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Abbreviations 

LPO: lipid peroxidation; GSH: glutathione; NQO1: NAD(P)H:quinone 

oxidoreductase-1; GPx: glutathione peroxidase; Bax, Bcl-associated X protein; Bak, 

Bcl-2 homologous antagonist killer; Mcl-1, myeloid cell leukemia sequence 1; ER: 

endoplasmic reticulum; GRP: glucose-regulated protein; CHOP; C/EBP homologous 

protein; ERK: extracellular signal-regulated kinase; NAC, N-acetylcysteine; ROS: 

reactive oxygen species; MDA: malondiadehyde.  
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Abstract 

Arsenic pollution is a major public health problem worldwide. Inorganic arsenic (iAs) 

is usually more harmful than organic ones. iAs pollution increases the risk of human 

diseases such as peripheral vascular disease and cancer. However, the toxicological 

effects of iAs in the brain are mostly unclear. Here, we investigated the toxic effects 

and possible mechanisms of iAs in the cerebrum of mice after exposure to iAs (0.5 

and 5 ppm (mg/L) As2O3, via the drinking water), which was the possible human 

exposed dose via ingestion in iAs-contaminated areas, for 6 consecutive weeks. iAs 

dose-dependently caused an increase of LPO in the plasma and cerebral cortex. iAs 

also decreased the reduced glutathione levels and the expressions of NQO1 and GPx 

mRNA in the cerebral cortex. These impairments in the cerebral cortex caused by iAs 

exposure were significantly correlated with the accumulation of As. Moreover, iAs 

induced the production of apoptotic cells and activation of caspase-3, up-regulation of 

Bax and Bak, and down-regulation of Mcl-1 in the cerebral cortex. Exposure to iAs 

also triggered the expression of ER stress-related genes, including GRP78, GRP94, 

and CHOP. Meanwhile, an increase of p38 activation and dephosphorylation of 

ERK1/2 were shown in the cerebral cortex as a result of iAs-exposed mice. These 

iAs-induced damages and apoptosis-related signals could be significantly reversed by 

NAC. Taken together, these results suggest that iAs-induced oxidative stress causes 

cellular apoptosis in the cerebrum, and signaling of p38 and ERK1/2, and ER stress 

may be involved in iAs-induced cerebral toxicity. 
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Introduction 

Unrestrained industrialization has resulted in the exposure of humans to agents that 

have the potential to induce or exacerbate many diseases. Arsenic (As), a naturally 

occurring toxic metalloid found in both inorganic and organic forms, is ubiquitous in 

the environment and contaminates water as a result of geological and industrial 

pollution (WHO 2001). The inorganic form of arsenic (iAs) is more toxic than the 

organic form and predominant in surface and underground water reservoirs 

(Nordstrom 2002). In the United States, Japan, India, Bangladesh, and Taiwan, 

drinking water containing high levels of iAs supplied by natural deposits or 

agricultural and industrial pollution us the major source of exposure to iAs in humans. 

In epidemiological studies, exposure to iAs through inhalation or ingestion has been 

associated with increasing incidencs of various chronic diseases, including peripheral 

vascular disease (as blackfoot disease), cardiovascular disease, diabetes mellitus, and 

various cancers such as lung, skin, and bladder cancer (Chen et al. 1992; Guo et al. 

1997; Meliker et al. 2007; Navas-Acien et al. 2005; Smith et al., 2000). 

iAs is a potently toxic metalloid and has been shown to cause severe cytotoxicity 

in various types of cells, which demonstrated that iAs induces cellular death by 

apoptotic processes (Cai et al. 2010; Celino et al. 2009; Wang et al. 2009). Moreover, 

clinical case reports have indicated that patients exposed to iAs, whether accidentally 

or occupationally, display the severe nervous system dysfunction or signs of 

pathogenesis of neuropathy (Danan et al. 1984; Halatek et al. 2009; Mathew et al. 

