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                                Abstract 
 

 
Depletion of GSH from CYP2E1-expressing cells by treatment with L-buthionine 

sulfoximine (BSO) causes decreased cell viability. The possible role of mitogen 

activated protein kinases (MAPK) in this toxicity was evaluated.  SB203580 (4-(4-

Fluorophenyl)-2-(4-melthylsulfinylphenyl)-5(4-pyridyl)1H-imidazole), an inhibitor of 

p38 MAPK decreased the BSO-dependent toxicity in HepG2 E47 cells which express 

CYP2E1 and in hepatocytes from pyrazole-treated rats. Inhibitors of ERK, PI-3 kinase 

and JNK were not protective.  SB203580 did not prevent the loss of GSH nor lower the 

increase in reactive oxygen production; hence, protection by SB203580 was 

downstream of the elevated oxidative stress. Treatment with BSO caused activation of 

p38 MAPK while activation of NF-κB was decreased; these effects were prevented by 

SB203580. We speculated that the decrease in NF-κB  activation  prevented production 

of hepatoprotective  factors. One such factor could be nitric oxide; indeed a NO donor 

decreased the BSO-plus CYP2E1-dependent toxicity, while inhibition of iNOS 

potentiated toxicity.  BSO treatment downregulated iNOS and lowered NO levels, 

reactions blocked by SB203580. However, protection by SB203580 was the same in 

the absence or presence of an iNOS inhibitor, indicating that recovery of iNOS and NO 

production was not the mechanism by which SB203580 afforded protection against  the  

BSO  plus CYP2E1-dependent  toxicity. Presumably other  protective factors besides 

nitric oxide may be produced from activated NF-κB  when  p38  MAPK  is inhibited by 
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SB203580. These results suggest that the activation of p38 MAPK by BSO treatment in 

CYP2E1-expressing liver cells cause a loss in NF-κB                       

dependent production of hepatoprotective factors. This loss, coupled to CYP2E1-

generated oxidant stress, synergize to promote cell injury.  
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                                  Introduction 

 

CYP2E1 metabolizes and activates many small toxicological substrates including 

ethanol to more reactive and toxic products and is itself also an effective generator of 

reactive oxygen species (Guengerich et al, 1991; Koop, 1992).  GSH levels generally 

are decreased in ethanol fed animal models, especially mitochondrial GSH (Fernandez-

Checa et al, 1991). GSH is an important protective antioxidant against oxidative stress 

and toxicity by various compounds. The GSH redox status is critical for various 

biological events that include transcriptional activation of specific genes, modulation of 

redox regulated signal transduction, regulation of cell proliferation, apoptosis, and 

inflammation (Brown, 1994; Rahman and MacNee, 1999). Removal of GSH after 

treatment with BSO, an inhibitor of γ-glutamyl cysteine ligase,  produced apoptosis and 

necrosis in HepG2 E47 cells which over express CYP2E1. No toxicity was found in 

control C34 cells or HepG2 cells over expressing CYP3A4 (Wu and Cederbaum, 2001). 

Thus, removal of GSH caused oxidative stress and loss of viability in cells expressing 

high levels of CYP2E1.   

Oxidative processes may play a critical role in cellular toxicity through the activation 

of stress kinases such as p38 and JNK MAPK, and redox-sensitive transcription 

factors such as NF-κB and AP-1. These factors differentially regulate genes for 

proinflammatory mediators and protective antioxidants such as γ-GCL, Mn-SOD and 

heme oxygenease-1 (Meyer et al, 1993; Lu, 1999). The activation of p38 MAPK can  
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inhibit the degradation of IκB and ultimately prevent translocation of NF-κB into the 

nucleus and decrease NF-κB DNA binding activity (Chen et al, 2000; Granet et al, 

2001). In many cells, NF-κB plays an important role in protection against cell stress 

that may induce apoptosis and necrosis (Mercurio and Manning, 1999; Sakon et al, 

2003). We previously found that toxicity by arachidonic acid (AA) can be prevented 

with the p38 MAPK inhibitor SB203580 (Wu and Cederbaum, 2003).  

MAPK and NF-kB activation may also affect NO synthesis (Dasilva et al, 1997). 

Different effects of NO on cell death and cytotoxicity have been reported depending on 

the experimental condition, as NO can promote apoptosis in some cells whereas it 

inhibits apoptosis in other cells. This complexity is a consequence of the rate of NO 

production and its interaction with biological molecules (Liu and Stamler, 1999). NO 

can inhibit cytochrome P450 activity, including that of CYP2E1 (Gong et al, 2004). 

The mechanism of CYP2E1 dependent oxidant stress and increase of cell toxicity is 

complex as the role of various signaling pathways is still unclear. In the present study 

we characterized the possible role of MAPKs and PI3 kinase on toxicity found after 

GSH depletion in E47 cells or pyrazole treated rat hepatocytes. We evaluated the 

effects of specific kinase inhibitors on the prevention of toxicity and the possible role of 

NF-κB or NO in this toxicity.  
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                                   Material and methods 

 

Rat hepatocyte isolation and cell cultures: Primary hepatocyte cultures from 

pyrazole-treated rats which express high levels of CYP2E1 and HepG2 cells were 

used as models in these experiments. Previous experiments have shown that ethanol , 

arachidonic acid, BSO or iron promote greater toxicity in pyrazole hepatocytes (and 

