Chloroacetic acid triggers apoptosis in neuronal cells via a reactive oxygen species-induced endoplasmic reticulum stress signaling pathway
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Abstract:
[bookmark: _GoBack]Chloroacetic acid (CA), a chlorinated analog of acetic acid and an environmental toxin that is more toxic than acetic, dichloroacetic, or trichloroacetic acids, is widely used in chemical industries. Furthermore, CA has been found to be the major disinfection by-products (DBPs) of drinking water. CA has been reported to be highly corrosive and to induce severe tissue injuries (including nervous system) that lead to death in mammals. However, the effects and underlying mechanisms of CA-induced neurotoxicity remain unknown. In the present study, we found that CA (0.5-2.0 mM) significantly increased LDH release, decreased the number of viable cells (cytotoxicity) and induced apoptotic events (including: increases in the numbers of apoptotic cells, the membrane externalization of phosphatidylserine (PS), and caspase-3/-7 activity) in Neuro-2a cells. CA (1.5 mM; the approximate to LD50) also triggered ER stress, which was identified by monitoring several key molecules that are involved in the unfolded protein responses (including the increase in the expressions of p-PERK, p-IRE-1, p-eIF2, ATF-4, ATF-6, CHOP, XBP-1, GRP 78, GRP 94, and caspase-12) and calpain activity. Transfection of GRP 78- and GRP 94-specific si-RNA effectively abrogated CA-induced cytotoxicity, caspase-3/-7 and caspase-12 activity, and GRP 78 and GRP 94 expression in Neuro-2a cells. Additionally, pretreatment with 2.5 mM N-acetylcysteine (NAC; a glutathione (GSH) precursor) dramatically suppressed the increase in lipid peroxidation, cytotoxicity, apoptotic events, calpain and caspase-12 activity, and ER stress-related molecules in CA-exposed cells. Taken together, these results suggest that the higher concentration of CA exerts its cytotoxic effects in neuronal cells by triggering apoptosis via a ROS-induced ER stress signaling pathway.
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1. Introduction
Toxic agents in the environment (both those with natural origins and those that originate from manufacturing) are postulated to play important roles in the etiology and development of many diseases. Humans can be exposed to these unrestrained agents in the form of occupational pollutants or toxic waste during the production process or via the consumption of contaminated food or products. It has been indicated that exposure to these agents will trigger a multitude of deleterious reactions that induce tissue/organ injuries, and exacerbate the development of many diseases such as cancer, diabetes mellitus and neurodegenerative disorders [1-4].  
    Chloroacetic acid (CA) is a chlorinated analog of acetic acid that is widely used in the applications of the chemical industry, which include its use as a postemergence contact herbicide, detergent, disinfectant, drug; it is also involved as an intermediate in the synthesis of a number of chemicals, including caffeine, vitamins, and chemical dyes [5-6]. CA is also one of the most commonly detected disinfection by-products (DBPs) during the drinking water chlorination disinfection process in the United States and other countries [7-8]. CA is rapidly and efficiently absorbed through the G-I tract and skin and is not only highly corrosive to tissues but can also cause systemic injury and death following accidental ingestion or dermal exposure [9-11]. Animal studies have revealed severe histopathological changes and tissue injuries (including mild to moderately enlarged livers with random bile duct proliferation, fibrosis, edema, and occasional inflammatory foci, foci of perivascular inflammation in the small pulmonary veins, alveolar injury, hemorrhagic and congested lungs, and increases in alanine aminotransferase, aspartate aminotransferase, creatinine, and blood urea nitrogen levels) after CA exposure (15-200 mg/kg/day) [12-16]. More importantly, Berardi et al. [17] and Bhat et al. [18] have indicated that CA has neurotoxic properties in mammals and damages the blood-brain barrier (BBB) function and can penetrate the brain, which leads to the loss of Purkinje cells in the cerebellum and the production of pyknotic nuclei in mice and rats. However, the toxicological effects and the possible mechanisms underlying CA-induced neurotoxicity remain mostly unclear.    
Oxidative stress is a crucial factor for many undesirable biological reactions, and plays a role in functional cell and tissue injuries, as well as the development of many diseases. Physiological levels of reactive oxygen species (ROS) are important in maintaining several cellular functions, but overproduction of ROS that exceeds antioxidant capacity and destroys the prooxidant/antioxidant balance induces oxidative stress, thereby causing cell damage and death [19-20]. The formation of excessive ROS, which is induced by toxic insults, has been reported to cause DNA damage, to modify proteins and lipids functions, and to activate related signaling pathways under pathophysiological conditions that are indicative of the development of numerous diseases, including neurological disorders [1, 21-22]. Furthermore, an increasing number of studies have indicated that toxic insults can induce endoplasmic reticulum (ER) stress, which elicits the excessive and long-term upregulation of the unfolded protein response (UPR; a mechanism that restores homeostasis in the ER), leading to apoptosis [23-24]. The ER is an important organelle and the cellular compartment that is responsible for the biosynthesis, proper folding, post-translational modification, and transport of nascent proteins to different destinations [25-26]. ER damage, which is caused by disturbances in the structure and function of the ER with the accumulation of misfolded proteins and changes in calcium homeostasis, results in overloading of the ER chaperones and their failure to fold and export newly biosynthesized proteins, leading to ER stress and cell apoptosis [26-27]. ER stress protein-mediated apoptosis has been demonstrated to be involved in the development of various diseases [28], and neuronal cells have a highly developed ER, which allows them to easily destroy the ER function following exposure to various agents, thereby leading to cell death and apoptosis and the development of neurodegenerative diseases [29-30]. Recently, an increasing number of studies have indicated that disruption of ER function by chemicals or stress stimuli, such as heavy metals, hypoxia, and the inhibition of protein glycosylation, significantly alters the expression of ER stress-related proteins (such as protein kinase R-like ER kinase (PERK), eukaryotic translation initiation factor 2 subunit (eIF2), activation transcription factor (ATF)6, C/EBP homologous protein (CHOP), X-box binding protein 1(XBP-1), glucose-regulated protein (GRP) 78, and GRP 94), which leads to apoptosis [24, 31-33].
ER stress has been reported to play a key role in several human diseases, including neuronal diseases [29-30, 34]. Recent studies have indicated that toxic insults that cause mammalian cell (such as pancreatic -cells, renal cells, and myoblasts) death are involved in the induction of oxidative stress and ER stress-regulated apoptotic pathways [23-24, 31]. However, the relationship between oxidative stress and the ER stress-regulated apoptotic signals involved in CA-induced neuronal cell death are not yet fully understood. In this study, we attempted to elucidate the crucial role of ER stress in CA-induced cytotoxicity in neuronal cells. We also investigated whether ROS can regulate the CA-induced ER stress signals-mediated apoptotic pathway in neuronal cells.