2010). In experimental animals, it has also been found iAs induces brain injuries 

causing behavioral alterations, changes in the development and morphology, and brain 

cell apoptosis (Flora et al. 2009; Rios et al. 2009). Although iAs has the potential to 

exert toxic effects in the brain, the detailed mechanisms of its neurotoxicity remain 

unclear.   

  5



Oxidative stress can trigger undesirable biological reactions and is implicated in 

a wide variety of pathophysiological processes, including neuronal cell death and 

tissue injuries within the nervous system (Inoue et al. 2004; Loh et al. 2006). 

Oxidative stress has a potent effect on destroying a balance in pro-oxidant/antioxidant 

homeostasis, and has been implicated as an important mechanism of in 

neurotoxicants-induced apoptosis (Chen et al. 2010; Lu et al. 2010). Moreover, the 

cerebral cortex of the brain is more vulnerable to damage from oxidative stress than 

other tissues due to its high content of polyunsaturated lipid-rich neural parenchyma, 

high oxygen utilization, and low levels of antioxidant enzymes (Esposito et al. 2002). 

Oxidative stress is known to produce reactive oxygen species (ROS), which have has 

been proposed to be important signaling molecules for the apoptosis caused by many 

neurotoxicants (Hunag et al. 2008; Rios et al. 2009). A close relationship has been 

suggested between the overproduction of ROS by toxic metals, including iAs, and the 

progression of neurodegenerative diseases such as Alzheimer’s disease (Bharathi et al. 

2006; Gharibzadeh and Hoseini 2008). However, the mechanisms underlying 

iAs-induced oxidative stress causing neurotoxicity in the brain tissue have not been 

established. Taken together, in the current study, we tried to explore the toxic effects 

of iAs on the nervous system and the mechanisms underlying these effects. To this 

aim, we attempted to investigate the in vivo effects of iAs on the production of ROS, 

level of reduced GSH, expression of NQO1 and GPx, and expression of 

apoptosis-related genes and proteins in the cerebral cortex of mice exposed to iAs (0.5 

and 5 ppm As2O3, via the drinking water). Further, the potential protective effects of 

NAC against apoptosis in the cerebral cortex of mice exposed to iAs were observed.  
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Materials and Methods 

 

Animal preparation and study design 

 

Seventy-two male ICR mice (4weeks old, 20-25 g) were obtained from the Animal 

Center of the College of Medical, National Taiwan University. The protocols used 

were approved by the Institutional Animal Care and Use Committee (IACUC) and the 

care and use of laboratory animals were conducted in accordance with the guidelines 

of the Animal Research Committee of China Medical University. Mice were housed 

six per cage under standard laboratory conditions at a constant temperature (23 ± 2 

℃), 50 ± 20 % relative humidity, given a solid diet and tap water available ad 

libidum, and 12 hrs of light-ark cycles. Mice were acclimatized to the laboratory 

conditions prior to the experiments and all experiments were carried out between 8:00 

AM and 05:00 PM. All mice were randomly divided into six groups (each group 

contained 12 mice) and exposed to 0, 0.5, and 5 ppm inorganic arsenic (1 mg of 

As2O3 (iAs3+) per liter distilled water (mg/L) via the drinking water available (mimic 

the possible exposed dose by ingestion in As-contaminated areas) for 6 consecutive 

weeks. In addition, the groups in NAC alon, iAs-0.5 ppm + NAC, and iAs-5 ppm + 

NAC were oral gavages with 150 mg·kg-1·day-1 NAC, which exposure to iAs was 

stopped one hour before to one hour after the NAC gavage.  

All experimental mice were sacrificed by decapitation under pentobarbital 

anesthesia (80 mg·kg-1, i.p.) and the whole blood samples were collected from the 

peripheral vessels. Whole blood sample were centrifuged at 3,000 x g for 10 min, and 

plasma was obtained, and LPO levels was assayed immediately. At the same time, 

cerebral cortex were quickly removed and stored at -80℃ until use. The tissues were 

analysis of LPO production, GSH levels, and apoptosis-related genes and proteins 
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expression. 

