Paraquat Induces Lung Alveolar Epithelial Cell Apoptosis via Nrf-2-Regulated Mitochondrial Dysfunction and ER stress
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Abstract
Paraquat (1,1’-dimethyl-4,4’-bipyridinium chloride; PQ) is widely and commonly used as a herbicides in the world. PQ has been reported to be a major hazard because it causes lung injury. However, the molecular mechanisms underlying PQ-induced lung toxicity still need to be elucidated. Here, we found that PQ significantly decreases cell viability, increases sub-G1 hypodiploids DNA contents and caspase 3/7 activity in lung alveolar epithelial cell-derived L2 cells, which also caused mitochondrial dysfunction and decreased the mRNA expression of Bcl-2 and increased that of Bax, Bak, and p53. Moreover, the protein expressions of Bax and Bak were increased in PQ-treated cells. In addition, when PQ was exposed to L2 cells, the expressions of ER stress-related signaling genes (including Grp78, CHOP and caspase-12 mRNA) and proteins (including phospho-eIF-2(, CHOP, Grp78, calpain-I and -II, and caspase-12) were significantly increased. PQ also decreased the protein expressions of procaspase-9/7/3. Next, we investigated the role of Nrf-2 in PQ-induced alveolar epithelial cell toxicity. In L2 cells, paraquat induced Nrf-2 translocation from the cytosol to the nucleus. Cells transfected with Nrf-2 siRNA significantly reversed the PQ-induced toxicity, including depolarization of MMP, increased the Bax, Bak, p53 mRNAs expression, decreased the Bcl-2 mRNA expression, increased the caspase 3/7 activity, increased the Grp78, CHOP and caspase-12 mRNAs expression, increased the expression of proteins Grp78 and CHOP, and decreased that of pro-caspase-3. Taken together, these results suggest that Nrf-2-regulated mitochondria and ER stress-related pathways are involved in the PQ-induced alveolar epithelial cell injury.
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Introduction

Paraquat (1,1’-dimethyl-4,4’-bipyridinium chloride; PQ) is a bipyridyl compound, which is widely and commonly used herbicides worldwide. In 1962, there were thousand of human deaths due to occupational, accidental or voluntary ingestion of PQ (Liu et al., 2011). In Jamaica, paraquat was the most common herbicide to cause fatal poisoning, which was found in the coroner’s autopsies at West Indies from 1980 to 1999 (Escoffery and Shirley, 2004). A study in 375 cases of paraquat poisoning has shown that 49 have evidence of renal toxicity, 41 receive haemodialysis or charcoal haemoperfusion, 61 develop pulmonary sequelae, and 44 have lesions in the upper gastrointestinal tract (Jones et al., 1999). PQ induced pathological changes, involving fibroblast proliferation and augmentation of collagen synthesis in multiple tissues, such as the liver, kidney, and heart, and in arteries, and the nervous system. The amount of PQ accumulated in the lungs is 6~10 times more than that in the plasma;  this pulmonary effect might be due to the participation of the polyamine transport system abundantly expressed in the membrane of type I and II alveolar cells and Clara cells (Dinis-Oliveira et al., 2008). Rose and colleagues have also demonstrated that only lung slices were accumulated with paraquat and its concentration was higher than the medium when incubation of [14C]paraquat to tissue slices (Rose et al., 1974; Rose et al., 1976). Thus, these results demonstrated that paraquat was preferential accumulation in the lung. Importantly, this results in irreversible lung damage, which causes death (Bismuth et al., 1990; Mitsopoulos and Suntres, 2010; Moran et al., 2010; Park et al., 2010). Besides, it has been shown that PQ-induced lung injury causes pulmonary edema, infiltration of inflammatory cells, hemorrhage, and blockade in the alveolar epithelium, leading to the progression of lung fibrosis (Suntres, 2002). PQ shows selective localization and primarily causes injury in the lung epithelial cells (Smith et al., 1990; Hoet and Nemery, 2000; Suntres, 2002; Mitsopoulos and Suntres, 2010). It has been suggested that the toxicity of PQ is based on the extent of its induction of redox cycling, which results in the oxidation of NADPH to NADP+ (Park et al., 2010). Several studies have also shown that NADPH-cytochrome P450 oxidoreductase mediates electron transfer from NADPH to cytochrome P450 enzyme (Enoch and Strittmatter, 1979; Han et al., 2006). NADPH-cytochrome P450 oxidoreductase has been reported to be the major enzyme to catalyze the one-electron reduction in paraquat-initiated redox cycling (Fussell et al., 2011). These effects increase the oxygen utilization, generation of ROS, and induction of oxidative stress in cells (Saito et al., 1985; Fussell et al., 2011). Thus, PQ induced the generation of superoxide anions, nitric oxide (NO), hydroxyl radicals, and oxidant peroxynitrite and led to oxidative stress damage-related cell death and inflammation (Liu et al., 2011). These free radicals can react with DNA, proteins, and lipids in the cells, and lead to protein inactivation, DNA breakage, and lipid peroxidation (Halliwell and Gutteridge, 1992; Berisha et al., 1994). Glutathione (GSH) plays a protective role in the ROS generation in many xenobiotics, including paraquat-induced oxidative stress. A study has demonstrated that administration of paraquat to rat, the GSH levels are decreased and GSH/GSSG ratio is diminished in oxidative injury of liver (Adams et al., 1983; Konstantinova and Russanov, 1999). However, oxidative stress inhibition as a treatment strategy against PQ-induced toxicity is not ideal (Turrens et al., 1984; Smith et al., 1992; Suntres and Shek, 1995; Liu et al., 2011).

