Arsenic induces reactive oxygen species-caused neuronal cell apoptosis through JNK/ERK-mediated mitochondria-dependent and GRP 78/CHOP-regulated pathways
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Abstract:
Arsenic (As), a well-known high toxic metal, is an important environmental and industrial contaminant, and it induces oxidative stress, which causes many adverse health effects and diseases in humans, particularly in inorganic As (iAs) more harmful than organic As. Recently, epidemiological studies have suggested a possible relationship between iAs exposure and neurodegenerative disease development. However, the toxicological effects and underlying mechanisms of iAs-induced neuronal cell injuries are most unknown. The present study demonstrated that iAs significantly decreased cell viability and induced apoptosis in Neuro-2a cells. iAs also increased oxidative stress damage (production of malondialdehyde (MDA) and ROS, and reduction of Nrf2 and thioredoxin protein expression) and induced several features of mitochondria-dependent apoptotic signals, including: mitochondrial dysfunction, the activations of PARP and caspase cascades, and the increase in caspase-3 activity. Pretreatment with the antioxidant N-acetylcysteine (NAC) effectively reversed these iAs-induced responses. iAs also increased the phosphorylation of JNK and ERK1/2, but did not that p38-MAPK, in treated Neuro-2a cells. NAC and the specific JNK inhibitor (SP600125) and ERK1/2 inhibitor (PD98059) abrogated iAs-induced cell cytotoxicity, caspase-3/-7 activity, and JNK and ERK1/2 activation. Additionally, exposure of Neuro-2a cells to iAs triggered endoplasmic reticulum (ER) stress identified through several key molecules (GRP 78, CHOP, XBP-1, and caspase-12), which was prevented by NAC. Transfection with GRP 78- and CHOP-specific si-RNA dramatically suppressed GRP 78 and CHOP expression, respectively, and attenuated the activations of caspase-12, -7, and -3 in iAs-exposed cells. Therefore, these results indicate that iAs induces ROS causing neuronal cell death via both JNK/ERK-mediated mitochondria-dependent and GRP 78/CHOP-triggered apoptosis pathways.     
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1. Introduction
Arsenic (As), a naturally occurring element in the earth’s crust, is a toxic metalloid in the environment and is present in a variety of chemical forms. Inorganic As (iAs) is more toxic than the organic form and the predominant in surface and underground water reservoirs (ATSDR, 2007; Nordstrom, 2002). Arsenic-containing drinking water supplied by natural deposits or from agricultural and industrial practices is the major source of iAs exposure in humans (Chen et al., 2007). Epidemiological studies have demonstrated an association between chronic exposure to arsenic-contaminated water and a wide range of adverse health effects (including various cancers, cardiovascular disease, diabetes mellitus, liver and skin diseases,…ect.) in Argentina, Bangladesh, Chile, Denmark, India, Mexico, Taiwan, and the United States (Chen and Ahsan, 2004; Das et al., 2012; Ferreccio et al., 2000; Huang et al., 2008; Meliker et al., 2007). Some studies have reported that arsenic causes severe nervous system dysfunction or signs of pathogenesis of neuropathy in humans, such as impairments of learning and deterioration in pattern memory and switching attention (Ghosh et al., 2008; Mathew et al., 2010; Tsai et al., 2003). Early-life exposure to arsenic-contaminated water has been linked to increased mortality and morbidity in infant and cognitive deficits in school-aged children (Hamadani et al., 2011; Rahman et al., 2009; Vahidnia et al., 2007). In experimental animals, arsenic exposure results in brain injuries, which cause behavioral abnormalities, changes in the morphology and structure, and neuronal cell death (Flora et al., 2009). Furthermore, Chattopadhyay et al. (2002) and Dwivedi et al. (2011) reported that arsenic exposure resulted in significant production of reactive oxygen species (ROS), causing oxidative DNA damage, mitochondrial metabolism impairments, and severe pathological changes leading to apoptosis in neuronal cells. Based on these findings, it is raised concern that the brain is an important target of arsenic-induced injuries. However, the cellular and molecular mechanisms underlying arsenic-induced neurotoxicity remain mostly unclear.
Reactive oxygen species (ROS), which elicit oxidative stress causing a state of imbalance between the antioxidant defense system levels and the production of free radicals, are generated by environmental toxicants and reported to play a key role in cell signaling (such as cell proliferation and apoptosis) and to induce a wide variety of undesirable biological reactions that may lead to cell death and development of human diseases (including neurodegenerative diseases) (Jomova and Valko, 2011; Jomova et al., 2010). Oxidative stress destroys the homeostasis in pro-oxidant and antioxidant systems and has been reported to be an important mechanism in neurotoxicants-induced cell injuries (Chen et al., 2013; Lu et al., 2011a). Neuronal injuries have long been demonstrated to play a crucial role in toxic insults-induced oxidative stress leading to neuronal cells death and loss of brain functions, because the brain relies on aerobic respiration, consumes large quantities of oxygen, and has high poly-unsaturated lipid contents, making it particularly vulnerable to oxidative stress damages (Coyle and Puttfarcken, 1993; Loh et al., 2006). Some studies have indicated that the pathogenesis of neurodegenerative diseases (such as ischemic shock, Alzheimer’s disease, and Parkinson’s disease) is associated with the increase in ROS production causing neuronal cell death (Butterfield et al., 2002; Loh et al., 2006). Moreover, many recent studies have provided evidence that oxidative stress is significantly related to the development of toxic metals-induced pathophysiological progresses of neurodegenerative diseases, including arsenic (Ahmed et al., 2011; Jomova et al., 2011). 
Increasing evidence indicates that toxic metals (such as mercury, copper, cadmium, and lead) can induce severe oxidative stress damage in mammalian cells that results in the destruction of DNA, proteins, and lipid functions as well as the development of many diseases (Chen et al., 2009; Jomova and Valko, 2011; Jomova et al., 2010). A significant relationship between neuronal cell death related to arsenic-induced ROS overproduction and the progression of neurodegenerative diseases, such as Alzheimer’s disease, has been suggested (Bharathi et al., 2006; Gharibzadeh and Hoseini, 2008). Furthermore, arsenic-induced cytotoxic effects are closely associated with the production of oxidative stress damages and the activation of mitogen-activated protein kinases (MAPKs)/PI3K-Akt/mTOR/endoplasmic reticulum (ER) stress-regulated signaling pathways causing apoptosis in a variety of cell types, including leukemia, myoblasts, osteoblasts, and pancreatic -cells (Estan et al., 2012; Lu et al., 2011b; Tang et al., 2009; Yen et al., 2012). However, the cytotoxic effects and mechanisms of arsenic in neuronal cells are still not understood. The aim of this study was to investigate the toxicological effects of arsenic in neuronal cells and to elucidate the cellular mechanism involved in arsenic-induced oxidative stress damage that caused neuronal cell apoptosis. 