2. Materials and Methods
2.1. Cell Culture 
Murine neuroblastoma cell line: Neuro-2a (CCL-131, American Type Culture Collection) was cultured in plastic tissue culture dish in a humidified chamber with a 5% CO2–95% air mixture at 37 °C. The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco BRL, Life Technologies, Inc., USA). The cells were seeded on 6-, 12-, or 24-well culture plates for each experiment and allowed to grow for 12-18 h prior to treatment with CA (the final pH. of the culture media was approximately 7.4 to 7.6) for different time intervals. 

2.2. Cell viability and Cytotoxicity assay
Neuro-2a cells were washed with fresh media, cultured in 96-well plates (2×104 cells/well), and then incubated with CA (0.5-2 mM) for 24 h. After incubation, the medium was aspirated and fresh medium containing 30 L 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 crystals that were dissolved in dimethyl sulfoxide (100 μL; Sigma, St. Louis, MO, USA). The absorbance at 570 nm was measured using an enzyme linked immunosorbent assay (ELISA) microplate reader (Bio-Rad, model 550, Hercules, CA, USA).
Cytotoxicity was determined based on the amount of lactate dehydrogenase (LDH) that leaked out of the cytosol of damaged cells into the medium after CA exposure for 24 h. The cells were seeded as described for the MTT assay. After 24 h of treatment, 40 l of the supernatant was added to a new 96-well plate to determine LDH release, and cell lysis buffer was also added to the positive control group to determine total LDH. The amount of LDH that had been released from the cells was quantified using the LDH Cytotoxicity Assay Kit (BioVision, Inc., USA) according to the manufacturer’s instructions. The absorbance was measured using an ELISA microplate reader (Bio-Rad, model 550, Hercules, CA, USA) at 490-500 nm.  

2.3. Analysis of apoptosis
2.3.1. Apoptotic cell detection 
Apoptosis (the process of programmed cell death) is an important process that is used by most cells to negatively select for cells with deleterious damage. Dual staining of Annexin V-Cy3 (Ann Cy3) and 6-carboxy fluorescein diacetate (6-CFDA) fluorescence probes was used to detect apoptotic cells [4]. The cells were treated with or without CA for 24 h. After treatment, the 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-Cy3TM Apoptosis Detection Kit). After being labeled at room temperature, the cells were immediately observed using fluorescence microscopy (Axiovert 200, Zeiss, 200x). Ann Cy3 was available for binding to PS, which was observed as red fluorescence. In addition, cell viability was measured using 6-CFDA, which was hydrolyzed to 6-CF and appeared as green fluorescence. Cells in the early stages of apoptosis were labeled with both Ann-Cy3 (red) and 6-CF (green).

2.3.2. Determination of phosphotidylserine externalization: annexin V-fluorescein isothiocyanate (FITC) assay
The externalization of phosphatidylserine (PS), which is exposed on the surface of apoptotic cells, is an early event during apoptosis. Flow cytometric analysis was performed to detect this event using the annexin V-FITC assay kit (BioVision, Inc., USA). Neuro-2a cells were seeded at 2×105 cells/well in a 24-well plate and incubated with CA (0-2 mM) for 24 h. After incubation, cells were harvested, washed twice with PBS, and then stained with annexin V-FITC for 15 min at room temperature. The stained cells were analyzed using flow cytometry (FACScalibur, Becton Dickinson, Sunnyvale, CA). 

2.3.3. Determination of Caspase-12 Activity 
Caspase-12 activity was determined using the Caspase-12 activity Fluorometric Assay Kit (BioVision; Mountain View, CA). Briefly, Neuro-2a cells were seeded at 2×105 cells/well in 24-well culture plates and treated with CA in the absence or presence of 2.5 mM NAC (for 1 h prior to incubate with CA). After the different time periods of incubation, the cell lysates were incubated at 37 °C with 50 M ATAD-AFC, a caspase-12 substrate, for 1 h. The fluorescence of the cleaved substrate was measured using a spectrofluorometer (Gemine XPS Microplate Reader, Molecular Devices, USA) with an excitation wavelength at 400 nm and an emission wavelength at 505 nm.