 

Determination of arsenic contents 

 

300 mg of whole blood was placed in a 15 ml polyethylene tube, and 0.5 ml of a 3:1 

mixture of hydrochloric acid (35%) and nitric acid (70%) was added. The tube were 

capped and allowed to stand overnight at 50℃ oven. After cooling, suitable dilution 

buffer (0.3% nitric acid and 0.1% Triton X-100 in distilled water) was added to the 

digested material, and the total arsenic content was determined by inductively coupled 

plasma mass spectrometry (ICP-MS). The detection limit for arsenic was ~0.1 ppb 

(μg/L). 

 

Lipid peroxidation assay for plasma and cerebral cortex 

 

LPO was colorimetrically measured by the generation of malondiadehyde (MDA) 

with commercial LPO assay kit (Calbiochem, USA) according to the manufacturer’s 

instructions. In briefly, the cerebral cortex was homogenized with 20 mM Tris-HCl 

buffer (pH7.4) and then homogenized sample were assayed immediately. Both plasma 

and tissue homogenized were added 3.25 volumes of diluted R1 reagent (10.3 mM 

N-methyl-2-phenylindole in acetonitrile). After mixing, the mixture was added with 

0.75 volumes of 37% HCl was added to the mixtures, which was then incubated at 

45°C for 60 min. After cooling, the absorbance of the clear supernatant was read by 

an enzyme-liked immunosorbent assay (ELISA) microplate reader (Bio-Rad, model 

550, Hercules, CA) at 586 nm. The linearity of the standard curve was confirmed with 

0, 5, 10, 20, 40 μM MDA (1, 1, 3, 3-tetramethoxypropane). The protein concentration 

was determined using the bicinchoninic acid protein assay kit with an absorption band 
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of 570 nm (Pierce, Rockford, IL, UAS). LPO level was expressed as nanomoles 

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

 

Western blot analysis 

 

Western blotting was performed using standard protocols, as previously described 

(Chen et al. 2010). In brief, the cerebral cortexes were homogenized with Protein 

Extraction Solution (iNtRON Biotechnology).  The protein concentration was 

determined using the bicinchoninic acid protein assay kit (Pierce, Rockford, IL, UAS). 

Equal amounts of proteins (50 μg per lane) was subjected to electrophoresis on 10% 

(W/V) SDS-polyacrylamide gels and transferred to polyvinylidene difluoride 

membranes. The membranes were blocked for 1 h in PBST (PBS, 0.05% Tween-20) 

containing 5% nonfat dry milk. After blocking, the membranes were incubated with 

anti-cleaved caspase-3, phosphor-p38 and phosphp-ERK1/2 (Cell Signaling 

Technology, Inc.), and anti-p38 and anti-ERK1/2 (Santa Cruz Biotechnology, Inc.) 

antibodies in 0.1% PBST 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 the Fuji radiographic film. 

 

Assessment of apoptosis in mouse cerebral cortex  

 

Apoptosis production of the cerebral cortex was detected by DeadEndTM Colorimetric 

terminal deoxynucleotidyl transferase mediated dUTP nick end labelling (TUNEL) 

system (TUNEL assay kit, Promega Corporation, Pty. Ltd.) according to the 
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manufacturer’s instructions. The TUNEL positive cells presenting a deep brown 

coloration were imaged under the Nikon ECLIPSE 80i upright microscope equipped 

with a charge-coupled device camera (with ×200 magnification). 

