. *P<0.05 as compared with vehicle control. *P<0.05 as compared with

arsenic group alone.

Figure 4. Arsenic induced mitochondrial dysfunction, cleavages of poly (ADP-ribose)
polymerase (PARP), and caspase cascades activation in RIN-m5f cells. Cells were
treated with or without As,O3 (2 and 5 uM) for different time intervals in the absence
or presence of NAC (10 mM). Mitochondrial membrane potential depolarization was
determined by flow cytometry (A, for 8§ and 24 h). Cytosolic cytochrome ¢ release
was examined by Western blot analysis (B, for 8 h). The expression of anti-apoptotic
(Bcl2 and Mdm?2) and pro-apoptotic (Bax and p53) genes was analyzed by real-time
PCR (C). PARP cleavage (D, for 8 and 12 h) and the caspase-3, -7, and -9 expressions
(E, for 16 and 24 h) were examined by Western blot analysis as described in the
Materials and Methods section. Data in A and C are presented as mean + S.E. for four
independent experiments with triplicate determination. *P < 0.05 as compared with
vehicle control. *P<0.05 as compared with arsenic alone. Results shown in B, D, and

E are representative of at last three independent experiments.

Figure 5. Analysis of mitogen-activated protein kinase (MAPK) activation in
arsenic-treated RIN-m5f cells. Cells were treated with or without As;O3 (2 and 5 uM)
for 30 min in the absence or presence of NAC (10 mM), and analyzed the
phosphorylation of JNK-, p38- and ERK1/2-MAPK by Western blotting analysis.

Results are representative of at last three independent experiments.

Figure 6. Effects of arsenic on ER stress marker expressions in RIN-m5f cells. Cells

were treated with or without As,Os (2 and 5 uM) for 8, 16, and 24 h, the expressions
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of GRP78, GRP94, CHOP, XBP1, and procaspase-12 were analyzed by Western
blotting analysis (A). The effect of NAC (10 mM) on As;Os-induced ER stress
marker expressions was examined (B). Results shown are representative of at last

three independent experiments.

Figure 7. Arsenic activated calpain activity. RIN-m5f cells were treated with or
without As;Os (2 and 5 puM) for different time intervals, (A) calpain I and II
expressions were examined by Western blotting analysis, and (B) calpain activity was
measured with the fluorescent calpain substrate. (C) Calpain inhibitor (MDL-28170,
20 uM) and NAC (10 mM) significantly inhibited arsenic-increased calpain activity.
Results shown in A are representative of at last three independent experiments. Data
in B and C are expressed in term of fold of control conditions and presented as mean
+ S.E. for four independent experiments with triplicate determination. *P < 0.05 as

compared with vehicle control. P<0.05 as compared with arsenic alone.

Figure 8. Plasma insulin levels, glucose tolerance test, plasma lipid peroxidation, and
islet cells apoptosis production in arsenic-exposed mice. Mice were treated with 5
ppm arsenic trioxide (As;Os) in drinking water for 6 consecutive weeks in the
presence or absence of NAC (150 mg/kg/day, oral application by gavage). (A) Plasma
insulin levels were determined by insulin assay ELISA kit. (B). Oral glucose tolerance
tests were carried out in mice given vehicle or arsenic for 6 weeks and determined as
described in the Materials and Methods section. (C) Plasma malondialdehyde (MDA)
levels in vehicle or arsenic-exposed mice were examined by using the lipid
peroxidation say kit. (D) Apoptosis of islet cells was detected by TUNEL assay as
described in the Materials and Methods section. All data are presented as mean = S.E.;

n=15.*P < 0.05 as compared with vehicle control. "p<0.05 as compared with
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arsenic alone.

Figure 9. Schematic diagram of the signal pathways involved in iAs-induced
apoptosis in pancreatic B-cells. Proposed models represent that iAs induces pancreatic
B-cell apoptosis through ROS-regulated mitochondria-dependent and ER

stress-triggered signaling cascades.
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