2.3.4. Detection of caspase 3/7 activity
Caspase 3/7 is widely accepted to be a reliable indicator of apoptosis. The FLICA DEVD-FMK Caspase 3/7 Assay Kit (Immunohistochemistry Technologies, LCC.) was used to determine apoptosis by flow cytometric analysis. Briefly, Neuro-2a cells were seeded at 2×105 cells/well in a 24-well plate and incubated with CA (0-2 mM) for 24 h. At the end of the treatment, the ells were collected in 1.5 mL eppendorf tubes, centrifuged at 200×g for 5 min at 4 ℃, washed twice with PBS, and stained with fluorescent probes for 10 min in a dark environment at room temperature. Caspase 3/7 activity was determined based on the fluorescence intensity of the cells using flow cytometry (FACScalibur, Becton Dickinson, Sunnyvale, CA, USA).

2.4. Western blot analysis 
The cellular lysates were prepared and western blotting was performed as previously described [4, 35]. In brief, equal amounts of proteins (50 g 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, 0.05% Tween-20) containing 5% nonfat dry milk. After blocking, the membranes were incubated in 0.1% PBST (1 : 1000) for 1 h at room temperature with rabbit anti-rat antibodies that has been raised against the following: GRP 78, GRP 94, CHOP, XBP-1, ATF-4, caspase-3, caspase-12, calpain I, calpain II, and α-tubulin (Santa Cruz, Biotechnology, Inc., USA), cleaved ATF-6 (IMGENEX, San Diego, CA, USA), and phospho-eIF2, phospho-PERK, phospho-IRE-1, eIF2, and PERK (Cell Signaling Technology, Inc., USA). The membranes were then washed in 0.1% PBST three times for 15 min each. The blots were subsequently incubated with goat anti-mouse or anti-rabbit IgG-HRP conjugated secondary antibody (1:1000) for 1 h. The antibody-reactive bands were revealed using enhanced chemiluminescence reagents (Perkin-ElmerTM, Life Sciences, Inc., USA) and were exposed on Fuji radiographic film.

2.5. Real-time Quantitative RT-PCR analysis
The expression of the GRP78, GPR94, CHOP, and XBP-1 genes were evaluated using real time quantitative RT-PCR (qPCR) as previously described [31]. Briefly, total intracellular RNA was extracted using RNeasy kits (Qiagen), according to the instructions provided, and was heated to 90 °C for 5 min to remove any secondary structures and then rapidly placed on ice. The samples were reverse transcribed into cDNA using the AMV RTase (reverse transcriptase enzyme, Promega Corporation, Pty. Ltd., USA) system. The reverse transcriptase reactions were performed as follows: RNA (5g) was added to a reaction buffer containing 2.5 mM dNTP (deoxynucleotide mix), 40U/L RNasin (RNAase inhibitor, Promega), 100 nmol random hexamer primers, 1x RTase buffer (which was supplied with the RTase enzyme), and 30 U of the AMV reverse transcriptase enzyme (RTase), to which nuclease-free water was added for a final volume of 20 L. The reactions were mixed and incubated at 42 °C for 60 min. The samples were then denatured at 95 °C for 10 min and placed on ice. The real-time SYBR Green primers for mouse GRP78, GRP94, CHOP, XBP-1, and β-actin were chosen as follows: GRP78, forward: 5′-GAACCAGGAGTTAAGAACACG-3′ and reverse: 5′-AGGCAACAGTGTCAGAGTCC-3′; GRP94, forward: 5′- GGGAGGTCACCTTCAAGTCG-3′ and reverse: 5′-GGGTGTAGACGTGGAGCTC-3′; CHOP, forward: 5′-CATGAACAGTGGGCATCACC-3′ and reverse: 5′-GAGAGGCCTTCACATGGGTCG-3′[36]; the spliced form of XBP-1 (XBP-1s), forward: 5′-GAGTCCGCAGCAGGTG-3′ and reverse: 5′-GCGTCAGAATCCATGGGA-3′ [37]; β-actin, forward: 5′-TGTGATGGTGGGAATGGGTCAG-3′ and reverse: 5′-TTTGATGTCACGCACGATTTCC-3′[36]. Each sample (2 L) was tested with Real-time SYBR Green PCR reagent (Invitrogen, USA) and the transgene-specific primers in a 25 L reaction volume, and amplification was performed using an ABI StepOnePlus Sequence Detection System (PE, Applied Biosystems, Inc., USA). The cycling conditions consisted of 2 min at 50 °C, 10 min at 95 °C, and 40 cycles of 95 °C for 30 s, and 60 °C for 1 min. Real-time fluorescence detection was performed during the 60 °C annealing/extension step of each cycle. Melt-curve analysis was performed on each primer set to ensure that no primer dimers or nonspecific amplifications were present under the optimized cycling conditions. After 40 cycles, the samples were run on 2 % agarose gels to confirm specificity. Data analysis was performed using StepOneTM software (Version 2.1, Applied Biosystems). The fold differences in mRNA expression between the treatment and control groups were determined using the relative quantification method, which utilizes real-time PCR efficiencies and normalizes them to a housekeeping gene (β-actin was used in the presented study), thus comparing relative CT changes (ΔCT) between the control and experimental samples. The fold change values were calculated using the expression 2-ΔΔCT, where ΔΔCT represents ΔCT-condition of interest – ΔCT-control. Prior to conducting the statistical analyses, the fold change from the mean of the control group was calculated for each individual sample (including the individual control samples to assess the variability in this group).