 

Real-time quantitative reverse-transcribed polymerase chain reaction (RT-PCR) 

analysis 

 

The expression of apoptosis-related genes was evaluated by the real-time quantitative 

RT-PCR, as previously described (Lu et al. 2010). Briefly, intracellular total RNA was 

extracted from cerebral cortex using RNeasy kits (Qiagen) according to the 

instructions provided, was heated to 90 °C for 5 min to remove any secondary 

structures, then placed rapidly on ice. Samples were reverse transcribed into cDNA 

using the AMV RTase system (Promega Corporation, Pty. Ltd.) according to the 

manufacture’s instructions. Each sample (2 μ1) was tested with Real-time Sybr Green 

PCR reagent (Invitrogen, USA) with mouse species primers (PCR primers for the 

examined genes were listed in Table 1.) in a 25 μl reaction volume, and amplification 

and Real-time fluorescence detection were performed using an ABI StepOnePlus 

sequence detection system (PE, Applied Biosystems). 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 housekeeping gene, 

β-actin, 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 in this group). 

 

Measurement of reduced glutathione (GSH) levels 
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Reduced glutathione (GSH), a tripeptide (γ-gultamyl-cysteinylglycine), is the major 

free thiol in most living cells and the key antioxidant in cells or tissues. Reduced GSH 

levels of the cerebral cortex were measured the fluorimetric thiol probe 

(monichlorobimane) by Glutathione assay kit (Sigma, USA). In brief, the cerebral 

cortex was homogenated with an isotonic buffer (25 mM Hepes. pH 7.4, containing 

250 mM sucrose) and then centrifuge at 1,000 x g at 4 ℃. For each sample, the pellet 

was discarded, the relative volume (200 μl) of 10X lysis buffer added to the 

supernatant and placed on ice for 10 mins. After centrifuged, the supernatant was used 

for the assay. Equal volume sample (30 μ1) was placed in microplate and added assay 

buffer (82.5 μ1), GST reagents (5 μ1) and the substrate solution (2.5 μ1); and then the 

plate was incubated at 37 °C for 60 min. The fluorescence intensity of sample was 

read by using a fluorescent microplate reader with an excitation and emission 

wavelength of 360 and 485 nm, respectively. Reduced GSH level was expressed as 

percentage of control group and estimated from the standard curve. 

 

Statistical analysis 

 

Data are presented as means ± SEM. The significance of difference was evaluated by 

the Student’s t-test. When more than one group was compared with one control, 

significance was evaluated according to one-way analysis of variance (ANOVA) was 

used for analysis, and the Duncans’s post hoc test was applied to identify group 

differences. The P value less than 0.05 was considered to be significant. The statistical 

package SPSS, version 11.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for 

the statistical analysis. 
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Results 

 

iAs exposure caused arsenic accumulation in the whole blood of mice 

 

Inorganic arsenic (iAs) is the predominant form of As in surface and underground 

water. Drinking water containing high levels of iAs and industrial pollution are the 

major sources of people exposure to iAs throughout the world (Nordstrom 2002). 

Therefore, iAs (As2O3) was chosen to investigate the toxic effects of arsenic in the 

brain. To examine whether iAs could be absorbed by the gastrointestinal (G-I) tract 

and accumulated in mammals, we first analyzed the total As content in the whole 

blood of mice exposed to iAs by ICP-MS. As shown in Figure 1, the total As 

concentration in the whole blood of mice after daily exposure to iAs (0.5 and 5 ppm, 

via the drinking water) for 6 consecutive weeks was significantly elevated as 

compared with that in the whole blood of age-matched control mice; the concentration 

reached up to 19.59 ± 0.87 and 38.35 ± 2.96 ppb (μg/L) in the 0.5 and 5 ppm groups, 

respectively, as compared with 9.08 ± 0.22 ppb in the control (∗P <0.05). These results 

provide evidence that As can be absorbed by the G-I tract and significantly 

accumulated in the whole blood after exposure to iAs for 6 consecutive weeks.  