2. Materials and Methods
2.1. Cell Culture
Murine neuroblastoma cell line: Neuro-2a (CCL-131, American Type Culture Collection, Manassas, VA, USA) was cultured and maintained in plastic tissue culture dish in a humidified chamber with a 5% CO2–95% air mixture at 37 °C and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco/Invitrogen, Carlsbad, CA, USA). 

2.2. Determination of cell viability 
Neuro-2a cells were seeded (2×104 cells/well) in 96-well plates and allowed to adhere and recover overnight. The cells were changed to fresh media and then incubated with As2O3 (Sigma-Aldrich, St. Louis, MO, USA) in the absence or presence of NAC (5 mM) for 24 h. After incubation, the medium was aspirated and fresh medium containing 30 μL of 2 mg/mL 3-(4, 5-dimethyl thiazol-2-yl-)-2, 5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO, USA) was added. After 4 h, the medium was removed and replaced with blue formazan crystal dissolved in dimethyl sulfoxide (100 μL). Absorbance at 570 nm was measured using a microplate reader (Bio-Rad, model 550, Hercules, CA, USA).

2.3. Flow cytometric analysis of phosphatidyl serine externalization, sub-G1 DNA content, mitochondrial membrane potential, and caspase 3/7 activity.
2.3.1. Determination of phosphatidyl serine externalization: annexin-V fluorescein isothiocyanate (FITC) binding assay
The externalization of phosphatidyl serine is an early event in apoptosis. Flow cytometric analysis was performed to determine this event using the annexin-V-FITC binding assay kit (BioVision, USA). Cells were seeded (2×105 cells/well) in 24-well culture plates and treated with As2O3 in the absence or presence of 5 mM NAC (prior to the treatment with As2O3). At the end of the treatment period (for 24 h), the cells were detached, washed with PBS, and stained with annexin-V-FITC for 20 min at room temperature. The cells were washed twice PBS, and the apoptosis level was determined by measuring the fluorescence of the cells using flow cytometer (FACScalibur, Becton Dickinson).  
2.3.2. Measurement of sub-G1 DNA content 
Neuro-2a cells were seeded and treated with As2O3 as previously mentioned for ‘Determination of phosphatidyl serine externalization’. At the end of the treatment period (for 24 h), the cells were detached, washed with PBS, resuspended in 1 mL of cold 70% (v/v) ethanol, and then stored at 4°C for 24 h. After the cells were washed with PBS, they were stained with propidium (PI) and 10 g/mL ribonuclease (RNase) in PBS at 4°C for 30 min in the dark conditions. The cells were washed and subjected to flow cytometric analysis of DNA content (FACScalibur, Becton Dickinson). Nuclei displaying hypodiploid and sub-G1 DNA contents were identified as apoptotic.
2.3.3. Determination of mitochondrial membrane potential (MMP) 
MMP was analyzed using the 3,3`-di-hexyloxacarbocyanine iodide (DiOC6) fluorescent probe (Molecular Probes, Inc, Eugene, OR, USA), which contained a mitochondria-specific fluorophore with a positive charge. Briefly, Neuro-2a cells were seeded and treated with As2O3 as previously mentioned for ‘Determination of phosphatidyl serine externalization’. After incubation, cells were harvested and loaded with 40 nM DiOC6 for 30 min and analyzed with FACScan flow cytometer (Becton Dickinson).
2.3.4. Detection of caspase 3/7 activity 
Caspase 3/7 is widely accepted as a reliable indicator for cell apoptosis due to the activation of caspase 3/7 (Kasof and Gomes, 2001). The FLICA DEVD-FMK caspase 3/7 assay kit (Immunohistochemistry Technologies, LCC., USA) was used to determine apoptosis by flow cytometric analysis as described by Chen et al. (2013). Briefly, cells were seeded and treated with As2O3 as previously mentioned for ‘Determination of phosphatidyl serine externalization’ for 24 h at 37°C. At the end of treatment, cells were harvested, placed in the 1.5 mL eppendorf tube, washed with PBS, and then stained with the fluorescence probe for 10 min in dark at room temperature. After incubation with the dye, the fluorescent intensity of cells was analyzed using flow cytometer (excitation at 488 nm and emission at 515 ± 20 nm; FACScalibur, Becton Dickinson).