2.6. 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-mediated hydrolysis of the peptide-AMC conjugate, and can be used to measure enzyme activity. The cells were seeded at 2 × 105 cells/well in 24-well culture plates and allowed to adhere and recover overnight. Prior to the addition of CA, the cells were transferred to fresh media, loaded with 40 M Suc-Leu-Leu-Val-Tyr-AMC (Biomol, Enzo Life Sciences International, Inc., USA), and treated with CA for each individual time course at 37 °C in a humidified incubator containing 5% CO2. Proteolysis of the fluorescent probe was monitored using a Fluorescent Plate Reading System (Gemini XPS Microplate Reader, Molecular Devices, USA) with the excitation wavelength set at 360 ± 20 nm and the emission wavelength set at 460 ± 20 nm for emission.

2.7. Small interfering-RNA (si-RNA) transfection
The validated mouse GRP 78 and GRP 94 si-RNA and scrambled control si-RNA were purchased commercially from Santa Cruz (Santa Cruz, Biotechnology, Inc., USA). Briefly, six-well cell culture plates were seeded with 5 × 105 cells/well, and the cells were cultured in growth medium. Cells were carefully replaced to Opti-MEM medium and transfected with si-RNAs (at a final concentration of 100 nM) using Lipofectamine 2000 (Invitrogen, Life Technologies, Inc., USA), according to the manufacturer’s recommended instructions.

2.8. Detection of malondialdehyde (MDA) formation 
The formation of MDA, a substance that is produced during lipid peroxidation, was determined using acommercial LPO assay kit (Calbiochem, San Diego, USA) as described by Chang et al. [4]. Briefly, after exposure to CA alone or in combination with NAC for 24 h, 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. Equal volumes of the samples were added to 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, which were then incubated at 45°C for 60 min. After cooling, the absorbances of the cleared supernatants were read at 586 nm. The linearity of the standard curve was confirmed using 0, 1, 2.5, 5, 10, 20, and 40 μM MDA. The protein concentrations were determined using the Bicinchoninic Acid Protein Assay Kit with an absorption of 570 nm (Pierce, Rockford, IL, UAS). LPO levels were expressed as the fold changes of the control.  

2.9. Statistical analysis 
The data are presented as means ± standard deviation (S.D.). The significance of the differences was evaluated using Student’s t-test. When more than one group was compared with one control, significance was evaluated using one-way analysis of variance (ANOVA), and Duncan’s post-hoc test was applied to identify differences between the groups. P values less than 0.05 were considered to be significant. The statistical package SPSS (Statistical Package for the Social Sciences), version 11.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis.



















3. Results
3.1. Chloroacetic acid (CA) induced cell death mainly by apoptosis in Neuro-2a cells
    To investigate the cytotoxic effects that were induced by chloroacetic acid (CA) in neuronal cells, lactate dehydrogenase (LDH) release into the surrounding culture medium, an indicator of cytotoxicity, was determined using an LDH release assay. Treatment of Neuro-2a cells with CA for 24 h induced a significant increase in the release of LDH in a dose-dependent manner with a range from 0.5 to 2 mM (Figure 1). This effect of CA-induced cytotoxicity was confirmed by examining cell viability using the MTT assay. Figure 1 also showed that the cell viability of Neuro-2a cells after exposure to CA for 24 h was markedly reduced (round shape (●)), and the LD50 (lethal dose, 50%) was determined to be approximately 1.5 mM. We next examined whether apoptosis was involved in CA-induced neuronal cell cytotoxicity, annexin V-Cy3/6-CFDA double-staining, annexin V-FITC binding (using an assay to detect phosphatidylserine (PS) externalization, an event that is a hallmark of early apoptosis), and caspase-3/-7 activity were determined. As shown in Figure 2A, Neuro-2a cells incubated with CA (1.5 mM) for 24 h were a significantly labeled with both annexin V-Cy3(red) and 6-CF (green) fluorescence compared with the control cells. Furthermore, marked increases in the fluorescent intensity of annexin V-FITC binding (Figures 2B) and caspase-3/-7 activity were observed following CA exposure (Figures 2C). These results indicated that exposure of CA to neuronal cells can cause apoptosis.  