E47 cells) with high levels of CYP2E1, compared to saline hepatocytes with lower 

levels of CYP2E1(or C34 cells with no CYP2E1) (Wu and Cederbaum 2001, 2003; 

Chen and Cederbaum, 1998; Gong et al, 2004). This enhanced toxicity occurs despite 

the increased content of GSH (and other antioxidants) which develop as an adaptive 

response to CYP2E1 (Mari and Cederbaum, 2000, 2001) revealing the powerful 

prooxidant actions of CYP2E1 despite enhanced antioxidant defense. Rats received 

humane care, and studies were carried out according to the criteria outlined in the 

Guide for the Care and Use of Laboratory Animals. Male, Sprague-Dawley rats 

weighing about 150-170 g were injected intraperitoneally with pyrazole, 200 mg/kg 

body weight, once a day for 2 days to induce CYP2E1. After overnight fasting, rat 

hepatocytes were isolated by a two-step collagenase perfusion method (Wu et al, 

1990). CYP2E1 levels were validated by western blot analysis and catalytic activity 

with p-nitrophenol (PNP). Cell viability was evaluated by a trypan blue exclusion 

method, and was generally around 90 % for the freshly isolated hepatocytes. 

Hepatocytes were seeded onto 6 well plates which were coated with the basement 

membrane matrigel (BD Biosciences) and cultured in serum-free HeptoZyme-SFM 
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 medium (Invitrogen) containing 100 units/ml penicillin and 100 ug/ml streptomycin.  

Primary rat hepatycotes were allowed to attach to the bottom of the plate for 2 hours 

after seeding, the medium was changed, unattached cells were gently washed out, and 

fresh HeptoZYME-SFM medium was added, followed by the various additions 

indicated below. The content of CYP2E1 declines about 50 % after 1 day of culture, 

and about 70 % after 2 or 3 days in culture in the absence of stabilizing ligand; despite 

this decline, as mentioned above, toxicity by ethanol, iron, arachidonic acid or BSO is 

greater in the pyrazole hepatocyte than saline hepatocytes (where CYP2E1 also 

declines with time in culture). 

E47 cells are HepG2 cells which over express human CYP2E1, while C34 cells are 

HepG2 cells  that  were   transfected  with  the  pCi  vector only (Chen and  

Cederbaum, 1998). Cells were cultured in minimal essential medium supplemented 

with 10 % fetal bovine serum plus 100 units/ml penicillin and 100 µg/ml streptomycin 

in 5 % CO2 at 37o C. Before the experiment, cells were trypsinized and seeded onto 6 

well plates; the amount of cells usually were between 1 x 105 - 2 x 105  or 5 x 103 /well 

for 24 well plates. Cells were cultured in medium containing 10 % serum overnight. 

The next day, the medium was replaced with fresh medium containing 2 % fetal 

bovine serum. The cells were then treated with BSO and various additions. 

Cellular toxicity determination: Pyrazole treated rat hepatocytes or E47 cell cultures 

were treated with 300 uM or 1 mM BSO (Sigma) in the presence or absence of 5 or 10 

µM SB203580, a p38 MAPK inhibitor, 5 or 10 µM PD98059, an ERK ½ MAPK 

inhibitor, 5 or 10 µM JNK Inhibitor II (CalBiochem), a JNK MAPK inhibitor, or 5 or 
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 10 µM wortmannin, a PI3 kinase inhibitor. The MAPK inhibitors or wortmannin were 

dissolved in Me2SO and the controls were incubated with Me2SO at a final 

concentration of 0.19 % (v/v). Cytotoxicity was determined by either reduction of 3- 

(4, 5-dimethylthiazoly)-2, 5-diphenyltetrazolium bromide (MTT) or LDH leakage 

determination as described previously (Gong et al, 2004; Chen and Cederbaum, 1998). 

Morphological changes after treatment were also observed under the light microscope. 

The protection by SB203580 was further characterized by time course and dose 

response experiments. To determine the effect of nitric oxide or an iNOS inhibitor on 

the BSO toxicity to either the pyrazole treated rat hepatocytes or E47 cells, the nitric 

oxide donor SNAP (50µM) or the iNOS inhibitor L-NAME (2 mM) were added to the 

cells in the presence or absence of 300 µM BSO for 72 hours. LDH leakage was 

carried out to determine the toxicity. 

Measurement of intracellular GSH and reactive oxygen production: Intracellular 

GSH levels were measured as described previously (Mari and Cederbaum, 2000).  

GSH levels were determined from a standard curve. For ROS production, pyrazole 

induced rat hepatocyte cultures or E47 cells (5x105) were treated with 1 mM BSO or 

BSO plus 5 µM SB203580 for 6, 12 and 24 hours. DCF-DA was added at a final 

concentration of 2 µg/ml and the cells were incubated for 30 min before ending 

treatment. The treated cultures were washed twice with 1 x PBS, trypsinized, 

resuspended in 3 ml of 1 x PBS, and fluorescence was immediately determined in a 

Perkin Elmer 650-10S fluorescence spectrometer using wavelengths of 490 nm for 

excitation  and  525 nm  for  emission. Background   readings   from   cells   incubated  
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without DCF-DA were subtracted. Results are expressed as arbitrary units of 

fluorescence per million cells  

Activation of p38 MAPK: Pyrazole induced rat hepatocytes or E47 cells were treated 

with 1 mM BSO in the absence or presence of 5 µM SB203580 for 0.5, 1.0, 2.0, 4.0, 