Nuclear factor-E2-related factor (Nrf) is a transcription factor with a C-terminal basic leucine zipper containing the basic region and heptad repeats of leucine, and an N-terminal acidic domain (Moi et al., 1994; Lee and Johnson, 2004). Recently, it was discussed that Nrf-2 is involved in the cell damage cascade. A previous study showed that Nrf-2 acts as a novel caspase substrate. Overexpression of the C-terminal cleavage fragment containing the DNA binding domain and leucine-zipper domain of Nrf-2 induced apoptosis in HeLa cells (Ohtsubo et al., 1999). In one study, it was found that Nrf-2 translocation to the nucleus enhanced oxidative stress and increased the sub-G1 DNA content; this in turn led to cell damage in human bronchial epithelial cells (Eom and Choi, 2009). Another study demonstrated that ambient urban particulate matters induced Nrf-2 protein expression and subsequently caused apoptosis (Choi et al., 2004). Thus, Nrf-2 may play an important role in apoptosis.
Apoptosis is characterized by widespread chromatin condensation and blebbing of plasma membrane and nuclear envelope (Bellomo et al., 1992). To change the calcium homeostasis in cells may alter cell growth, cell differentiation and sensitivity to activation apoptosis (Nicotera et al., 1997; Nicotera and Orrenius, 1998). Paraquat has been demonstrated to induce oxidation-reduction reaction, which leads to generation free radicals, lipid peroxidation, and produces oxidative stress in the lung (Dinis-Oliveira et al., 2008; Huang et al., 2011). Paraquat could also lead to rupture, hemorrhage, edema, and induced marked apoptosis in lung epithelial cells (Huang et al., 2011). Lung epithelial cells are easily affected by stress and induced apoptosis (Franek et al., 2001). The mitochondrial apoptotic pathway is induced by cellular stress or damage, which leads to depolarization of the mitochondrial transmembrane potential (Son et al., 2010). Stress also induced the expression of pro-apoptotic proteins, including Bax and Bak, which play a key role in the loss of MMP (Selimovic et al., 2011). Loss of MMP led to the release of cytochrome c, apoptosis-inducing factor (AIF), and endo-G from the mitochondria. Subsequently, cytochrome c worked together with Apaf-1 (apoptotic protease activating factor-1) and activated caspase-9 to initiate downstream effector caspases, resulting in apoptosis (Liang and Sundberg, 2011; Lin et al., 2011). 

Recently, many studies demonstrated that the endoplasmic reticulum (ER) plays an important role in chemical toxicant-induced apoptosis. It has been reported that ER stress-mediated apoptosis is involved in the pathogenesis of several diseases (Shang et al., 2011; Wang et al., 2011). ER is an organelle that maintains the intracellular calcium homeostasis, protein synthesis, post-translational modifications, and proper protein folding. If toxicants altered the calcium homeostasis and increased the amount of unfolded protein, then it would cause ER stress (Selimovic et al., 2011). A previous study reported that stress led to an increase in the expression of Bax and Bak, which in turn brought about the release of calcium from the ER lumen into the cytoplasm and subsequent calpain activation, and thus triggered ER stress-mediated apoptosis (Zong et al., 2003; Selimovic et al., 2011).