 

iAs induced ROS production and GSH depletion in exposed mice 

 

To further investigate the involvement of oxidative stress in the mechanism 

underlying iAs-induced neurotoxicity, we analyzed LPO production (as an indicator 

of oxidative stress damage) in the plasma and cerebral cortex of mice. After the 

exposure of mice to iAs, MDA levels were significantly increased in the plasma 

(Figure 2A). Markedly increased MDA levels were also observed in the cerebral 
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cortex of mice exposed to iAs (Figure 2A). GSH is the first line of defense against 

oxidative stress; its depletion allows the excess and deleterious ROS to attack various 

subcellular or intracellular structures and induces apoptosis (Chandar et al. 2000). We, 

therefore, examined whether iAs-induced oxidative stress led to GSH depletion in the 

cerebral cortex of iAs-exposed mice. As shown in Figure 2B, reduced GSH levels in 

the cerebral cortex were significantly decreased after exposure of mice to iAs at both 

doses (0.5 ppm group, 66.76 ± 6.42 % of control; 5 ppm group, 49.71 ± 2.82 % of 

control, n = 12, ∗P < 0.05 as compared with an age-matched control group).   

Moreover, the mRNA expression levels of NQO1 and GPx, which play an 

important role in the antioxidant system, were analyzed by real-time quantitative 

RT-PCR. The cerebral cortex of mice exposed to iAs showed marked decrease in the 

expression of NQO1 and GPx in a dose-dependent manner (Figure 3). These 

iAs-induced responses could be reversed by NAC (150 mg·kg-1·day-1, oral application 

by gavage) (Figures 2, and 3). These findings indicate that exposure to iAs induces 

oxidative stress damage in the cerebral cortex. 

 

iAs caused apoptosis in the cerebral cortex of exposed mice  

 

To investigate whether iAs-induced neurotoxicity is expressed an apoptotic 

mechanism; we detected the production of apoptotic cells by TUNEL assay and 

analyzed the activation of caspase-3 by using western blot. The deep brown of 

TUNEL-positive neuronal cells (Figure 4A) and caspase-3 protein activation (Figure 

4B) in the cerebral cortex of mice were significantly increased by exposure to iAs in a 

concentration-dependent manner. We further investigated whether iAs could induce 

the expression of apoptosis-related genes. As shown in Figure 5, the expression of 

Bax and Bak (pro-apoptotic genes) significantly increased (approximatelly 2-6 fold) 
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(Figure 5A, a) and that of Mcl-1 (anti-apoptotic gene) markedly decreased (Figure 5A, 

b) in the cerebral cortex of mice after exposure to iAs. A concomitant and significant 

increase in the levels of GRP78, GRP94, and CHOP, which are involved in ER 

stress-induced apoptosis (Szegezdi et al., 2006), were also observed (Figure 5B). 

NAC could effectively reverse these iAs-induced responses. These results indicated 

that exposure to iAs via the drinking water can cause the cerebral cortex injury 

(iAs-induced neurotoxicity), leading to a physiological state associated with 

apoptosis.  

 

iAs altered the phosphorylation of p38 MAPK and ERK1/2 in the cerebral cortex of 

exposed mice 

 

Mitogen-activated protein kinases (MAPKs) play an important role in inducing 

apoptosis in several cell types. The next aim of the investigation was to ascertain 

whether the activation of MAPKs might be involved in iAs-induced apoptosis in the 

cerebral cortex of mice. As shown in Figure 6, the level of phosphorylation of p38 

MAPK in the cerebral cortex was significantly increased after exposure of mice to iAs 

(0.5 and 5 ppm, in drinking water) for 6 consecutive weeks. In contrast, the level of 

phosphorylation of ERK1/2 in the cerebral cortex was markedly decreased in the 

iAs-exposed mice. NAC (150 mg·kg-1·day-1) effectively reversed these iAs-induced 

responses.  
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Discussion 

Arsenic (As) is a common and important environmental pollutant worldwide. 

Epidemiological and clinical studies have indicated that chronic iAs exposure causes 

severe nervous system dysfunctions, including the deterioration of pattern memory, 

impairment of learning and concentration, disorders of psychic functions, and 

polyneuropathies (Nagaraja and Desiraju 1994; Sinczuk-Walczak 2009; Tsai et al. 