8.0 or 12 hours, respectively. The cells were harvested and sonicated in PBS for 10 s 

in an ice bath using a W-375 sonicator (50 % duty cycle, output at 5-7 watts). The 

cellular lysate was collected, and cell extract containing 15 µg protein was subjected 

to SDS-PAGE using a 8% gel. The blotted membranes were incubated with either p38 

MAPK polyclonal antibody to determine the total content of p38 MAPK or 

monoclonal  antibody  against  phosphorylated  p38 MAPK (Santa Cruz) to determine 

the content of the activated p38 MAPK (pp38). The blots were then incubated with 

either goat anti-rabbit IgG or anti-mouse IgG conjugated with horseradish peroxidase 

for 1 hour. After washing for several times with PBS containing 0.05 % Tween 20, the 

fluorescence was developed using the enhanced chemiluminescence immune blot-

detection agent (ECL, Amersham Biosciences). The arbitrary units of density of each 

lane were scanned with a computer software program (UN-Scan-IT, Automated 

Digitizing System, Version 5.1 Silk Scientific Corp.). 

NF-κB DNA binding activity determination: An ELISA kit, TransAM NF-κB p65 

Activation Assay (Active Motif), was used to determine the NF-κB DNA binding 

activity. The 96 well plates were coated with an oligonucleiotide which was specific 

for binding of p65 NF-κB in the cellular lysate. Four duplicate wells were set as 

controls,  which   were   either   20   pmoles   (2 µl)   wild-type   or   mutated   NF- κB 
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 oligonucleotide, 2.5 µg of Jurkat nuclear extract as a positive control, or the complete 

lysis buffer only as a blank control. Reactions were carried out as per the kit 

manufacturer’s instructions using 20 µg of cellular lysate protein. The absorbance of 

the yellow reaction product was determined at 450 nm with a reference wavelength of 

655 nm. The results were expressed as fold change compared with absorbance of 

control from day 1. 

iNOS expression and NO content in the medium: The expression levels of iNOS in 

the cells were evaluated by immnoblot analysis. E47 cells were treated with 1 mM 

BSO or BSO plus 5 µM SB203580 for 36 or 48 hours respectively. After treatment, 

cellular lysates were prepared by sonication and the iNOS expression levels were 

analyzed using an iNOS monoclonal antibody (Santa Cruz). Nitric oxide levels in the 

culture medium after BSO or BSO plus various treatments were determined with the 

Griess reagent; briefly, E47 cells were treated as described above, 0.5 ml of culture 

medium from each group was collected and mixed with 0.5 ml Griess reagent (4%, 

w/v) at room temperature for 15 minutes, and the absorbance was determined at 540 

nm. The content of nitric oxide was calculated according to a standard curve using 

sodium nitrite (Sigma). 

Statistical evaluation: One-way ANOVA (ANOVA with subsequent post hoc 

comparisons by Sheffe) was performed. Values reflect means ± S. E. and the numbers 

of experiments are given in the figure legends. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 14, 2004 as DOI: 10.1124/mol.104.002048

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 12

                                                                                                         MOL# 2048 

                                                   Results 

 

P38 MAPK inhibitor prevents BSO toxicity in CYP2E1-expressing liver cells: 

Treatment  with BSO was previously shown to cause a greater loss of  cell viability 

with hepatocytes from pyrazole-treated rats with elevated levels of CYP2E1 than with 

saline control hepatocytes (Wu and Cederbaum, 2001). In the current study, treatment 

of pyrazole hepatocytes with 300 µM BSO for 72 hours decreased cell viability as 

assayed by the MTT method (Fig 1A). The effect of SB203580, an inhibitor of p38 

MAPK, PD98059, an inhibitor of ERK ½ MAPK, wortmannin, an inhibitor of PI3-

kinase, or JNK inhibitor II on this toxicity was evaluated. None of these inhibitors had 

any effect on cellular viability in the absence of BSO. SB203580, but not the other 

kinase inhibitors (or the Me2SO solvent), partially protected against the BSO-

dependent toxicity (Fig 1A). A SB203580 concentration curve was carried out after a 

48 h treatment with BSO; 2.5 to 10 µM SB203580 was strongly protective against the 

BSO toxicity (Fig. 1B). 

Similar experiments were carried out in HepG2 cells. BSO (300 µM, 72 hours) 

produced a loss of cell viability in the E47 cells which express CYP2E1 to 46 ± 7 % of 

control values, while little effect was found with the C34 cells (91 ± 8 % of control 

values) (data not shown). SB203580 (5 µM) in the presence of BSO restored cell 

viability to 93 ± 8 % of control values (data not shown). The other 3 kinase inhibitors 

unlike SB203580, especially PD98059 and to a lesser extent wortmannin produced 

significant toxicity to the  E47  (and C34)  cells  even  in the absence of BSO (data not  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 14, 2004 as DOI: 10.1124/mol.104.002048

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 13

                                                                                                      MOL# 2048 

shown).  Therefore, unlike the pyrazole hepatocytes, we could not assess the role of 

ERK or PI3-kinase or JNK in the BSO toxicity in the HepG2 cells in view of the 

toxicity of the inhibitors themselves. Nevertheless, the lack of toxicity coupled to the 

protection by SB203580 indicates that p38 MAPK plays a role in the BSO plus 

CYP2E1 toxicity. To characterize the protection by SB203580, time course and 

concentration-dependent experiments were carried out. BSO treatment of the E47 cells 

caused a time- dependent loss of cell viability over a 4 day treatment period which was 

strongly prevented by 5 µM SB203580 (Fig 2A). Near complete protection against the 

BSO toxicity was found with 2.5 µM SB203580 (Fig. 2B). The protection by 

SB203580 was also validated by assaying cell morphology changes under the        

light microscope (data not shown). 