3.2. Chloroacetic aid (CA) triggered ER stress responses and induced calpain activity in Neuro-2a c ells 
ER stress has been shown to be involved in the induction of apoptosis, which occurs in response to a variety of toxic insults [24, 31]. To examine whether ER stress signaling was involved in the responses triggered by CA-induced apoptosis, we examined the expression of markers of ER stress following CA treatment in neuronal cells. Treating Neuro-2a cells with CA (1.5 mM) for 8 h significantly triggered the expression of ER stress-related molecules and/or mRNA levels, including GRP 78, GPR 94, CHOP, XBP-1s, ATF-4, ATF-6 (Figures 3A and 3B) as well as the degradation of 55-kDa full-length caspase-12 and markedly caused the increase in caspase-12 activity (Figures 3A and C). These alterations were maintained for 24 h. In addition, the protein phosphorylation levels of PKR-like ER kinase (PERK), inositol-requiring enzyme-1 (IRE1), and eukaryotic initiation factor 2 (eIF2) (a set of ER-located sensors) were significantly increased after treatment of the Neuro-2a cells with 1.5 mM CA for 4-24 h (Figure 3D). We next determined whether the activity of calpain (a calcium-dependent thiol protease) was induced by CA treatment in Neuro-2a cells. Treatment of the cells with CA (1.5 mM) induced a marked increase in calpain I and II protein expression (8-24 h) and calpain activity (1-4 h) in a time-dependent manner (Figures 4A and 4B). Moreover, pretreatment with a calpain inhibitor (Z-Val-Phe-CHO (MDL 28170), 10 M) for 3 h effectively prevented increases in calpain activity (Figure 4B) and caspase-3/-7 activity (Figure 4C) in CA-treated Neuro-2a cells. These data suggest that CA is capable of inducing ER stress in neuronal cells.
To further confirm whether GRP 78 and GRP 94 activation played important roles in CA-induced apoptosis in Neuro-2a cells, we used siRNA-mediated knockdown of GRP 78 or GRP 94 and then tested for apoptotic events in response to CA-induced cytotoxicity. Transfection of the cells with GRP 78- or GRP 94-specific siRNA specifically inhibited GRP 78 or GRP 94 expression, respectively (Figures 5A and 5B, upper panel). Under CA exposure conditions (1.5 mM), knockdown of GRP 78 and GRP 94 suppressed CA-induced GRP 78 (Figure 5A) and GRP 94 (Figure 5B) expression. Meanwhile, transfection with GRP 78- and GRP 94-siRNA also significantly reduced CA-caused apoptotic events (including reversed the increases in the degradation of 35-kDa full-length caspase-3 expression (Figures 5A and 5B) and caspase-3/-7 and caspase-12 activity (Figure 5C), and the decrease in cell viability (Figure 5D)). Consistent with these results, up-regulation of GRP 78 and GRP 94 is involved in CA-induced apoptosis in neuronal cells. 