2003). In As-contaminated areas, As concentration in drinking water or groundwater 

ranges from 0.25 to 2.1 ppm (mg/L), and even reaches >3.0 ppm in some severely 

contaminated areas (Chen et al. 1962; Chowdhury et al. 2000; Rahman et al. 1998). 

Thus, the doses of iAs used in this study was relevant to the human exposure levels in 

iAs-contaminated areas, as opposed to high doses, which might not be useful for 

inference to human exposure conditions. In addition, oxidative stress plays a key role 

in the pathogenesis of several diseases, including neurodegenerative diseases, in 

humans. Neurotoxicant-induced oxidative stress can cause neuronal injury or neuronal 

apoptosis, which is closely associated with neurodegenerative disorders (Lin and Beal 

2006; Loh et al. 2006). Mammalian cerebral cortex is an important region of the brain, 

involved in learning, memory, and behavioral responses, and particularly vulnerable 

to oxidative injury leading to neuronal cell apoptosis (Arendt 2001; Loh et al. 2006). 

Recent studies have shown that chronic exposure to As increases apoptosis in the 

neuronal cells of the brain and that this neurotoxic effect can be mediated by oxidative 

stress (Haider and Najar 2008; Flora et al. 2009). Despite several studies showing that 

iAs can induce neurotoxic effects in mammals, the precise action and molecular 

mechanisms of iAs-induced neurotoxicity in the brain is still unknown, especially in 

the cerebral cortex. In the present work, exposure of mice to iAs (0.5 and 5 ppm, via 

the drinking water) for 6 consecutive weeks was capable of inducing LPO production 

in the plasma and the cerebral cortex of mice. Meanwhile, increased activation of 
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caspase-3, increased expression of pro-apoptotic genes (Bax and Bak), and decreased 

expression of an anti-apoptotic gene (Mcl-1) were observed in the cerebral cortex of 

iAs-exposed mice. Furthermore, the encoded protein NQO1 plays a classical direct 

antioxidant role in the detoxification of ROS, which can be induced under the 

conditions of free radical overproduction due to oxidative stress caused by exposure 

to toxic compounds (Siegel et al. 2004). GPx is also an important antioxidant enzyme 

that catalyzes the reduction of hydrogen peroxide. However, it has been indicated that 

As-induced ROS production, which leads to apoptosis, is accompanied with the 

decrease in the mRNA expression level of NQO1 and he depletion of antioxidant 

enzymes, such as GPx, in mammalian (Flora et al. 2009; Shi et al. 2010). In this study, 

we found that the cerebral cortex of mice exposed to iAs showed significantly 

decreased the reduced GSH levels and mRNA expressions of NQO1 and GPx. These 

iAs-induced responses could be effectively prevented by antioxidant NAC. These 

findings indicate that oxidative stress is involved in iAs-induced neurotoxicity in the 

cerebrum. 

Apoptosis, also known as programmed cell death, plays an important role not 

only in controlling the development of multicellular organisms and maintaining tissue 

homeostasis but also in a growing number of disease processes ranging from 

inflammatory to neurodegenerative diseases (Loh et al. 2006; Marsden and Strasser 

2003). Caspases are cysteine aspartate proteases, which represent a hallmark of the 

apoptotic process and both initiators and executors of the process of cell death. Recent 

studies investigating the effects of exposure to toxic metals such as arsenic and 

mercury have shown that caspase-3 activation is involved in the apoptotic pathway 

induced by toxic metals (Chen et al. 2010; Tang et al. 2009). Furthermore, exposure 

to xenobiotics disturbs cellular energy levels, induces Ca2+ overloading, and causes 

failed protein synthesis, folding, transport, and degradation, thus disturbing ER 
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function and resulting in ER stress (Soboloff and Berger 2002; Szegezdi et al. 2006). 