SB203580 does not restore GSH after BSO treatment:  BSO is a specific and 

irreversible inhibitor of γ-glutamyl cysteine ligase and BSO induced cell toxicity is 

due to the depletion of intracellular glutathione levels. To evaluate whether SB203580 

prevents the depletion of GSH by BSO as a possible mechanism by which it prevents 

cell toxicity, pyrazole-treated rat hepatocytes and E47 cells were treated with BSO or 

BSO plus SB203580 for 48 or 72 hours and GSH levels were determined. As shown in 

Fig. 3, GSH levels in the pyrazole hepatocytes decreased from control values of 54 ± 5 

nmoles/mg to 13 ± 5 nmoles/mg and 10 ± 4 nmoles/mg after 48 or 72 h of BSO 

treatment. In the presence of 2.5 µM or 5 µM SB203580, GSH levels were not 

significantly restored, indicating that SB203580 does not prevent BSO toxicity by 

preventing  the  depletion  of  GSH  by  BSO.  Similar  results that SB203580 does not 
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 prevent the BSO-mediated depletion of GSH were found with the E47 cells (data not 

shown).  

SB203580 does not prevent the increase in ROS production produced by BSO:  

To determine whether SB203580 prevents BSO toxicity by lowering the elevated 

production of ROS by the cells after BSO treatment, E47 cells or pyrazole induced rat 

hepatocyte cultures were treated with 1 mM BSO in the presence or absence of 5 µM 

SB203580 for 6, 12, or 24 hours respectively. Because of the shorter time frame e.g. 6 

to 24 hrs for many of the following experiments, the BSO concentration was elevated 

to 1 mM to attempt to produce more “significant” effects in the shorter time           

span. Control experiments validated that 5 µM SB203580 provided similar protection 

against the toxicity of 1 mM BSO as it did against toxicity by 0.3 mM BSO e.g. % cell 

viability after 2 days of treatment: 0.3 mM BSO, 50 %; 0.3 mM BSO + SB203580, 81 

%; 1 mM BSO, 35 %, 1 mM BSO + SB203580, 76 %. Even the strong toxicity at 72 h 

(35 % and 19 % viability with 0.3 and 1 mM BSO, respectively) was strongly 

prevented by SB203580 (75 % and 65 % viability, respectively).  ROS production in 

the cells was determined by the DCFH fluorescence method. Treatment of the 

pyrazole hepatocytes with BSO increased DCF fluorescence by about two-fold after 

12 or 24 hr incubation (Fig. 4). SB203580 had no effect on the basal production of 

ROS nor did it prevent the 2 –fold increase produced by the BSO treatment (Fig. 4). 

Thus, the protection against loss of cell viability by SB203580 is downstream of the 

elevated ROS content. Similar results were observed with the E47 cells (data not 

shown). 
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BSO activates p38 MAPK in the liver cells: SB203580 is a specific inhibitor of p38 

MAPK. Activation of p38 MAPK may trigger signaling transduction pathways which 

ultimately affect cellular proliferation or viability. The prevention of BSO toxicity by 

SB203580 may relate to the prevention of the activation of p38 MAPK. To study 

whether BSO treatment leads to the activation of p38 MAPK, the pyrazole induced rat 

hepatocyte cultures or E47 cells were treated with BSO or BSO plus 5 µM SB203580 

for varying time points and pp38 MAPK and total p38 MAPK were determined by 

immunoblot analysis. In the E47 cells, p38 MAPK was not activated (0.5 to 3 hr 

treatment, data not shown) or after 4 hour treatment with BSO but was activated after 

8 or 12 hour treatment (Fig. 5A; quantitation in Fig. 5B). P38 MAPK phosphorylation 

activity was induced 3-4 fold by BSO or BSO plus Me2SO treatment (Fig 5A, lanes 4 

and 5 of the 8 or 12 hr panels) compared with controls (lanes 1 and 2). SB203580 

blocked the p38 MAPK phosphorylation induced by BSO in both the 8 and 12 hour 

treatment groups (Fig. 5A, lane 6). P38 MAPK phosphorylation activity returned to 

control levels after longer than 12 hour BSO treatment (data not shown). In pyrazole 

induced hepatocyte cultures, p38 MAPK phosphorylation was significantly induced 7 

– 8 fold by BSO after 6 hour treatment (Fig. 5C; quantitation in Fig. 5D). SB203580 

partially blocked this activation of p38 MAPK by BSO to an increase of about 4 - fold 

compared with the control group. A three fold increase in pp38 MAPK was also found 

12 h after BSO treatment, which was also partially prevented by SB203580. P38 

MAPK phosphorylation levels returned to control values after 24 hour treatment with 
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 BSO. Thus the treatment with BSO results in activation of p38 MAPK, a reaction 

blocked, at least in part, by SB203580. 