2.4. Lipid peroxidation analysis 
The formation of MDA, a substance produced during lipid peroxidation, was determined using the commercial LPO assay kit (Calbiochem, San Diego, USA) as described by Lu et al. (2011b). Briefly, after treatment with As2O3 as previously mentioned for ‘Measurement of sub-G1 DNA content’, Neuro-2a cells were harvested and homogenized in 20 mM Tris-HCl buffer (pH 7.4) containing 0.5 mM butylated hydroxytoluene to prevent sample oxidation. The equal volumes samples were added 3.25 volumes of diluted R1 reagent (10.3 mM N-methyl-2-phenylindole in acetonitrile). After mixing, 0.75 volumes of 37% HCl were added to the mixtures, and the mixture 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, and 40 μM MDA standards (1, 1, 3, 3-tetramethoxypropane in Tris-HCl). The protein concentration was determined using the bicinchoninic acid protein assay kit with an absorption band of 570 nm. (Pierce, Rockford, IL, UAS). The LPO level was expressed as nanomoles (nmol) MDA per milligram protein and estimated from the standard curve.

2.5. Determination of reactive oxygen species (ROS) production
[bookmark: OLE_LINK3][bookmark: OLE_LINK1]ROS generation was monitored by flow cytometry using the peroxide-sensitive fluorescent probe: 2’, 7’-dichlorofluorescin diacetate (DCFH-DA, Molecular Probes, Inc, Eugene, OR, USA), as described by Lu et al., 2011a. Briefly, cells were seeded at 2 ×105 cells/well in a 24-well plate and treated with As2O3 for different time intervals. At the end of treatments, cells were incubated with medium containing with 20μM DCFH-DA for 15 min at 37°C. DCFH-DA was converted by intracellular esterases to 2’, 7’-dichlorofluorescin (DCFH). In the presence of H2O2 or other oxidants, DCFH was oxidized into the highly fluorescent 2’, 7’-dichlorofluorescein (DCF). After incubation with the dye, cells were resuspended in ice-cold phosphate buffered saline (PBS) and placed on ice in the dark environment. The intracellular peroxide levels were measured by a flow cytometer (FACScalibur, Becton Dickinson, Sunnyvale, CA), that emitted a fluorescent signal at 525 nm. 

2.6. Western blot analysis 
Neuro-2a cells were seeded at 1 ×106 cells/well in a 6-well plate and incubated with As2O3 as previously mentioned for ‘Determination of cell viability’ at 37°C. At the end of various time course treatments, the protein expressions levels were analyzed by Western blot analysis as previously described (Chen et al., 2013; Lu et al., 2011a). Briefly, equal amounts of proteins (50 μg per lane) were 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 with 0.05% Tween-20) containing 5% nonfat dry milk. After blocking, the membranes were incubated with the specific antibodies against caspase-3, -6, -7, -9, and poly (ADP-ribose) polymerase (PARP), phospho-JNK, phospho-p38, phospho-ERK1/2, C/EBP homologue protein (CHOP)(Cell Signaling Technology, Inc., USA); and nuclear-factor-E2-related factor 2 (Nrf2), thioredoxin, Bcl-2, Bax, JNK-1, p38, ERK1/2, glucose-regulated protein (GRP) 78, GRP 94, X-box binding protein-1(XBP-1), and -tubulin (Santa Cruz Biotechnology, Inc., USA) in 0.1% PBST (1:1000) for 1 h. After they were washed in 0.1% PBST followed by two washes (15 min each), the respective secondary antibodies conjugated to horseradish peroxidase were applied for 1 h. The antibody-reactive bands were revealed by enhanced chemiluminescence reagents (Perkin-ElmerTM, Life Sciences) and were exposed on Fuji radiographic film. For the detection of cytosolic cytochrome c expression, cells were detached, washed twice with PBS, and then homogenized with a pestle and mortar in the extract buffer (0.4 M mannitol, 25 mM MOPS (pH 7.8), 1 mM EGTA, 8 mM cysteine, and 0.1 % (w/v) bovine serum albumin). The cell debris was removed via centrifugation at 6,000g for 2 min. The supernatant was centrifuged at 12,000g for 15 min to pellet the mitochondria. Cytochrome c expression was detected in the supernatant (cytosolic fraction) by Western blot analysis.