PQ is accumulated in the lung, and preferentially in alveolar epithelial cells (Mitsopoulos and Suntres, 2010). However, the distinct mechanisms underlying PQ-induced lung alveolar epithelial cell damage have not been clarified. Hence, in this study, we investigated the mechanisms underlying PQ toxicity in alveolar epithelial cells, and the role of Nrf-2 in PQ-induced apoptosis.
Materials and Methods

L2 cell culture
The rat lung epithelial derived cell lines, L2 cell were purchased from ATCC (CCL-149). Cells were cultured in a humidified chamber with 5% CO2 and 95% air mixture at 37 ◦C and maintained in RPMI1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin (Gibco BRL, Life Technologies).

Cell viability
L2 cells were washed with phosphate-buffered saline (PBS) twice from 10 cm2 dishes and cultured in 24-well plate (2x105 cells/well). After, cells were exposed PQ for 24 h. After, cells were washed with twice of PBS and replaced with culture medium containing 30 ( (2 mg/ml) 3-(4,5-dimethyl thiazol-2-yl-)-2,5-diphenyl tetrazolium bromide for 4 h. After, the medium was removed and added 1 ml dimethyl sulfoxide to dissolved blue formazan crystal. The enzyme-linked immunosorbent assay reader (Thermo Fisher Scientific, Waltham, MA, USA) was used for fluorescence detection at a wavelength of 570 nm.

Determination of sub-G1 DNA content
Cells were washed twice with PBS and detached. After, cells were fixed with 70% (v/v) ethanol, 4℃, for 24 h. Then cells (1x106 cells/ml) washed with PBS and stained with propidium iodide (50 (g/mL) for 30 min. Quantification of Sub G1 DNA content after PI staining was carried out using flow cytometric analysis (FACScalibur, Becton Dickinson).
Preperation of cytosolic and nuclear fractions
The method was according to the previous study (Schreiber et al., 1990; Kang et al., 2002). Briefly, cells were treated with PQ for various time points. After, cells were washed twice of ice-cold PBS and transferred to microtube. Cells were swelling by adding 100 (L of hypotonic buffer (10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 2 mM dithiothreitol, 0.5 mM phenylmethylsulfonylfluoride) and incubated for 30 min in ice. After, cells were centrifuged at 7,200 x g for 5 min, and supernatant was used as cytosilic fraction. Besides, pellets were resuspended with 50 (L of extraction buffer (20 mM HEPES, 400 mM NaCl, 1 mM EDTA, 10 mM dithiothreitol, 1 mM phenylmethylsulfonylfluoride) and incubated for 30 min in ice. Samples were centrifuged at 15,800 x g for 10 min, and supernatant was used as nuclear fraction in Nrf-2 translocation assay.

Western blot analysis
The method of Western blot analysis was performed as we previously study (Chen et al., 2010). After cells treated with indicated drugs, cells were washed with twice of PBS and lysed. After, samples were centrifuged at 14,000 x rpm for 20 min at 4℃. Each sample of 50 (g protein was used to electrophoresis on 10% (w/v) SDS-polyacrylamide gels and transferred to polyvinylidine difluoride (PVDF) membrane. After, membranes were blocked in in PBST (PBS and 0.05% Tween 20) containing 5% nonfat dry milk for 1 h. After blocking, the membrane was incubated with antibodies against Nrf-2, PCNA, (-tubulin, AIF, cytochrome c, Bax, Bak, phospho-eIF-2(, CHOP, Grp78, procaspase-12, calpain I, calpain II, procaspase-9, procaspase-7, procaspase-3 for 1 h. after, membranes were washed with 0.1% PBST and incubated with secondary antibodies conjugated to horseradish peroxidase for 45 min. The antibody-reactive bands were revealed using enhanced chemiluminescence reagents (Amersham Biosciences, Sweden) and exposed to radiographic film (Kodak, Rochester, NY, USA).