BSO treatment reduces NF-κB DNA binding activity: NF-κB is generally 

protective against the loss of cell viability, suppressing the accumulation of ROS and 

preventing the activation of MAPK by ROS.  To study whether the BSO treatment 

affected the activation  state of  NF-κB,  E47 cells were treated with 1 mM BSO or 

BSO plus 5 µM SB203580 for 1, 2, or 3 days, and  an ELISA method was used to 

determine NF-κB DNA binding activity. NF-κB DNA binding activity was 

significantly decreased to 54 ± 3 % or 38 ± 2 % of the control value after 2 or 3 days 

of BSO treatment (Fig. 6A). SB203580 prevented the decrease of NF-κB DNA 

binding activity induced by BSO (Fig. 6A). Similar results were found in pyrazole 

treated hepatocytes (Fig.6B) as treatment with BSO lowered NF-κB DNA binding 

activity about 50% after 24 h of treatment, and SB203580 prevented this decrease. 

Nitric oxide protects, against the BSO-induced toxicity: NO can promote toxicity 

in some cells under certain conditions, whereas it can inhibit toxicity in other 

cells/conditions. To evaluate whether NO is involved or modulates the BSO induced 

toxicity, E47 or pyrazole hepatocyte cells were treated with 1 mM BSO alone or 1 

mM BSO plus 50 µM of the  NO donor SNAP or 2 mM of the iNOS inhibitor L-

NAME for varying times. The effect of these treatments on BSO toxicity was 

evaluated by measuring LDH leakage. Treatment of the E47 cells with 1 mM BSO 

induced the expected cell toxicity (Fig. 7A). The NO donor SNAP reduced the BSO 

induced toxicity at all time points. In contrast, L-NAME enhanced the BSO toxicity at 
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 all time points (Fig. 7A). Similar although less striking results were found with the 

pyrazole hepatocytes; SNAP partially protected against the BSO toxicity whereas L-

NAME partially potentiated the toxicity (Fig. 7B) SNAP and L-NAME had no effects 

on cell viability in the absence of BSO (Fig. 7A, 7B). These results suggested that NO 

may partially protect against the BSO toxicity, whereas reduction of intracellular NO 

levels may potentiate BSO toxicity. These results were validated by studying cell 

morphology changes: SNAP (and SB203580) prevented BSO-induced morphological 

changes of E47 cells, whereas L-NAME potentiated these changes (data not shown). 

Effect of BSO treatment on iNOS content and NO levels: Since NO can modulate 

the BSO-induced cytotoxicity, it was important to evaluate the effect of BSO 

treatment on NO production and the level of iNOS. NO levels were determined in the 

culture medium by the Griess reaction. SNAP increased whereas NAP and SB203580 

had no effect on nitrite levels in the absence of BSO treatment (Fig. 8). After 1 mM 

BSO treatment for 48 hours, NO level decreased by about 40 %. However, in the 

presence of 5 µM SB203580, the BSO-mediated lowering of NO levels was prevented. 

The lowest levels of NO were found in the presence of BSO plus L-NAME treatment 

(Fig 8): this was the condition which produced the most powerful loss of cell viability 

(Fig. 7). 

To correlate the decrease in NO levels by BSO treatment to effects on production of 

NO, levels of iNOS were determined by immunoblot analysis. Treatment with BSO 

for 36 or 48 h caused a decease in iNOS levels by about 50 and 80 % respectively (Fig. 

9).  The decline in iNOS level  after 48 h  culture  in the  presence of BSO parallels the 
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 fall in nitrite levels after 48 h treatment with BSO (Fig. 8). The addition of SB203580, 

which by itself had no effect on iNOS levels, prevented the decline produced by BSO 

at 48 h treatment (Fig. 9), This prevention is associated with the elevation in nitrite 

levels in culture medium from cells incubated with BSO plus SB203580 compared to 

that in medium from cells incubated with BSO  alone (Fig. 8).  

Based on the above results, it appears that NO is protective against the BSO toxicity in 

CYP2E1-expressing liver cells. Inhibition of NO production potentiates the BSO 

toxicity, and continuous treatment with BSO causes a decrease in iNOS and NO 

production; the latter may be coupled to the increase in activation of p38 MAPK and 

decrease in activation of NF-κB. This led to the possibility that protection against BSO 

toxicity by SB203580 could be due to the prevention of the decline in iNOS and NO 

caused by the BSO treatment, i. e., protection by SB203580 is due to increased 

production of NO. If correct, L-NAME, by inhibiting iNOS should prevent the 

protection by SB203580. This possibility was evaluated by the experiment shown in 

Fig. 10.  BSO treatment of the E47 cells caused an increase in LDH leakage to 63 ± 7 

% compared to control LDH leakage valves of less than 5 %. In the presence of 

SB203580 or SNAP, the BSO-dependent LDH leakage declined to 30 ± 5 and 35 ± 3 

%, respectively, whereas with L-NAME, LDH leakage was increased to about 80 ± 6 

%. In the presence of SB203580 plus L-NAME, the BSO-dependent LDH leakage was 

largely prevented (19 ± 5 %). Thus, L-NAME did not prevent the protection against 

BSO toxicity afforded by SB203580. Importantly, the last bar graph of Fig. 8 shows 

that NO levels  were  low  in  the  presence of BSO plus SB203580 plus L-NAME, yet 
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 strong protection against BSO toxicity (Fig. 10 last bar graph) occurs under these 

conditions of low NO. These experiments were validated using the MTT assay to 

measure loss of cell viability (data not shown).       
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                                              Discussion  

 