2.7. Real-time quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis
Total RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA, USA), and complementary DNA (cDNA) was synthesized from the messenger RNA (mRNA) using the AMV RTase (reverse transcriptase enzyme, Promega Corporation, Madison, WI., USA) according to the manufacturer’s instructions. Each sample (2 μL cDNA) was tested with Real-time Sybr Green PCR reagent (Invitrogen, USA) with mouse specific primers (as follows: Bcl-2, forward: 5’- TGGTCTCTATTGCAGCTCAGAC-3’ and reverse: 5’- TGGCCCAATCTAGGAAATGTTC -3’ (Lu et al, 2011a); Bax, forward: 5’- GGAATTCCAAGAAGCTGAGCGAGTGT -3’ and reverse: 5’- GGAATTCTTCTTCCAGATGGTGAGCGAG -3’ (Lu et al, 2011a);	GRP 78, forward: 5’- GAACCAGGAGTTAAGAACACG -3’ and reverse: 5’- AGGCAACAGTGTCAGAGTCC -3’ (Prachasilchai et al. 2008); CHOP, forward: 5’- CATGAACAGTGGGCATCACC -3’ and reverse: 5’- GAGAGGCCTTCACATGGGTCG -3’ (Martindale et al. 2006); and β-actin, forward: 5’- TGTGATGGTGGGAATGGGTCAG -3’ and reverse: 5’- TTTGATGTCACGCACGATTTCC -3’ (Lu et al, 2011a)) in a 25 μL reaction volume, and amplification was performed using an ABI StepOnePlus sequence detection system (PE, Applied Biosystems, CA, USA). Data analysis was performed using StepOneTM software (Version 2.1, Applied Biosystems). All amplification curves were analyzed with a normalized reporter (Rn: the ratio of the fluorescence emission intensity to the fluorescence signal of the passive reference dye) threshold of 0.2 to obtain the CT 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 CT value from their CT value (ΔCT). The fold change value was calculated using the expression 2-ΔΔCT, where ΔΔCT represents ΔCT-condition of interest – ΔCT-control. Prior to conducting statistical analyses, the fold change from the mean of the control group was calculated for each individual sample.

2.8. Measurement of Caspase-3 activity 
Neuro-2a cells were seeded and treated with As2O3 as previously mentioned for determination of cell viability. At the end of treatments (for 24 h), the cell lysates were incubated at 37 °C with 10 μM Ac-DEVD-AMC, a caspase-3/CPP32 substrate (Promega Corporation, Madison, WI, USA), for 1 h. The fluorescence of the cleaved substrate was measured by a spectrofluorometer (Gemini XPS Microplate Reader, Molecular Devices, USA) with an excitation wavelength at 380 nm and an emission wavelength at 460 nm. Protein levels of cell lysate samples were determined using the bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA) with an absorption band of 570 nm to normalize the cell numbers between control and As2O3-treated groups.

2.9. Small interference RNA transfection
Specific small interference-RNA (si-RNA) against mouse GRP 78, CHOP, and control si-RNA were purchased commercially from Santa Cruz Biotechnology. Neuro-2a cells were seeded in 6-well culture plates and transfected with the si-RNA using Lipofectamine RNAi MAX (Gibco/Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Cellular levels of the proteins specific for the si-RNA transfection were checked by Western blot, and all experiments were performed at 24h after transfection.

2.10. Statistical analysis
Data are presented as means ± standard deviation (S.D.). 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.
3. Results
3.1. iAs induced cell death mainly by apoptosis in Neuro-2a cells.
To investigate arsenic-induced cytotoxicity in neuronal cells, we used the MTT assay to determine the viability of Neuro-2a cells. Treating Neuro-2a cells with inorganic arsenic (iAs; As2O3) for 24 h significantly decreased the number of viable cells in a concentration-dependent manner (a range from 1 to 10 M), and the media lethal dose (LD50) was approximately 5 M (Fig. 1A).
The results of annexin V-FITC fluorescence staining (the expression of membrane externalization of phosphatidylserine; PS) and sub-G1 hypodiploid cells (genomic DNA fragmentation) indicated that iAs -induced cytotoxicity was due to apoptosis. Treatment of Neuro-2a cells with iAs (3, 5, and 10 M) for 24 h markedly induced the annexin V-FITC binding fluorescent intensity to 127.5 ± 13.1%, 173.0 ± 8.8%, and 201.0 ± 11.4%, respectively, relative to the untreated control group (Fig. 1B). Exposure of the cells to iAs also remarkably increased the sub-G1 hypodiploid cell population in a dose-dependent manner (Fig. 1C). These results indicate that exposure of Neuro-2a cells to iAs can induce apoptosis.