GRPs (e.g., GRP 78 and GRP 94), the most abundant glycoproteins in ER, and CHOP, 

a member of the C/EBP transcription factor family, are the major ER chaperones 

involved in the ER stress-induced apoptotic pathway, and play a critical role to be 

involved in the pathogenesis of several diseases, including diabetes mellitus and 

neurodegenerative diseases (Kaufmam et al. 2002; Zinszner et al. 1998). Herein, we 

exposed of mice to iAs of relevance to human exposure levels in As-contaminated 

areas. It was found that iAs significantly increased the deep brown of 

TUNEL-positive neuronal cells and caspase-3 activation in the cerebral cortex of 

mice exposed to iAs for 6 consecutive weeks. Moreover, significant up-regulation of 

pro-apoptotic genes (Bax and Bak) and down-regulation of an anti-apoptotic gene 

(Mcl-1) were observed. These findings indicate that iAs-induced neurotoxicity 

occurred through apoptotic cell death in the cerebral cortex of mice. In addition, our 

study showed that iAs induced marked increase in the mRNA expression levels of 

GRP78, GRP94, and CHOP in the cerebral cortex of mice exposed to iAs. NAC could 

prevent these iAs-induced responses. Taken together, these results imply that 

iAs-induced oxidative stress contributing to neurotoxic damage in the cerebral cortex 

may be related with the ER stress-mediated apoptotic pathway. The detailed 

mechanisms of the involvement of ER stress in iAs-induced damage in the cerebral 

cortex may needs to be clarified in the future.    

Recent studies have shown that ROS generation induced by toxic metals 

(including arsenic) causes neuronal apoptosis, which is closely associated with the 

progression of neurodegenerative diseases (Bharathi et al. 2006; Flora et al. 2009; 

Gharibzadeh and Hoseini 2008). In addition, MAPK signaling pathways have been 

indicated to play a pivotal role in the development of many human diseases, including 

neurodegenerative diseases. Activated MAPK signaling pathways are suggested to 
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contribute to the pathogenesis of neurodegenerative diseases through the 

overproduction of oxidative stress, inducing neuronal apoptosis (Kim and Choi 2010; 

Miloso et al. 2008). MAPKs  (e.g., ERK1/2, p38, and JNK) are a family of 

serine-threonine kinases that play a critical role in intracellular signaling associated 

with a variety of cellular functions, including proliferation, differentiation, response to 

environmental stimuli, and apoptosis (Chang and Karin 2001; Cowan and Storey 

2003). In mammalian cells, alterations in p38 MAPK and ERK1/2 activation have 

been reported to be involved in toxic metal-induced apoptosis (Agarwal et al. 2009; 

Chen et al. 2009). However, the role of p38 MAPK and ERK1/2 signaling pathways 

in iAs-induced oxidative stress causing apoptosis in the cerebrum remains unclear. 

The present work showed that p38 MAPK was significantly activated in the cerebral 

cortex of mice exposed to iAs and accompanied with ERK1/2 dephosphorylation in 

the cerebral cortex of iAs-exposed mice, which could be prevented by treatment with 

antioxidant NAC. These findings implicate that p38 MAPK and ERK1/2 signaling are 

related, at last in part, to iAs-induced oxidative stress causing apoptosis in the cerebral 

cortex.  
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Conclusion 

In conclusion, the results of this study provide evidence that iAs induces apoptosis in 

the cerebral cortex and, more importantly, indicates the underlying possible 

mechanisms for its effect. The present study demonstrates that iAs induces 

neurotoxicity in the cerebral cortex through alteration of the oxidative stress-mediated 

p38 MAPK and ERK1/2 activation, changes in the expression of pro- and 

anti-apoptotic genes, and activation of caspase-3. Furthermore, our study also reveals 

that the ER stress-mediated apoptotic signaling pathway is, at last in part, involved in 

iAs-induced cerebral toxicity. These observations will be beneficial for confirming the 

possibility that iAs is an environmental risk factor for neurotoxicity.   
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Figure Legends 

Figure 1. Concentration of total arsenic in whole blood of mice treated with 0, 0.5, 

and 5 ppm iAs via the drinking water for 6 consecutive weeks. Blood arsenic levels of 

mice exposed to iAs were determined as described in Materials and Methods section. 