Determination of mitochondrial transmembrane potential (MMP)
The flow cytometry was used to detect the MMP in cells. After cells were treated indicated drugs, cells were harvested and washed twice with PBS. Then cells were treated with 40 nM DiOC6 for 30 min and analyzed in a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Detection of caspase 3/7 activity
To determine the apoptotic effects on paraquat-induced toxicity in L2 cells. The caspase 3/7 activity was assayed by FLICA DEVD-FMK caspase 3/7 assay kit (Immunohistochemistry Technologies, LCC.). Briefly, cells were treated with or without paraquat for 24 h. After, cells were collected and centrifuged at 200 x g for 5 min at 4℃. Then cells were washed twice with PBS and stained with fluorescence probe for 10 min, at room temperature in a dark. Caspase 3/7 activity was determined by measuring the fluorescence intensity of the cells by flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA) analysis. More than 10,000 individual cells were collected for each group.
Quantitative real-time PCR analysis
This method was performed as previously described (Chen et al., 2010). Total RNA was extracted after cells were treated with PQ. Total RNA (5 (g) was heated to 90°C for 5 min to remove any secondary structures and then rapidly placed on ice. Samples were then reverse transcribed into cDNA using AMV RTase (Promega, Madison, WI, USA) at 42 °C in reaction buffer containing 2.5 mM dNTPs, 40U/(L RNasin (Promega, Madison, WI, USA), 100 nmol random-hexamer primers, 1( RTase buffer; 30U AMV RTase in nuclease-free water at a final volume of 20 (L. The mixture was incubated at 42 °C for 60 min. Samples were then denatured at 95 °C for 10 min and placed on ice. Total cDNA (100 ng) was added per 25-μl reaction with sequence-specific primers and real-time Sybr Green PCR reagent (Invitrogen, Carlsbad, CA, USA). The amplification of sample was performed using an ABI Prism 7900HT real-time thermal cycler (Applied Biosystems, Carlsbad, CA, USA). The fold difference in mRNA expression between treatment groups was determined using the relative quantification method utilizing real-time PCR efficiencies and normalized to the β-actin gene, thus comparing relative CT changes between control and experimental samples. Prior to conducting statistical analyses, the fold change from the mean of the control group was calculated for each individual sample, including individual control samples to assess variability within the group.

Measurement of calpain activity
Calpain activity was measured with a calpain fluorometric assay kit according to the manufacturer’s protocol (Biomol). Cells were cultured in 24 well plates (5×104 cells/well) and treated with PQ for 1, 3, 6, 16, 24 h. Untreated controls were incubated with media for 24 h. The 5µl of calpain substrate (Suc-Leu-Leu-Val-Tyr-AMC) were added in each well. After incubated at 37℃ for 60 min, cells were washed twice with PBS, and then added with 70 µl of cold RIPA buffer. After centrifugation at 14,000×g for 5 min, supernatant were aliquot into a 96-well plate and analyzed the 7-amino-4-methylcoumarin (AMC) fluorescence by a spectrofluorometer (Spectramax, Molecular devices).
The siRNA transfection
The siRNA against Nrf-2 were purchased commercially from Thermo, Biotechnology. Cells were transfected with Nrf-2 siRNA (100 nM) by using lipofectamine 2000 (Invitrogen Life Technology) according to the manufacturer's instructions.

Statistical analysis
These values given as the means ± S.D. Statistical significance between two groups was assessed using the paired Student’s t test (Sigma Plot 10.0; Systat Software, San Jose, CA, USA). One-way ANOVA was used for multiple groups’ analysis, and Duncans’s post hoc test was applied to identify group differences. A P value of less than 0.05 was considered significant. The statistical package SPSS 11.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis.

Results

Effects of paraquat on cell viability, sub-G1 DNA contents and caspase 3/7 activity in lung epithelial cell-derived L2 cells
To investigate the extent of paraquat toxicity on lung epithelial cells, we performed an MTT assay that would detect the level of cytotoxicity in paraquat-treated L2 cells. The results showed that cell viability was significantly reduced to about 50% after the cells were treated with paraquat (300 (M) for 24 hours (Figure 1A). In order to further investigate paraquat-induced cell death, flow cytometry was used to explore paraquat toxicity in sub-G1 DNA content. Results found that paraquat (300 (M) significantly increased genomic DNA fragmentation (sub-G1 DNA content) for 24 hours in L2 cells (Figure 1B). Besides, paraquat (300 (M) significantly increased the caspase 3/7 activity, which is a cell death indicator in cells (Figure 1C). These results showed that paraquat was cytotoxic to L2 cells, and these effects may be harmful for cell viability.