The biochemical and toxicological effects of CYP2E1 have been studied in HepG2 

cells engineered to express this P450 and in cultured hepatocytes from pyrazole-

treated rats with high levels of CYP2E1. The toxic effects were enhanced when 

cellular GSH levels were lowered by treatment with BSO. Moreover, treatment with 

BSO alone produced toxicity to the CYP2E1 expressing liver cells (Wu and 

Cederbaum, 2001; Chen and Cederbaum, 1998). GSH, therefore, appears to be critical 

in protecting against CYP2E1-dependent toxicity. In fact GSH levels were higher in 

the E47 cells or in pyrazole-induced hepatocytes than the control cells because of an 

increased content and expression of γ-glutamylcysteine ligase (Mari and Cederbaum, 

2000). Decreases in cellular GSH, particularly mitochondrial GSH, by chronic ethanol 

treatment may be a key lesion responsible for alcoholic liver injury (Fernandez-Checa 

et al, 1987; Collet et al, 1998). 

Mitogen-activated protein kinases (MAPKs) are involved in regulating a wide range of 

cellular processes and are activated in response to cellular stress and oxidant injury. 

ERK ½, and PI3 kinase pathways are most commonly linked to regulation of cell 

growth and proliferation while the p38 and JNK MAPK pathways are more strongly 

tied to stress and cell toxicity. (Chang and Karin, 2001; Kyriakis and Avruch, 2001). 

There is also considerable overlap among these cascades both in their targets and 

upstream activators. We recently characterized the role of MAPKs in toxicity by 

arachidonic   acid, a  representative  polyunsaturated  fatty acid, in CYP2E1-dependent 
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 toxicity (Wu and Cederbaum, 2003). The goal of the current study was to evaluate the 

role of MAPKs in the toxicity associated with the removal of GSH from CYP2E1-

expressing cells and to assess potential mechanisms for the modulation by 

participatory MAPKs. 

ROS induce p38 MAPK phosphorylation and activation, reactions associated with 

decreased GSH levels and prevented by selective antioxidants including a cell 

permeable GSH precursor (Haddad, 2002; Haddad and Land, 2002),  and p38MAPK-

mediated cytokine production and activation are inversely regulated by intracellular 

GSH levels (Ueda et al, 2002;  Usatyuk et al, 2003). Pretreatment of alveolar epithelial 

cells with BSO amplified LPS-activation of p38 MAPK and increased cytokine 

production (Haddad, 2002). SB203580 attenuated BSO-mediated facilitation of TNF-

α-induced RANTES production by human bronchial epithelial cells and elevated GSH 

levels (Hashimoto et al, 2000; Hashimoto et al, 2001). Addition of GSSG to U937 

cells caused selective induction of p38 MAPK and cell apoptosis to occur, reactions 

blocked by SB203580 (Filomeni et al, 2003). We evaluated possible linkage between 

CYP2E1, p38 MAPK and oxidative stress in the overall pathway by which BSO 

treatment to remove GSH caused loss of cell viability in CYP2E1 expressing liver 

cells. 

Depletion of GSH in the E47 cells or pyrazole hepatocytes led to an activation of p38 

MAPK. This activation occurred at relatively early time periods after the addition of 

BSO e.g. 6-12 hrs, prior to the developing toxicity. SB203580 offered protection 

against  the  BSO-dependent toxicity. With respect to mechanism by which SB203580 
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 was protective against the BSO toxicity, the p38 MAPK inhibitor did not prevent the 

loss of GSH induced by BSO, nor did it prevent the increase in ROS generation. 

SB203580 had no effect on CYP2E1 levels or activity nor did it have significant 

antioxidant –like activity at the concentrations used (2.5 to 10 µM). Hence, the 

protection by SB203580 is downstream of the BSO plus CYP2E1 generated oxidant 

stress. Activation of p38 MAPK was shown to play a key role in toxicity associated 

with numerous insults e. g. UV irradiation, a calcium ionophore, serum withdrawal, 

TNF-α,  staurosporine (Juo et al, 1997; Kinoshita et al, 1995; Xia et al, 1995). While 

the exact mechanisms by which activated p38 MAPK causes loss of cell viability are 

not clear, one intriguing target of activated p38 MAPK which we focused on was the 

NF-κB system. Activation of NF-κB and the subsequent production of 

protective/survival factors help protect hepatocytes against toxin-induced injury 

(Baeuerle and Henkel, 1994; Baeuerle and Baltimore, 1996). For example, 

hepatocytes normally are resistant to the toxic action of TNF-α mainly due to the 

activation of NF-κB and synthesis of survival genes (Matsumaru et al, 2003). 

Activated p38 MAPK can ultimately inhibit the translocation of NF-κB into the 

nucleus and the synthesis of survival factors (Chen et al, 2000; Granet et al, 2001). 