3.2. Effects of iAs on oxidative stress damage in Neuro-2a cells.
To examine whether oxidative stress damage was involved in iAs -induced neuronal cell death, Neuro-2a cells were treated with iAs following measurement of LPO production (an index of oxidative stress damage) and intracellular ROS levels. As shown in Fig. 2, the exposure of cells to iAs (3-10 M) for 24 h significantly induced an increase in MDA levels of the cell membrane (0, 3, 5, 7, and 10 M iAs resulted in 9.7 ± 0.3, 12.1 ± 0.3, 13.5 ± 0.2, 16.0 ± 0.5, and 19.1 ± 0.6 nmole MDA/mg protein, respectively)(Fig. 2A), and the levels of intracellular ROS (detected by flow cytometry using DCF fluorescence probe as an indicator of ROS formation) after exposure of cells to iAs (5 M) for 0.5-2 h also increased in a time-dependent manner (0.5, 1, and 2 h resulted in 132.1 ± 5.5%, 155.9 ± 12.3%, and 224.5 ± 27.8%, respectively, compared to control)(Fig. 2B). Furthermore, the protein expression levels of antioxidant-related molecules, namely Nrf2 and thioredoxin, were significantly reduced after treatment with iAs for 24 h (Fig. 2C). Pretreatment with 5 mM N-acetylcysteine (NAC; a potent antioxidant) effectively reversed iAs -induced the decrease in cell viability, apoptotic events, and oxidative stress damage (Figs. 1 and 2). 

3.3. iAs caused cell death is through an intrinsic mitochondria-dependent apoptotic pathway in Neuro-2a cells.
To ascertain whether iAs-induced apoptosis was mediated by a mitochondria-dependent pathway, we analyzed the effect of iAs on MMP by flow cytometry using the mitochondrial cationic dye, DiOC6. As shown in Fig. 3A, treatment of Neuro-2a cells with 5 μM iAs for 6 h revealed a slight, but statistically significant loss of MMP (84.4 ± 3.1% of control; p < 0.05) and induced a greater depolarization of MMP (67.7 ± 4.6% of control; p < 0.05) after 24 h treatment. We also investigated the release of cytochrome c from the mitochondria into the cytosol in arsenic-treated Neuro-2a cells. Treatment of cells with 5 μM iAs for 24 h effectively increased cytochrome c release in the cytosolic fraction (Fig. 3B). In addition, the changes in gene and protein expression levels of Bcl-2 family members were investigated. Treatment of Neuro-2a cells with 5 μM iAs for different time intervals (3-24 h) markedly decreased in Bcl-2 (anti-apoptotic) and increased Bax (pro-apoptotic) proteins expression levels (Fig. 3C), which agreed with the changes in mRNA expression levels (Fig. 3D). These expression levels changes led to a significant shift in the anti-apoptotic/pro-apoptotic ratio toward a state associated with apoptosis. 
Moreover, to further examine the apoptotic signaling induced by iAs, the activation of PARP and caspase cascades (one of the characteristic biomarkers for apoptosis that plays an essential role in both the initiation and execution of cell death) was investigated. As shown in Fig. 4, exposure of Neuro-2a cells to 5 μM iAs for different time intervals (6-24 h) resulted in dramatic expression levels of the active form of PARP and caspase-6, -7, and -9 (Fig. 4A), and significantly caused the increase in caspase-3 activity (Fig. 4B). These iAs-induced responses could be reversed by pre-treatment with 5 mM NAC (Figs. 3 and 4). These results indicate that an intrinsic mitochondria-dependent apoptotic pathway plays an important role in iAs -induced ROS production causing neuronal cell death.

3.4. JNK and ERK signaling pathways involved in regulating iAs -induced neuronal cell apoptosis.
The activation of MAPK is critical for a variety of toxic insults-induced apoptotic signaling pathways, and oxidative stress is known to a activate members of the MAPK families by protein phosphorylation (Lu et al., 2001a). Therefore, the association between oxidative stress damage induced by iAs and the subsequent activation of the MAPKs was elucidated. As shown in Fig. 5A, the protein phosphorylation levels of JNK and ERK, but not that of p38-MAPK, were significantly increased after treatment of Neuro-2a cells with 5 μM iAs for 15-30 min. The effects induced by iAs could be abrogated by pre-treatment with NAC, indicating that ROS play a key role in arsenic-induced JNK and ERK activation. To further investigate the relationship between iAs-induced neuronal cell apoptosis and the activation of JNK and ERK, Neuro-2a cells were pre-treated with the specific JNK inhibitor (SP600125, 20 μM) or ERK inhibitor (PD98059, 20 μM) for 1 h and then exposed to iAs (5 μM) for 30 min. The result obtained that iAs-induced the increase in levels of of JNK and ERK phosphorylation was effectively reversed by the JNK and ERK specific inhibitor, respectively (Fig. 5B). Moreover, pre-treatment with the specific JNK and ERK inhibitor also significantly attenuated iAs-induced the increase in caspase-3/-7 activity in Neuro-2a cells (Fig. 5C). These results implicate that ROS may contribute to the activation of the JNK/ERK signaling pathway leading to neuronal cell apoptosis induced by iAs.

3.5. iAs induced an ER stress response in Neuro-2a cells.
It has been reported that ER stress is involved in iAs-induced cell apoptosis in pancreatic -cells, myoblast, and osteoblasts. To determine whether ER stress signals were involved in the responses triggered by iAs-induced ROS production causing neuronal cell death, we examined the expression of ER stress markers after treatment with iAs in Neuro-2a cells. As shown in Fig. 6, exposure of cells to 5 M iAs significantly triggered the expression of ER stress-related molecules, including: the proteins (Fig. 6A) and mRNAs (Fig. 6B) expression of GRP 78, CHOP, XBP-1 in a time-dependent manner (for 6-24 h) as well as the degradation of full-length (55 kDa) caspase-12 (downstream ER stress molecule). However, GRP 94 was not affected by iAs treatment. These effects of iAs-induced ER stress protein responses could be reversed by pre-treatment with NAC (Fig. 6C). Furthermore, transfection of Neuro-2a cells with GRP 78- and CHOP-specific si-RNA, respectively, markedly reduced the protein expression levels of GRP 78 and CHOP in the cells treated with iAs and significantly attenuate the iAs-induced caspase-3, -7, and -12 activations (Figs. 6D and 6E). These results indicate that oxidative stress-mediated ER stress activation pathway is also involved in iAs-induced neuronal cell apoptosis.