Effects of paraquat on mitochondrial transmembrane potential (MMP) and mitochondrial apoptosis-related protein expression in lung epithelial cell-derived L2 cells 
We next examined if paraquat-induced cytotoxicity through the mitochondrial-apoptosis pathway. Cells were treated with or without paraquat (300 (M) for 6, 16, and 24 h. The mitochondrial transmembrane potential (MMP) was detected via flow cytometry, and DiOC6 fluorescence was an indicator of MMP. The results showed that paraquat significantly resulted in MMP depolarization (Figure 2A). Besides, cytosolic fraction of apoptosis-inducing factor (AIF) and cytochrome c expression levels were significantly increased (Figure 2B). We also found that apoptosis-related signaling involving the induction of Bax, Bak, and p53 mRNA expression was significantly increased, and the expression of pro-apoptotic Bcl-2 was decreased after cells were treated with paraquat (300 (M) for 24 h (Figure 3A). Besides, paraquat increased the expression of Bax and Bak proteins in L2 cells (Figure 3B). These results indicated that paraquat disrupted mitochondrial function and promoted the apoptosis pathway. 

Effects of paraquat on endoplasmic reticulum (ER) stress-related signaling in lung epithelial cell-derived L2 cells
To examine whether ER stress-related signals are involved in paraquat-induced lung epithelial cell damage, we performed quantitative real-time PCR and detected mRNAs generated under ER stress in paraquat-treated L2 cells. The results showed that the mRNA expression of Grp78, CHOP and caspase-12 was significantly increased after paraquat treatment (Figure 4A). Besides, ER stress-related signaling involving expression of phospho-eIF-2(, CHOP, Grp78, and pro-caspase-12 proteins was significantly increased (Figure 4B). To further investigate ER stress signaling in paraquat-treated L2 cells, we determined the effects of paraquat on calpain protein expression and calpain activity. The results showed that paraquat (300 (M) significantly increased calpain I and calpain II protein expression (Figure 4C) and calpain activity (Figure 4D) in cells. These results indicate that paraquat-induced cytotoxicity may act through the ER stress pathway.
Effects of paraquat on caspase family proteins expression in lung epithelial cell-derived L2 cells
To evaluate whether paraquat-induced cytotoxicity which through mitochondrial and ER-stress signals promoted apoptotic progression, we investigated the expression of proteins caspase-9, caspase-7, and caspase-3 in paraquat-treated L2 cells for 6, 18, and 24 h. The results showed that paraquat significantly decreased procaspase-9, procaspase-7, and procaspase-3 protein expression in the cells (Figure 5). These results indicated the paraquat-induced apoptosis in L2 cells.

The role of Nrf-2 in paraquat-induced apoptosis of lung epithelial cell-derived L2 cells
To investigate the role of Nrf-2 in paraquat-treated L2 cells, we performed a Western blotting and detected Nrf-2 protein expression in the cytosol and nucleus. The results showed that the nuclear fraction of the Nrf-2 protein was significantly increased and the cytosol fraction of the Nrf-2 protein was decreased after L2 cells were treated with paraquat (300 (M) for 6 h (Figure 6). Next, we investigated the role of Nrf-2 in the apoptosis of paraquat-induced L2 cells. The results showed that paraquat significantly reduced MMP, which could be reversed by Nrf-2 siRNA transfection (Figure 7A). Besides, Nrf-2 siRNA reversed the paraquat-induced Bax, Bak and p53 mRNAs increased, and Bcl-2 mRNA decreased (Figure 7B). Further, Nrf-2 siRNA reversed the paraquat-induced caspase 3/7 activity increased (Figure 7C). We further investigated whether Nrf-2 regulated ER stress and apoptosis signals. The results showed that paraquat-induced Grp78, CHOP and caspase-12 mRNAs expression could be reduced by Nrf-2 siRNA transfection (Figure 7D). Besides, paraquat-induced expression of Grp78 and CHOP proteins could also be reduced by Nrf-2 siRNA transfection (Figure 7E). Further, paraquat decreased procaspase-3 protein expression, which could be reversed by Nrf-2 siRNA transfection (Figure 7E). These results indicated that paraquat-induced apoptosis through ER stress and mitochondrial pathway was regulated by Nrf-2.  