Sodium salicylate inhibits the activation of NF-κB by causing activation of p38 

MAPK (Schwenger et al, 1998). We found that sodium salicylate potentiated the 

toxicity of BSO in the E47 cells e.g. % viability after treatment with 1 mM BSO was 

85 ± 5 % after 24 h and 40 ± 4 % after 48 h in the absence of 10 mM sodium 

dalicylate, and 62 ± 3 % after 24 h and 16 ± 6 % after 48 h treatment with 1 mM BSO 
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 plus 10 mM sodium salicylate, respectively. Thus, an inhibitor of NF-κB potentiates 

BSO toxicity. Treatment with BSO caused a decrease in the basal activation of NF-κB 

as assessed by a DNA-NF-κB binding assay. The activation of p38 MAPK by BSO 

occurs earlier (6 – 12 h) than the decline in NF-κB binding activity by BSO (24 – 48 

h), although exact time correlation between these two events is not clear. However, the 

decrease in NF-κB activation was prevented by SB203580, indicating that the 

decrease was mediated by activated p38 MAPK. These results suggest that loss of NF-

κB activation of survival factors as a result of p38 MAPK activation may play a role in 

the CYP2E1 plus BSO-dependent toxicity, and that the protection afforded by 

SB203580 may be via prevention of this loss of NF-κB activation.  

Experiments were carried out to attempt to identify whether NO could be a possible 

NF-κB mediated protective factor. Nitric oxide was evaluated because synthesis of 

NO via iNOS in hepatocytes has a general protective effect against cell injury (Li et al, 

1999; Gardner et al, 1998); GSH depletion in murine hepatocytes was associated with 

inhibition of TNF-induced NF-κB activation of iNOS and provision of exogenous NO 

(SNAP) partially prevented the TNF-α plus GSH depletion toxicity (Matsumaru et al, 

2003); Indeed, SNAP, could partially prevent while L-NAME,  increased the CYP2E1 

plus BSO-dependent toxicity, consistent with the concept that NO appears to be 

protective against the developing toxicity. This raised the question as to whether BSO, 

by activating p38 MAPK could downregulate iNOS with reduced production of the 

protective NO. At 36 or 48 hours after BSO treatment, iNOS levels were decreased 

and this  was  associated  with lower levels of NO (nitrite) in the culture medium. This 
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 decrease in iNOS content parallels the decrease in NF-κB activation by the BSO 

treatment. We speculate that the decrease in NO may contribute to a lack of or 

diminished hepatoprotection when GSH is depleted from the CYP2E1-expressing cells; 

although a loss of other NF-κB dependent protection factors likely also contribute to 

the developing toxicity.  

Could the protection by SB203580 involve restoration of iNOS and production of NO? 

Indeed, SB203580 elevated the low levels of iNOS and NO found after the BSO 

treatment to the control values. This suggests that the activation of p38 MAPK is 

responsible for the decline in iNOS and NO. However, to our surprise, SB203580 was 

as protective against  the BSO-dependent toxicity in the presence of L-NAME as it 

was in the absence of L-NAME, suggesting that SB203580 protection was not 

dependent upon the production of NO. Presumably, other protective factors besides 

NO may be produced from activated NF-κB when p38 MAPK is inhibited by SB 

203580. Theses results do not rule out a protective role for NO, as there may be NO-

dependent and NO-independent hepatoprotective factors; inhibition of the NO-

dependent factors may promote or increase the contributions by NO-independent 

factors. Future studies will be necessary to evaluate other protective factors e. g. 

members of the bcl-2 family, IAP, antioxidants such as Mn-SOD or heme oxygenase-

1.  

In summary, the p38 MAPK activation pathway is involved in the CYP2E1 dependent 

toxicity caused by GSH depletion. This toxicity can be prevented by the p38 MAPK 

inhibitor  SB203580.  The  increasing  activation  of p38 MAPK, induced by the GSH 
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 depletion with BSO inhibits NF-κB DNA binding activity, and subsequent production 

of cell survival factors including iNOS. NO itself can lower BSO plus CYP2E1 

dependent toxicity, but other hepatoprotective factors are also involved since 

SB203580 is still protective even in the presence of an inhibitor of iNOS and when 

NO levels are low. We suggest that the activation of p38 MAPK and loss of activation 

of NF-κB hepatoprotection produced by the depletion of GSH coupled to CYP2E1-

generated ROS synergize to promote loss of cellular viability. Further studies are 

necessary to identify upstream and downstream mediators involved in the activation of 

p38 MAPK by BSO in CYP2E1-expressing cells, and whether a such activation 

occurs or plays a role in liver injury produced by chronic ethanol treatment.  
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                                            Legends for Figures 

 

Figure 1.  P38 MAPK inhibitor SB203580 prevents BSO toxicity in pyrazole induced 

rat hepatocytes. A. Hepatocytes were treated with 300 µM BSO in the 

presence or absence of 5 µM SB203580, 5 µM PD98059, 5 µM JNK 

Inhibitor II or 5 µM wortmannin for 72 hours, respectively. Cell viability 

was determined by the MTT method. Asterisk indicates significant 

difference compared with BSO treated cells (P < 0.05). B. Hepatocytes were 

treated with different concentrations of SB203580 in the presence or absence 

of 300 µM BSO for 48 hours and cell viability was determined by the MTT 

method. Results are from 3 independent experiments with duplicate samples 

in each group. 

Figure 2.  SB203580 time and concentration dependent protection curves against BSO 

toxicity. A. E47 cells were treated with 5 µM SB203580 in the presence or 

absence of 300 µM BSO for 1, 2, 3 and 4 days and cell viability was 

determined by the MTT assay. Protection by SB203580 was significant (P< 

0.05) at day 2, 3 and 4 compared to the BSO or BSO plus Me2SO treatments. 

B. E47 cells were treated with 0, 1, 2.5, 5, 10 and 15 µM SB203580 (solvent 

control, Me2SO 0.19 % v/v) in the presence or absence of 300 µM BSO for 

72 hours and cell viability determined. Results are from 3 independent 

experiments with duplicate samples in each group. 
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Figure 3. SB203580 does not prevent BSO induced GSH depletion in liver cells.  