4. Discussion
Arsenic (As) is a widely distributed poisonous element and a global environmental pollutant. Clinical case reports and epidemiological studies have indicated that both acute and chronic exposure to arsenic causes severe nerve axonopathy and polyneuropathy and nervous system dysfunctions, including the deterioration on cognitive development, psychomotor speed, and pattern memory as well as impairment of learning and concentration, suggesting that neural tissue is a major target of arsenic (Franzblau and Lilis, 1989; Mathew et al., 2010; Sinczuk-Walczak, 2009; Tsai et al., 2003). Studies in the experimental animals have shown that arsenic can cross the blood brain barrier and accumulate in different regions of the brain, which can destroy functions of the peripheral and central nervous system, and indicates that arsenic may play an important role in causing neurological diseases (Nagaraja and Desiraju, 1994; Rodriguez et al., 2003). On the other hand, it also has reported that arsenic can induce higher production of ROS elicting oxidative stress damage which causes apoptosis (Lu et al., 2011b; Yen et al., 2012), and arsenic-induced toxic effects in the brain is associated with oxidative stress damage (Bharti et al., 2012; Mishra and Flora, 2008;). Oxidative stress plays an important role in the pathophysiological processes of many diseases. The close relationship between the development of neurodegenerative disorders and neurotoxic insults-induced oxidative stress causing neuronal cell injuries and apoptosis has been reported (Bharathi et al., 2006; Chen et al., 2013; Jomova et al., 2010). Of note, neurons are more susceptible to damage from oxidative stress than other cells because they rely on aerobic respiration, consume large amount of oxygen, and have high contents of polyunsaturated lipid-rich neuronal parenchyma and low levels of antioxidant enzymes, leading they particularly susceptible to oxidation of mitochondrial DNA, proteins, and lipids, as well as opening of the mitochondrial permeability transition pore that results in a loss of the mitochondrial membrane potential and an event causes neuronal cell degeneration and death (Coyle and Puttfarcken, 1993; Esposito et al., 2002; Halliwell, 1999). Furthermore, Nrf-2, a member of bZIP transcription factors, is expressed in a variety of cells and tissues for important cellular defense systems including antioxidant. Upon exposure of cells to oxidative stress or chemical compounds, Nrf2 translocates to the nucleus and binds to an antioxidant response element (ARE), which then activates transcription of several types of antioxidant genes and proteins, including thioredoxin (Trx) (Lau et al., 2008; Zhang, 2006). It has been reported that exposure to toxic insults (such as mercury, arsenic, and formaldehyde) inducing oxidativre stress damage, which was accompanied bya significant decrease in the expression of Nrf2 and Trx , resulted in cell apoptosis (Chen et al., 2012; Luo et al., 2012; Prabu et al., 2012). Despite some studies have shown that arsenic can induce neuronal cell death and its neurotoxicological effects in mammals (Dwivedi et al., 2011; Flora et al., 2009), the precise molecular mechanisms underlying the induction of neuronal cell death by arsenic exposure are still not clarified. The main findings of present study demonstrated that exposure of neuronal cells to arsenic caused a significant decrease in viable cells and produced several characteristics of apoptotic events (including: increased in genomic DNA fragmentation and the expression of membrane externalization of PS, triggered mitochondrial dysfunction (loss of MMP, increase in cytochrome c release, and alteration of anti-apoptotic (Bcl-2) and pro-apoptotic (Bax) protein and mRNA expressions), and activated PARP and caspase-3, -6, -7, and -9 expression levels), which was accompanied by the production of oxidative stress damage (LPO production and ROS generation) and the significant decrease in the protein expression levels of Nrf2 and Trx. These arsenic-induced responses could be effectively reversed by pre-treatment with the antioxidant, NAC. These results indicate that oxidative stress is involved in the apoptotic signaling mechanism in arsenic-induced neuronal cell death. 
MAPKs comprise a family of protein-serine/threonine kinases (including: c-jun NH2-terminal kinase, extracellular signal-regulated kinase (ERK), and p38-MAPK) that play an important role in the regulation of many cellular functions and responses to environmental stimuli, such as differentiation, proliferation, cell survival and death (Boutros et al., 2008; Pearson et al., 2001). The activation MAPKs signaling pathways down-regulated cell apoptosis has been demonstrated to contribute to the development of many human diseases, including neurodegenerative diseases (Kim and Choi, 2010). Recently, oxidative stress has been suggested to be a typical activator of JNK/p38-MAPK signaling pathways, and is thought to be an important risk factor in the involvement of neuronal cell injuries and in the pathophysiological processes of neurodegenerative diseases (Marques et al., 2003; Tamagno et al., 2005). Moreover, several studies have reported that the increase in the levels of phosphorylation of JNK/ERK/p38-MAPK proteins caused by toxic insults-induced ROS results in apoptosis in neuronal cells, indicating that oxidative stress-induced the activation of MAPKs-regulated apoptotic pathways may play a crucial role in neuronal cell death (Chen et al., 2013; Lee et al., 2012; Lu et al., 2011a). However, there are few reports to investigate the toxic effects of arsenic-induced neuronal cell death (Cheung et al., 2007; Flora et al., 2009; Ivanov and Hei, 2013), and the detailed mechanisms by which the relationship between oxidative stress and the activation of MAPKs pathways in arsenic-induced neuronal cell death are unknown. The results of the present study found that arsenic significantly enhanced the phosphorylation levels of JNK and ERK1/2, but not that of p38-MAPK, in Neuro-2a cells, which could be reversed by the antioxidant NAC. Furthermore, pre-treatment of cells with the specific JNK inhibitor (SP600125) and ERK1/2 inhibitor (PD98059) effectively blocked JNK and ERK1/2 protein activation, respectively, as well as attenuated cytotoxicity and reversed caspase-3/-7 activity in arsenic-treated Neuro-2a cells. These results indicate that oxidative stress-induced JNK/ERK pathway activation-regulated apoptosis plays the crucial role in arsenic-induced neuronal cell death.  
Recently, growing studies have demonstrated that endoplasmic reticulum (ER) stress can mediate cellular dysfunction and death during the progression of several diseases, including neurodegenerative disease (Lindholm et al., 2006; Mercado et al., 2013). The ER is a multifunctional organelle that controls and engages a wide range of cellular processes, including protein synthesis and protein folding, handing of misfolded proteins and posttranslational modification, and delivery of proteins to their final destination (Hetz, 2012). A variety of toxic insults, which can induce oxidative stress damage and calcium depletion, cause the accumulation of unfolded or misfolded proteins in the ER and lead to the dysfunction of unfold protein response (UPR), resulting in the onset of ER stress and triggering of cell death by apoptosis (Malhotra et al., 2008; Tang et al., 2009). Under ER stress, the major ER-localized chaperones: glucose-regulated protein (GRP) 78 and 94, which are the most abundant glycoproteins in the ER, are induced, and activation of GRPs is demonstrated to regulate toxicants- or stimulus-induced apoptotic pathways (Choi et al., 2010; Huang et al., 2011). In addition, induction of C/EBP homologous protein (CHOP), known as growth arrest- and DNA damage-inducible gene 153 (GADD153), also plays a crucial role underlying ER stress-induced apoptosis (Oyadomari et al., 2004). Miyazaki et al. (2011) and Oyadomari et al. (2002) reported that deficiency of CHOP gene dramatically decreased ER stress-induced apoptosis in the cardiomyocyte and -cells. Recently, some studies have indicated that ER stress is involved in arsenic-induced apoptosis in myoblasts, osteoblastic cells, and pancreatic -cells (Lu et al., 2011b; Tang et al., 2009; Yen et al., 2012); however, the role of GRP 78/CHOP-mediated apoptotic signals in arsenic-induced oxidative stress damage causing neuronal cell death is still unclear. In this study, the Western blot analysis revealed that Neuro-2a cells exposed to arsenic had significantly increased the expression levels of ER-related chaperones, including GRP 78, CHOP, and XBP-1, and the degradation of caspase-12, but not that of GRP 94. Antioxidant-NAC could prevent these arsenic-induced ER stress responses. In addition, transfection of cells with GRP 78- and CHOP-specific si-RNA could effectively abrogate arsenic-induced the protein expression levels of GRP 78 and CHOP as well as caspase-3, -7, and -12. Therefore, these results implicate that ROS-induced GRP 78/CHOP activation-regulated apoptotic pathway plays a crucial role in arsenic-induced neuronal cell death.