Discussion

It has been reported that paraquat accumulated and induced lung alveolar epithelial cell damage, which in turn disrupted the antioxidant system (Suntres, 2002; Park et al., 2010; Liu et al., 2011). Production of ROS leads to oxidative stress and cell damage in paraquat-treated alveolar epithelial cells (Liu et al., 2011). However, although many reports have reported damage of paraquat-induced alveolar epithelial cells, the distinct mechanisms underlying this have not been clarified (Smith et al., 1990; Hoet and Nemery, 2000; Suntres, 2002; Mitsopoulos and Suntres, 2010). In this study, we investigated mitochondrial and ER stress signaling, and the role of Nrf-2 in the apoptosis of paraquat-induced alveolar epithelial cells.
Paraquat is mainly accumulated in the lung. When exposed to paraquat, the amount of paraquat in the lung is 6~10 times more than that in the plasma. It has been reported that oxidative stress plays a key role in paraquat-induced cellular injury (Dinis-Oliveira et al., 2008). A previous study has demonstrated that paraquat caused loss of alveolar epithelial cells and subsequently led to apoptosis (Kliment et al., 2009; Lu et al., 2010). In the results of the present study, we found that paraquat induced significant cytotoxicity in the alveolar epithelial cell line, L2 cells. Besides, paraquat increased the sub-G1 hypodiploid DNA content and caspase 3/7 activity in paraquat-treated L2 cells. These results indicated that paraquat indeed induced cell damage in alveolar epithelial cells.
It has been demonstrated that apoptosis is related to MMP depolarization. In the human corneal endothelium, paraquat induced MMP depolarization and caused apoptosis (Cheng et al., 2007). A previous study has shown that permeabilization of the mitochondrial outer membrane is a critical step in apoptosis. Loss of MMP resulted in the release of cytochrome c from the mitochondria to the cytosol; this activates pro-apoptotic enzymes and leads to progression of the apoptotic cascade (Woo et al., 2011). Bcl-2, which belongs to the anti-apoptotic family, can bind to Bax or Bak and prevent permeabilization of the mitochondrial outer membrane (Fei and Ethell, 2008). However, the activation of Bid/Bim, which are pro-apoptotic BH-2 proteins, induced Bax or Bak activation and led to a change in mitochondrial outer membrane permeabilization (Fei and Ethell, 2008). Furthermore, Bid-mediated cytochrome c release triggered caspase-9 and caspase-3 activation during apoptosis
(Gogada et al., 2011). Then AIF and endo-G were released from the mitochondria, and these cleaved specific substrates leading to the progression of apoptosis (Lin et al., 2011). Recently, it has been shown that p53 activates the apoptotic pathway through the effect of p53 on members of the Bcl-2 family (Fei and Ethell, 2008). In a previous study, when p53 siRNA was used to block p53 expression, cell apoptosis was inhibited with an increase in Bcl-2 expression. p53/Bcl-2-mediated signaling is required for apoptosis (Son et al., 2010). In our results, we found that paraquat decreased MMP and increased the release of cytosolic AIF and cytochrome c. Besides, paraquat decreased the mRNA expression of Bcl-2 and increased that of Bax, Bak, and p53. Furthermore, Bax and Bak protein levels were increased after cells were treated with paraquat. These results suggested that paraquat induced mitochondrial apoptotic signaling and progression of cell death.