3.3. ROS played a crucial role in CA-induced ER stress-regulated cell apoptosis in Neuro-2a cells.
It has been reported that ROS can elicit oxidative stress and trigger cell death, which is implicated in various conditions resulting from toxic insult-induced neurotoxicity [38-39]. To explore whether ROS were associated with CA-induced apoptosis in neuronal cells, we treated Neuro-2a cells with CA and detected the levels of the lipid peroxidation product MDA (an index of oxidative damage to membrane lipids). As shown in Figure 6A, MDA levels were significantly increased following exposure to 1, 1.5, and 2 mM CA for 24 h. As expected, pre-treatment with N-acetylcysteine (NAC, 2.5 mM), a low-molecular-weight thiol and a precursor of GSH, effectively reduced CA-induced MDA levels (1 mM CA, 1.42±0.14, +NAC, 1.08±0.04; 1.5 mM CA, 1.81±0.28, +NAC, 1.24±0.05; and 2 mM CA, 2.11±0.27, +NAC, 1.24±0.11 fold of control, respectively; n = 6, #p < 0.05 compared to CA treatment alone). Moreover, CA-induced cytotoxicity (Figure 6B; for 24 h), the expression of ER stress-related molecules (Figures 6C and 6D), and increase in calpain activity (Figure 6E; for 4 h),  caspase-3/-7 activity (Figure 6F; for 24 h), and caspase-12 activity (Figure 3C) were significantly attenuated following pretreatment with NAC (2.5 mM) prior to CA exposure in Neuro-2a cells, indicating that ROS play a crucial role in CA-induced ER stress-regulated neuronal cell apoptosis.   
4. Discussion
Chloroacetic acid (CA) is a toxic chlorinate analog of acetic acid that display 25-40 times more toxic effects than acetic, dichloroacetic, or trichloroacetic acids. CA is produced in the environment as one of the metabolites of other widely used in chemical industry; thus, thousands of workers are exposed to CA occupationally each year due to its industrial and agriculture use. [40-41]. In the United States and other countries, more importantly, CA is one of the most prevalent classes of disinfection by-products (DBPs) in drinking formed after disinfection with chlorine, which have been demonstrated an association with increased risk of bladder and colorectal cancer and other diseases [8, 42-44]. The U.S. Environmental Protection Agency (U.S. EPA) regulates CA to the maximum level to 0.06 mg/L in 2006, but the higher concentration of CA (more than 0.1~3.0 mg/L) was still observed in the drinking water and swimming pool water [7,45-47]. Thus, the human population has a higher possibility and risk of exposure to this chemical. The results of a growing number of studies have also indicated that treatment of CA (0.3-5.0 mM) can induce cytotoxic effects in the hepatic, epithelial, and ovary cells, which are accompanied by damage to the ultrastructure and cytoskeletal organization; mitochondrial metabolic function; the depletion of intracellular reduced glutathione (GSH); and the induction of DNA lesions [48-50]. Similarly, prolonged exposure to CA (15-380 mg/kg) in vivo (for more than 90 consecutive days) caused the pathophysiological alterations and tissue injuries, including: fibrosis and edema of liver, alveolar injury, hemorrhagic and congested lungs, increases in alanine aminotransferase, aspartate aminotransferase, creatinine, and blood urea nitrogen levels, and the loss of cerebellar Purkinje cells [13, 14, 17]. More importantly, clinical case reports and our unpublished data of accidental or occupational poisoning have revealed that CA is rapidly and efficiently absorbed through the skin, is highly corrosive to various tissues, and can lead to the development of severe neurotoxic syndromes, including agitation, disorientation, loss of the ability of memory, comprehension and language, coma (prolong unconsciousness), micro-hemorrhages with edema change in the cortical-subcortical junction and bilateral basal ganglia, and death due to uncal herniation, and A concentration in these patients are approximately 19.3-100 mg/L (0.2-1.1 mM) [10-11, 51]. Despite a few studies have reported that the application of CA (1-10 mM) to cultured neuronal cells and astrocytes results in the loss of viable cells, the depletion of intracellular GSH, and the inactivation of glyceraldehyde-3-phosphate dehydrogenase leading to cell injuries [52-53], the cytotoxic effects of CA-induced neurotoxicity remain unclear. Therefore, in this study, to investigate the effects of CA-caused neuronal cell damage, we chose a concentration of 1.5 mM CA (approximately LD50) exposure to Neuro-2a cells (a murine neuroblastoma cells), which is the probable dosage of human exposure. The main results of this study indicated that CA (1.5 mM) exposure significantly decreased cell viability and caused apoptotic events (including increases in the production of apoptotic cells, PS externalization in the membranes of cells, and caspase-3/-7 activity), which were accompanied by alterations in the expression of ER stress-related markers and calpain activation.    
The ER is an important organelle that is involved in the regulation of protein synthesis, folding, glycosylation, modification, and the assembly of newly synthesized secretory proteins. Under stressful conditions or a variety of physiologic to pathologic stimuli (such as oxidative stress, DNA damage, calcium depletion, and hypoglycemia), the ER structure and function can be disrupted, which results in the accumulation of unfolded or misfolded proteins in the ER, thereby inducing ER stress [32, 54]. To protect against the deleterious effects of ER stress, there are three major ER stress sensors that trigger UPR including IRE-1/XBP-1, ATF6, and PERK/ eIF2, which signals the attenuation of protein translation, the degradation of misfolded proteins, and the induction of molecular chaperons to increase the ER capacity of protein folding and degradation [55-56]. Activation of IRE1 (a transmembrane kinase/endoribonuclease (RNAse)) initiates the nonconventional splicing of XBP-1 mRNA. Spliced XBP-1 (XBP-1s) mRNA encodes a transcription activator and translocates to the nucleus where it induces various ER-located proteins such as GRPs and CHOP [57]. ATF6 is an ER-resident transmembrane protein and a basic leucine zipper transcription factor. Upon activation, the cytoplasmic domain of ATF6 is released from its membrane anchor by regulated proteolysis and translocated to the nucleus to increase the expression of XBP-1s mRNA and chaperones under ER stress [26]. The activated PERK (a transmembrane kinase) induces the phosphorylation of a subunit of eIF2 leading to the attenuation of protein synthesis, which counteracts ER protein overload [58-59]. CHOP, a growth arrest- and DNA damage-inducible gene 153 (GADD53) and a member of the C/EBP transcription factors, is a downstream component of ER stress (at the convergence of the IRE-1, PERK, and ATF6 pathways). Under physiological conditions, CHOP is expressed at low levels, but it can be dramatically induced by ER stress at the transcriptional level via ATF4, ATF6, and XBP-1 pathways in response to ER stress-mediated apoptosis [60-61]. During UPR, these signaling pathways coordinate a temporal shut down in protein translocation and induce a complex program of gene transcription to restore the ER protein folding capacity. However, when cells are unable to restore homeostasis as the results of prolonged or too severe ER stress, it will engage cell death, usually occurring by apoptosis in the damaged cells [58, 62]. Moreover, it has been reported that abnormal physiological conditions (such as ischemia/reperfusion and hypoxia) can induce neurotoxic effects, which occur through the induction of apoptotic pathways-mediated by ER stress proteins [63-64], and chemical stimuli (including: pesticide, arsenic, lead, and paclitaxel) can cause neuronal cell death via the activation of ER stress pathways, which may contribute to neurodegeneration [65-68]. However, the role of ER stress-mediated apoptotic signals in CA-induced neuronal cell death is still unclear. In the present study, the results of Western blot analyses revealed that the exposure of Neuro-2a cells to CA (1.5 mM) significantly increased the protein expression levels of phosphorylated PERK, IRE1, and eIF2, ATF-4, ATF-6, CHOP, XBP-1, GRP 78, and GRP 94 as well as caspase-12 degradation. Pretreatment of the cells with GRP 78- and GRP 94-specific si-RNAs, respectively, effectively suppressed the CA-induced the protein expressions of GRP 78, GRP 94, and caspase-3, the increase in caspase-3/-7 and caspase-12 activity, and the decrease in cell viability. These results indicate that ER stress play important roles in CA-induced neuronal cell apoptosis.