5. Conclusion
In conclusion, this study showed that arsenic is capable of inducing oxidative stress injuries causing neuronal cell death. More importantly, as shown in Fig. 8, the results of this study demonstrated that arsenic triggers neuronal cell death through the JNK/ERK activation-mediated mitochondria-dependent apoptosis pathway, where mitochondrial dysfunction, PARP cleavage, and caspase cascades activation are crucial events for apoptosis. Arsenic also induced cell death mediated by GRP 78 and CHOP activation resulting in neuronal cell apoptosis. These observations further clarify the mechanisms underlying arsenic-induced neurotoxicity and provide beneficial evidence to suggest that arsenic is an important environmental risk factor for neurodegenerative diseases. 
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Figure Legends:
Figure 1. Arsenic reduced cell viability and induced apoptosis in Neuro-2a cells. (A) Cells were treated with various concentrations of As2O3 (1-10 M) for 24 h in the absence or presence of NAC (5 mM), and cell viability was determined by MTT assay. (B) Neuro-2a cells were exposed to 0, 3, 5, and 10 M As2O3 for 24 h in the absence or presence of NAC (5 mM), and phosphatidylserine exposure on the outer cellular membrane leaflets by staining with annexin-V-FITC fluorescent probe was measured using flow cytometric analysis. (C) Quantitative analysis of sub-G1 hypodiploid cell population (genomic DNA fragmentation) following As2O3 (0, 3, 5, and 10 M) treatment in the absence or presence of NAC (5 mM) was presented. Data are presented as the means ± S.D. of four independent experiments with triplicate determination. *p < 0.05 as compared to vehicle control. #p < 0.05 as compared to As2O3 treatment alone.