It has been discussed that ER stress is associated with many diseases through ER stress-induced apoptosis. It has been reported that biochemical and physiological stimuli triggered cellular dysfunction in ER stress (Zhao et al., 2011). In ER-stress, ATF-6 activation resulted in the up-regulation of chaperone proteins such as glucose-related protein (Grps) and Bip. Subsequently, XBP1 expression was increased and then PERK was activated; this led to the phosphorylation of eukaryotic initiation factor 2α (p-eIF2α) (Lawson et al., 2011). CHOP is a transcription factor downstream of PERK/ATF4. It has been reported that CHOP can decrease Bcl-2 transcription and promote ROS production (McCullough et al., 2001). Calpains are proteins that belong to the family of calcium-dependent intracellular cysteine proteases. The activation of calpain-I ((-calpain) and calpain-II (m-calpain) proteases has been demonstrated to result in the cleavage of caspase-12 and ER stress (Huang and Wang, 2001; Lu et al., 2011). In the present study, the results showed that paraquat increased the expression of phosoho-eIF2α, CHOP, and Grp78 and decreased that of pro-caspase-12. Besides, paraquat induced calpain I and calpain II protein expression, and increased calpain activity in paraquat-treated L2 cells. These results implicated the involvement of ER stress in paraquat-induced apoptosis.
Nrf-2 is a member of the NF-E2 family of basic region leucine-zipper transcription factors (Ohtsubo et al., 1999). It has been reported that Nrf-2 binds to the antioxidant responsive element (ARE) and then initiates detoxification. Nrf-2 activation protects cells against oxidative stress (Itoh et al., 1997; Kobayashi and Yamamoto, 2005; Johnson et al., 2008). Many studies have shown that Nrf-2 decreases oxidative stress, which is associated with neuronal cell death, and helps manage neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis (Johnson et al., 2008). However, it has been found that Nrf-2 acts as a caspase-3-like substrate, and is thus involved in apoptotic signals (Ohtsubo et al., 1999). Another study has also found that the activation of Nrf-2 increased cell damage in human bronchial epithelial cells (Eom and Choi, 2009). Hence, although many studies have reported that Nrf-2 prevents oxidative stress, Nrf-2 may still play an important role in cell damage and apoptosis progression. To understand the mechanism underlying the observed paraquat-induced oxidative stress, the role of Nrf-2 was investigated. From our results, we found that paraquat increased Nrf-2 translocation from the cytosol to the nucleus in alveolar epithelial cells. Hence, Nrf-2 activation may be associated with paraquat-induced alveolar cell damage.
Many studies reported that paraquat-induced cell apoptosis is associated with oxidative stress. However, because of different antioxidant properties, the effect of paraquat toxicity cannot be perfectly reversed. A previous study has shown that glutathione (GSH) is quickly cleared from the lung, and is thus ineffective in oxidant-induced lung injury. The effects of superoxide dismutase and catalase are limited because of their inability to traverse the biological membrane. Other antioxidants such as (-tocopherol are extremely insoluble and offer limited protection against paraquat toxicity (Turrens et al., 1984; Smith et al., 1992; Suntres and Shek, 1995; Liu et al., 2011). Hence, we want to find a suitable and effective treatment for paraquat-induced alveolar epithelial cell apoptosis. In our results, we found that transfection of Nrf-2 siRNA inhibited paraquat-induced MMP depolarization and reversed paraquat-induced Bax, Bak, p53 mRNAs decrease and Bcl-2 increase in paraquat-treated cells. Besides, transfection of Nrf-2 si-RNA inhibited paraquat-induced caspase 3/7 activity increase. In ER stress related signals, we also found that Nrf-2 siRNA decreased the Grp78, CHOP and caspase-12 mRNAs expression in paraquat-treated cells. Besides, transfection of Nrf-2 siRNA resulted in a decrease in Grp78 and CHOP protein expression. Furthermore, Nrf-2 siRNA reversed paraquat-induced pro-caspase 3 cleavage. These results suggested that Nrf-2 has an important role in the regulation of paraquat-induced alveolar epithelial cell apoptosis.
Conclusion