All data are expressed as mean ± S.E. (n = 12 for each group). *P <0.05 as compared 

with vehicle control group. 

 

Figure 2. Effects of iAs on lipid peroxidation (LPO)(A) and reduced glutathione 

(GSH) levels (B) in iAs-exposed mice. Mice were exposed to 0, 0.5, and 5 ppm iAs 

(via the drinking water) for 6 consecutive weeks in the presence or absence of NAC 

(150 mg/kg/day). (A) Malondialdehyde (MDA) levels of the plasma and cerebral 

cortex, and (B) reduced GSH levels of the cerebral cortex were determined using the 

commercial manufacturer’s assay kit as described in Materials and Methods section. 

All data are expressed as mean ± S.E. (n = 12 for each group). *P < 0.05 as compared 

with vehicle control group. #P<0.05 as compared with iAs group alone. 

 

Figure 3. Relative anti-oxidant gene expression in the cerebral cortex of mice exposed 

to iAs (0, 0.5, and 5 ppm As2O3, via the drinking water) for 6 consecutive weeks in 

the presence or absence of NAC (150 mg/kg/day). The expression of NQO1 and GPx 

genes were determined by quantitative real-time PCR using SYBR Green. Target gene 

expression was normalized to β-actin, and the results are expressed as fold change 

from vehicle control. All data are expressed as mean ± S.E. (n = 12 for each group). 

*P <0.05 as compared with vehicle control group. #P<0.05 as compared with iAs 

group alone. 

 

Figure 4. iAs-induced the apoptotic cells production and caspase-3 activation in the 
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cerebral cortex of mice. Mice were exposed to iAs (0, 0.5, and 5 ppm As2O3, via the 

drinking water) for 6 consecutive weeks in the presence or absence of NAC (150 

mg/kg/day). (A) Apoptotic cell productions of the cerebral cortex were detected by 

TUNEL assay. (B) The cleaved form of caspase 3 protein expression of the cerebral 

cortex were analyzed by western blot, and the intensities of bands on western blots 

were quantified. Results shown are represented for three independent experiments. 

*P<0.05 as compared with vehicle control group. #P <0.05 as compared with iAs 

group alone. 

 

Figure 5. iAs treatment regulated gene expression in the cerebral cortex of mice for 

apoptotic factors. Mice were exposed to iAs (0, 0.5, and 5 ppm As2O3, via the 

drinking water) for 6 consecutive weeks in the presence or absence of NAC (150 

mg/kg/day) and the expression of pro-apoptotic (Bax, Bak)(A, a) and anti-apoptotic 

(Mcl-1)(A, b), and ER-stress (GRP78, GRP94, CHOP)(B) genes in the cerebral 

cortex were analyzed by quantitative real-time PCR using SYBR Green. Target gene 

expression was normalized toβ-actin, and the results are expressed as fold change 

from vehicle control. Results are expressed as mean ± S.E. (n = 12 for each group). 

*P < 0.05 as compared with vehicle control group. #P<0.05 as compared with iAs 

group alone. 

 

Figure 6. Analysis of the phosphorylation of p38 MAPK and ERK1/2 in the cerebral 

cortex of mice exposed to iAs. Mice were exposed to 0, 0.5, and 5 ppm iAs (via the 

drinking water) for 6 consecutive weeks in the presence or absence of NAC (150 

mg/kg/day). The phosphorylation of p38 MAPK and ERK1/2 protein in the cerebral 

cortex were detected by western blot and quantified of protein expression. All data are 

represented for three independent experiments. *P < 0.05 as compared with vehicle 
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control group. #P<0.05 as compared with MAPK group alone. 
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