    The generation of ROS, which can elicit oxidative stress and has been defined as a disruption in the pro-oxidant/antioxidant balance, is one of the most common responses to cellular damage and cell death [69]. Recently, many reports in the literature have indicated that there is a close relationship between ROS production and the disruption of several pathophysiological functions, and that toxic insults can cause apoptosis in mammalian cells, including neuronal cells [22, 38-39, 66]. Neuronal cells are at a greater risk of ROS-induced apoptosis than other cell types, which is likely due to the reliance of neuronal cells on much aerobic respiration and the consumption of large quantities of oxygen, the high content of easily oxidizable substrates (such as polyunsaturated fatty acids and catecholamines), the low levels of antioxidant enzymes (such as catalase and the reliance on glutathione peroxidase) to eliminate ROS; all of these characteristics make neuronal cells particularly vulnerable to oxidative stress-mediated damage, which is induced by toxic insults or environmental stimuli, and an event to cause neuronal cell death [38, 66, 70]. Recently, ROS have emerged as important regulators of ER function and UPR activation and in several diseased conditions (including neuronal degeneration) [22, 71]. The growing numbers of studies have reported that toxic insults (such as heavy metals exposure) can induce ROS production causing cell death which is accompanied by the activation of ER stress signals in various types of mammal cells including neuronal cells [24, 31, 66]. Recently, a few studies (in vivo and in vitro) indicated that the induction of oxidative stress damage (including lipid peroxidation, oxidative mitochondrial DNA damage, intracellular GSH deprivation, and reductions in sulfhydryl levels) causing cytotoxic and genotoxic effects, which result in severe liver, kidney, human lymphocytes, and central nervous system damage, occur after CA exposure [48, 52-53, 72-73], but the molecular mechanisms underlying CA-induced neuronal cell death are most unclear. In this study, our results showed that CA significantly induced cytotoxicity and apoptotic events (as indicated by the increase in the number of apoptotic cells, the expression of membrane externalization of PS, and caspase-3/-7 activity) in Neuro-2a cells, which were accompanied by a marked increase in MDA production in the cell membrane (an index of oxidative damage). Pretreatment with 2.5 mM NAC (is frequently employed a source of sulfhydryl groups to cells as acetylated precursor of educed GSH, which can interact directly with ROS because it has been shown to function as a hydrogen peroxide scavenger [74] could effectively prevent CA-induced cytotoxic and apoptotic responses, which were consistent with a recent study by Chen et al. [52]. Furthermore, the present results, more importantly, demonstrated that CA could induce ER stress-related molecules activation-downregulated apoptotic pathway, which is involved in CA-induced ROS generation that caused neuronal cell death. To the best of our knowledge, our study was the first time to elucidate the relationship between oxidative stress damage and ER stress-regulated apoptotic signals in CA-induced neurotoxicity that was occurred via a different mechanism from that described by Chen et al. [52], who proposed that CA-directed neuronal cell apoptosis occurred through ROS-induced p38-MAPK activation-downregulated mitochondria-dependent apoptotic pathway. Overall, based on these results, it was indicated that CA could able causing neuronal cell death via an apoptotic pathway that was regulated by ROS-induced ER stress activation.
The results of this study also showed that the CA-induced neurotoxic effects and activation of ER stress and calpain activity in Neuro-2a cells could be effectively prevented, but not fully, by NAC, suggesting that the other signaling molecules/pathways may contribute to the CA-induced neuronal cell death. An increasing body of literatures has indicated that the Fas/Fas ligand (FasL)/death receptor signaling-mediated caspase-8 pathway is also involved in the regulation of apoptosis in mammalian cells exposed to chemicals [75-76]. Furthermore, the homeostasis of calcium ion (Ca2+), the main second messenger that helps to transmit depolarizations and synaptic activity to the biochemical machinery, is very important for maintaining the normal functions (including cell proliferation, differentiation, survival and death) of mammal cells, especially neuronal cells [77-78]. Many studies have reported that the alteration in intracellular Ca2+ induced by toxic insults (such as cadmium and TCDD) causes the disruption of mitochondrial Ca2+ equilibrium resulting in ROS generation and down-regulation of the apoptotic-signaling pathway [79-80]. For these reasons, intracellular Ca2+ also maybe participate in the regulation of CA-induced apoptotic signals in neuronal cells. Herein, our results showed that exposure of Neuro-2a cells to CA (1.5 mM) for 8-24 h significantly triggered the degradation of full-length (57 kDa) caspase-8 and increased the protein expression levels of Fas, FasL, Fas-activated death domain (FADD), and phosphor-FADD (Supplement figure 1), indicating that the death receptor signaling-mediated caspase-8 pathway may also play a role in CA-induced neuronal cell apoptosis. On the other hand, although the Neuro-2a neuroblastoma cell line is useful for neurotoxicological effect studies in vitro [39, 81-82], there are some limitations to their use in this study: (1) transformed cell lines do not always display morphological and biochemical characteristics that are identical to those of the originating cell type; and (2) caution should be exercised in interpreting negative cytotoxicity data derived from the use of neuroblastoma cell lines (the responses of cell lines to chemicals/toxicants may differ and these cell lines may exhibit lower sensitivity compared to that of primary cerebral granule neurons) [83]. Therefore, different neurotoxic responses between the Neuro-2a neuroblastoma cell line and the primary cerebral granule neurons may be observed with exposure to CA. However, the crucial roles and the detailed signals in CA-induced neurotoxicity are still unclear and require further investigation in the future.  
5. Conclusions
As shown in Figure 7, this study is the first to demonstrate that the higher concentration of CA (that may be triggered by relevant doses)-caused neuronal cell cytotoxicity and death are mediated via the ER stress-regulated apoptotic pathway, where the significant induction of ER molecules (p-PERK, p-IRE1, p-eIF2, ATF-4, ATF-6, CHOP, XBP-1, GRP 78, GRP 94, and caspase-12) expression, and subsequent increases in the number of apoptotic cells and caspase-3/-7 activation are critical events for apoptosis. Moreover, these adverse outcomes can be attenuated by the antioxidant NAC. Therefore, these findings indicate that the ROS-triggered ER stress signaling pathway plays an important role in CA-induced neuronal cell apoptosis and provide further evidence in support of the hypothesis that CA is an environmental risk factor for the development of neurodegenerative diseases.
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Figure Legends:
Figure 1. Chloroacetic acid (CA) induced cytotoxicity in cultured Neuro-2a cells. Cells were treated with various concentrations (0.5-2 mM) of CA for 24 h, and cytotoxicity was determined using the LDH release assay (% of total; circle marker), and cell viability was detected using the MTT assay (open bar) as described in the Materials and Methods section. Data are expressed as mean ± S.D. for six independent experiments with triplicate determination. *p < 0.05 compared to the vehicle control. 