In conclusion, the results of this study provide evidence that paraquat caused alveolar lung epithelial cell injury leading to the progression of apoptosis. More importantly, the mechanism of paraquat-induced alveolar epithelial cell apoptosis was through Nrf-2 regulated mitochondrial and ER stress pathways (Figure 8). Inhibition of Nrf-2 may be an effective treatment strategy against paraquat-induced alveolar epithelial cell toxicity.
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Figure Legends

Figure 1. Effects of paraquat (PQ) on cell viability, sub-G1 DNA contents and caspase 3/7 activity in lung epithelial cell-derived L2 cell. (A) Cells were exposed with or without PQ (0, 50, 100, 300 and 500, 900 (M) for 24h. The cell viability was by MTT assay. (B) Cells were treated with or without PQ (300 (M) for 24 h. The genomic DNA fragmentation (sub-G1 DNA content) was assayed via flow cytometery. (C) The caspase 3/7 activity was assayed after cells were treated with PQ (300 (M) for 24 h via flow cytometery. Data are presented as means ± S.D. for four independent experiments with triplicate determinations. *P<0.05 as compared with control. 

Figure 2. Effects of paraquat (PQ) on mitochondrial transmembrane potential (MMP), cytosolic AIF and cytochrome c protein expression in lung epithelial cell-derived L2 cell. (A) Cells were treated with or without PQ (300 (M) for 24 h. Then the DiOC6 fluorescence was used to detect MMP alteration by flow cytometery. (B) Cells were treated as described above. The cytosolic fractions of AIF and cytochrome c proteins expression were detected by Western blot analysis. Data in (A) are presented as means ± S.D. for four independent experiments with triplicate determinations. *P<0.05 as compared with control. Data in (B) are representative of four independent experiments.
Figure 3. Effects of paraquat (PQ) on Bcl-2, Bax, Bak, p53 mRNAs expression, and Bax, Bak proteins expression in lung epithelial cell-derived L2 cell. (A) Cells were exposed with or without PQ (300 (M) for 24 h. The mRNAs of Bcl-2, Bax, Bak, and p53 were determined by quantitative real-time PCR. (B) Cells were treated as described above. The proteins expression of Bax and Bak were analyzed by Western blot. Data are representative of three independent experiments. Data in (A) are presented as means ± S.D. for four independent experiments with triplicate determinations. *P<0.05 is increased as compared with control. #P<0.05 is decreased as compared with control. Data in (B) are representative of four independent experiments.
Figure 4. Effects of paraquat (PQ) on Grp78, CHOP and caspase-12 mRNAs expression, and phospho-eIF-2(, CHOP, Grp78, pro-caspase-12, calpain I, calpain II proteins expression, and calpain activity, in lung epithelial cell-derived L2 cell. (A) Cells were treated with or without PQ (300 (M) for 24 h. The mRNAs of Grp78, CHOP and caspase-12 were determined by quantitative real-time PCR. (B) Cells were exposed with or without PQ (300 μM) for 6, 16 and 24 h. The proteins expression of phospho-eIF-2(, CHOP, Grp78, pro-caspase-12 were analyzed by Western blot. (C) The calpain I and calpain II protein expression was analysis by Western blot, and (D) calpain activity was determined in L2 cells. Data in (A) and (D), data are presented as means ± S.D. for four independent experiments with triplicate determinations. *P<0.05 as compared with control. Data in (B) and (C), protein expression data are representative of three independent experiments. 

Figure 5. Effects of paraquat (PQ) on pro-caspase-9, pro-caspase-7 and pro-caspase-3 proteins expression in lung epithelial cell-derived L2 cell. Cells were exposed with or without PQ (300 (M) for 6, 18, 24 h. The proteins expression of pro-caspase-9, pro-caspase-7 and pro-caspase-3 were analyzed by Western blot. Data are representative of three independent experiments.

Figure 6. Effects of paraquat (PQ) on Nrf-2 protein expression in lung epithelial cell-derived L2 cell. Cells were exposed with or without PQ (300 μM) for 6, 16, 24 h. The cytosolic and nuclear fractions of Nrf-2 protein expression were determined by Western blot analysis. Results shown are representative of four independent experiments.

Figure 7. Effects of Nrf-2 siRNA on paraquat (PQ)-induced mitochondrial toxicity in lung epithelial cell-derived L2 cell. Cells were transfected with or without Nrf-2 siRNA, and treated with or without PQ (300 (M) for 24 h. The (A) DiOC6 fluorescence of mitochondrial transmembrane potential (MMP) and (C) caspase 3/7 activity were detected via flow cytometery. (B) The Bcl-2, Bax, Bak and p53 mRNA level was detected after cells were transfected with or without Nrf-2 siRNA and treated with or without PQ (300 (M) for 24 h. (D) The Grp78, CHOP and caspase-12 mRNAs expression were determined by quantitative real-time PCR. (E) The Grp78, CHOP, pro-caspase-3 protein expression was detected by Western blot. Data in (A), (B), (C) and (D) are presented as means ± S.D. for four independent experiments with triplicate determinations. *P<0.05 as compared with control, which is increased. #P<0.05 as compared with control, which is decreased. Data in (E) are representative of three independent experiments.
Figure 8. The schematic representation of proposed mechanisms according to paraquat (PQ) induced apoptosis in lung alveolar epithelial cells.
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