Figure 2. Effects of arsenic on LPO production and ROS generation in Neuro-2a cells. Cells were treated with As2O3 for various times in the absence or presence of NAC (5 mM) for 1 h (prior to incubate with As2O3). (A) Oxidative damage to membrane lipids (lipid peroxidation; LPO) was measured the levels of MDA (for 24 h); (B) ROS was determined by flow cytometry (for 0.5-2 h); and (C) Nrf-2 and thioredoxin protein expression levelss were examined by Western blot analysis (for 6 and 24 h) as described in the Materials and Methods section. Data in A and B are presented as the means ± S.D. of four independent experiments with triplicate determination. *p < 0.05 as compared to vehicle control. #p < 0.05 as compared to As2O3 treatment alone. Results shown in C are representative of at last three independent experiments.

Figure 3. Changes in mitochondrial membrane potential (MMP), cytosolic cytochrome c release, and Bcl-2 family protein and mRNA expressions in As2O3-treated Neuro-2a cells. Cells were treated with or without As2O3(5 M) for various times in the absence or presence of NAC (5 mM) for 1 h (prior to incubate with As2O3). (A) Loss of MMP was determined by flow cytometry (for 6 and 24 h); (B) cytosolic cytochrome c release was analyzed by Western blot (for 24 h); and (C) protein and (D) mRNA expression levels of anti-apoptotic (Bcl-2) and pro-apoptotic (Bax) were detected by Western bolt and real-time quantitative RT-PCR, respectively (for 3-24 h). Data in A and D are presented as the means ± S.D. of four independent experiments with triplicate determination. *p < 0.05 as compared to vehicle control. #p < 0.05 as compared to As2O3 treatment alone. 

Figure 4. Arsenic induced the expression of apoptosis-related proteins and caspase 3 activity in Neuro-2a cells. Cells were treated with or without As2O3(5 M) for different time intervals in the absence or presence of NAC (5 mM) for 1 h (prior to incubate with As2O3), and (A) the cleavage of poly(ADP-ribose) polymerase (PARP) and the activation of caspase cascades were examined by Western blot (for 6-24 h), and (B) caspase 3 activity was detected by CaspACETM fluorometric activity assay kit (for 24 h) as described in the Materials and Methods section. Results shown in A are representative of at last three independent experiments. Data in B are presented as the means ± S.D. of four independent experiments with triplicate determination. *p < 0.05 as compared to vehicle control. #p < 0.05 as compared to As2O3 treatment alone.

Figure 5. Effects of arsenic on the activation of mitogen-activated protein kinase. (A) Neuro-2a cells were treated with or without As2O3(5 M) for 15-60 min in the absence or presence of NAC (5 mM), and the phosphorylation levels of JNK, ERK1/2, and p38-MAPK proteins were examined by Western blot. Furthermore, cells were pretreated with the specific JNK inhibitor (SP600125, 20 M) or ERK1/2 inhibitor (PD98059, 20 M) for 1h and exposed to As2O3(5 M). (B) The phosphorylation levels of JNK and ERK1/2 proteins were detected by Western bolt analysis (for 30 min), and (C) caspase-3/-7 activity was determined by flow cytometry (for 24 h). Results shown in A and B are representative of at least three independent experiments. Data in C and D are presented as the means ± S.D. of four independent experiments with triplicate determination. *p < 0.05 as compared to vehicle control.

Figure 6. Determination of signaling pathway involved in ER stress-related molecules mediated apoptosis of arsenic-treated Neuro-2a cells. Cells were treated with or without As2O3(5 M) for different time intervals (6-24 h), and (A) the protein expression levels of GRP 78, GRP 94, CHOP, XBP-1 and caspas-12 were measured by Western blot analysis; and (B) mRNA expression levels of GRP 78, CHOP and XBP-1 were detected by real-time quantitative RT-PCR. (C) After 24 h arsenic exposure in the absence or presence of NAC (5 mM, for 1 h prior to incubate with As2O3), cellular proteins (GRP 78, CHOP and caspase-12) were examined by Western blot analysis. In addition, Neuro-2a cells were transfected with si-RNA specific to GRP 78 (D) or CHOP (E). Following 24 h incubation, cells were treated with As2O3(5 M) for 24 h, and the protein expression levels (GRP 78, CHOP, caspase-3, -7, and -12) were measured by Western blot analysis. Data in B are presented as the means ± S.D. of four independent experiments with triplicate determination. *p < 0.05 as compared to vehicle control. 
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Figure 7. Schematic diagram of the pathways involved in arsenic-induced neuronal cell apoptosis. The proposed models represent that arsenic causes neuronal cell apoptosis through oxidative stress triggering mitochondria-dependent and GRP 78/CHOP-regulated signaling cascades.
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