Pyrazole induced rat hepatocytes were treated with 300 µM BSO in the 

presence or absence of 2.5 or 5 µM SB203580 for 48 or 72 hours, and 

cellular GSH levels were determined. No significant differences in GSH 

levels were observed in BSO or BSO plus Me2SO groups compared with 

BSO plus SB203580 groups (p > 0.05). Similar results were observed in 

HepG2 E47 cells (data not shown). Both experiments were repeated  three 

times and with duplicate samples in each treatment group. 

Figure. 4.  SB203580 does not prevent the increase in ROS production induced by BSO. 

Pyrazole induced rat hepatocytes were treated with 1 mM BSO in the 

presence or absence of 5 µM SB203580 for 6, 12 or 24 hours and ROS 

production was determined by assaying DCF fluorescence. SB203580 does 

not prevent the increase in ROS production induced by BSO. Similar results 

were observed in HepG2 E47 cells (data not shown). 

Figure 5.   BSO activates p38 MAPK in the liver cells. A. HepG2 E47 cells were treated 

with 1 mM BSO in the presence or absence of 5 µM SB203580 for 0.5, 1, 2 

(do not shown), 4, 8 or 12 hours. Immunoblots were carried out to determine 

the content of p38 and pp38 in the cellular lysates. B. Bar graphs depicting 

the pp38/p38 ratio. The pp38 and p38 bands were scanned and arbitrary 

units were determined using densitometry software. Activation of p38 

MAPK was expressed by the increase in the pp38/p38 ratio. The increase of 

the pp38/p38 ratio was expressed as fold-increase when compare with the 
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                  control ratio (1.0). Asterisks above the bars indicated significantly different 

compared with the control ratio (P< 0.05). C. Pyrazole hepatocytes were 

treated with 1 mM BSO in the presence or absence of 5 µM SB203580 

(Me2SO as solvent control, 0.19 % v/v) for 6, 12 and 24 hours. Immunoblots 

were carried out  to  determine  the  content  of  pp38 and p38 in the cellular 

lysates. D. The immunoblots from the hepatocytes were scanned, the 

arbitrary units were determined and the pp38/p38 ratio was calculated as in 5 

B.  Asterisks above the bars indicate significantly different compared with 

the control ratio (P< 0.05). 

Figure 6.  BSO treatment reduces NF-κB DNA binding activity.  HepG2 E47 cells or 

pyrazole hepatocytes were treated with 1 mM BSO in the presence or 

absence of 5 µM SB203580 for 1, 2 or 3 days with E47 cells or for 6, 12 and 

24 hours with pyrazole hepatocytes (Me2SO, or TNF-α were used as either 

solvent control or positive control). Cellular lysates were prepared and NF-

κB DNA binding activity was determined with the TransAm NF-κB p65 

Activation Assay kit from Active Motif. The NF-κB activity levels were 

expressed as fold change compared to control. Asterisks above the bars 

indicate significant difference (P< 0.05) when compared with control. A. 

The results are from three independent experiments with E47 cells or B. with 

pyrazole hepatocytes. 

Figure 7. Nitric oxide protects against the BSO-induced toxicity in liver cells. A. 

HepG2 E47 cells were treated with 1 mM BSO alone or BSO plus the NO 
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                  donor SNAP (50 µM) or iNOS inhibitor L-NAME (2mM) for 0, 12, 24, 36 

and 48 hours, respectively. Cell toxicity was evaluated by the LDH leakage 

method. B. Pyrazole hepatocytes were treated with the NO donor SNAP (50 

µM) or iNOS inhibitor L-NAME (2 mM) in the presence or absence of 1 

mM BSO for 0, 12, 18, 21 and 24 hours. Cell toxicity was evaluated by the 

LDH leakage method. Results are from three independent experiments with 

duplicate samples in each group. * P< 0.05 BSO + SNAP compared to BSO 

alone. ** P < 0.05 BSO +NAME compared to BSO alone.   

Figure 8 .  BSO treatment lowers NO levels in liver cells. HepG2 E47 cells were treated 

with 1 mM BSO or BSO plus SNAP, L-NAME or SB203580 for 48 hours.  

NO levels in the medium were determined by the Griess reaction method. 

Asterisks above the bars indicate significant difference (P< 0.05) when 

compared with control. Results were from three independent experiments 

with duplicate samples in each group. 

Figure 9.  BSO reduces iNOS levels in liver cells. A. HepG2 E47 cells were treated 

with 1 mM BSO or BSO plus 5 µM SB203580 for 36 and 48 hours. Cellular 

lysates were prepared and immunoblots were carried out to determine iNOS 

levels. Results from one experiment are shown. B. The immunoblot bands 

were scanned and the arbitrary units of each band were determined with 

densitometry software. Results from three independent experiments 

(duplicate samples) are shown. Similar results were found in pyrazole 

hepatocytyes. 
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Figure 10. L-NAME does not block SB203580 protection against BSO toxicity. HepG2 

E47 cells were treated with SNAP, L-NAME, SB203580 or L-NAME plus 

SB203580 with or without 1 mM BSO for 48 hours and cell viability was 

determined by the LDH leakage method. Asterisks above the bars indicate 

significant difference (P<0.05) when compared with the BSO treated group. 

Results are from four independent experiments.   
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