Figure 2. Chloroacetic acid (CA)-induced apoptosis in Neuro-2a cells. Cells were incubated with CA (1.5 mM) for 24 h in the absence or presence of N-acetylcysteine (NAC, 2.5 mM). (A) Apoptotic cells were observed using fluorescence microscopy (200×) after staining the cells with fluorescent probes: Ann-Cy3 (red fluorescence) and 6-CFDA (green fluorescence)(a and b, control; c and d, CA-1.5 mM; e and f, NAC-2.5 mM; g and h, CA-1.5 mM+NAC-2.5 mM). In addition, the fluorescent intensities of Annexin V (B) and caspase-3/-7 activity (C) were analyzed using flow cytometry as described in the Materials and Methods section. Data in B and C are expressed as mean ± S.D. for six independent experiments with triplicate determination. *p < 0.05 compared to the vehicle control. 

Figure 3. Effects of chloroacetic acid (CA) on ER stress marker expression in Neuro-2a cells. Cells were treated with CA (1.5 mM) for different time intervals, and (A) protein expression levels of GRP 78, GRP 94, CHOP, XBP-1 (spliced and unspliced form), ATF4, cleaved ATF6, and/or caspase-12 were examined using Western blot; (B) mRNA expression levels of GRP 78, GRP 94, CHOP, and XBP-1 were measured by qPCR analysis; (C) after CA exposure in the absence or presence of NAC (2.5 mM; for 1 h prior to incubate with CA), caspase-12 activity (involved in the absence or presence of NAC-2.5 mM; for 1 h prior to incubate with CA) was detected using a caspase-12 activity assay kit; and (D) the phosphorylation levels of PERK, IRE1, and eIF2 proteins were examined by Western blot as described in the Materials and Methods section. Data in B and C are presented as mean ± S.D. for six independent experiments with triplicate determination. *p < 0.05 compared to the vehicle control. #p < 0.05 compared to CA treatment alone.

Figure 4. Chloroacetic acid (CA) activated calpain activity. (A) Neuro-2a cells, pretreated with or without NAC (2.5 mM) for 1 h, were incubated with CA (1.5 mM) for 8-24 h, and calpain I and II protein expression was examined using Western blot analysis. In addition, cells were treated with CA (1.5 mM) for different time intervals (0-24 h) in the absence or presence of a calpain inhibitor (MDL-28170, 10 M, pretreated for 3 h), and (B) calpain activity was assessed by measuring the fluorescent calpain substrate Suc-LLVY-AMC, and (C) caspase-3/-7 activity was analyzed by measuring the fluorescence intensity using flow cytometry as described in the Materials and Methods section. Data in B and C are presented as mean ± S.D. for six independent experiments with triplicate determination. *p < 0.05 compared to the vehicle control. #p < 0.05 compared to CA treatment alone.

Figure 5. Transfecting the cells with si-GRP 78 or si-GRP 94 prevented chloroacetic acid (CA)-induced apoptosis. Neuro-2a cells were transfected with si-RNAs specific to GRP 78 and GRP 94, and GRP 78 or GRP 94 protein expression was determined using Western blot (following 24 h incubation; upper panel). Then, the cells were treated with CA (1.5 mM) for 24 h, and the expression of GRP 78, GRP 94, and caspase-3 protein were examined using Western blot (A and B); caspase-3/-7 and caspase-12 activity was analyzed by measuring the fluorescence intensity (C); and cell viability was detected using the MTT assay (D), as described in the Materials and Methods section. Data in C and D are presented as mean ± S.D. for six independent experiments with triplicate determination. *p < 0.05 compared to the vehicle control. #p < 0.05 compared to CA treatment alone.

Figure 6. N-acetylcysteine (NAC) attenuated chloroacetic acid (CA)-induced oxidative damage, cytotoxicity, ER stress marker expression, calpain activity, and caspase-3/-7 activity. Neuro-2a cells were treated with CA for various time intervals in the absence or presence of 2.5 mM NAC (for 1 h prior to incubate with CA). Oxidative damage to the membrane lipids was analyzed by measuring the levels of MDA (A, for 24 h; the MDA levels in the control group were 4.37±0.48 nmol-MDA/mg-protein), cytotoxicity was determined using the LDH release assay (% of total)(B, for 24 h), ER stress marker expressions (C, for 24 h) and the phosphorylation levels of eIF2, PERK, and IRE-1 proteins (D, for 8 h) were examined using Western blot analysis, calpain activity was determined by measuring the fluorescence intensity of the calpain substrate Suc-LLVY-AMC (E, for 4 h), and caspase-3/-7 activity was analyzed by measuring the fluorescence intensity using flow cytometry (F, for 24 h), as described in the Materials and Methods section. Data in A, B, E, and F are presented as mean ± S.D. for six independent experiments with triplicate determination. *p < 0.05 compared to the vehicle control. #p < 0.05 compared to the CA-treated group. 

Figure 7. Schematic representation of the proposed intracellular signaling pathways involved in chloroacetic acid (CA)-induced neuronal cell apoptosis. The proposed model showed that CA-induced neuronal cell death is triggered via a ROS-mediated ER stress-regulated apoptotic signaling cascade.

