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Abstract        
  

The ketone body acetoacetate (AA) in the absence of insulin or in the presence of 

diabetic insulin levels decreases cytochrome P450 (CYP) 2E1 mRNA expression in a 

concentration- and time-dependent manner in primary cultured rat hepatocytes.  AA activates 

p70S6K and PKC by ~ 2 - 2.5-fold, respectively, following 6 h treatment. The AA-mediated 

activation of p70S6K, but not PKC, was abolished by inhibition of PI 3-K with LY294002 or 

wortmannin, in agreement with p70S6K being downstream of PI 3-K.  Inhibition of PI 3-K, or 

mTOR with rapamycin, or PKC with bisindolylmaleimide, ameliorated the AA-mediated 

downregulation of CYP2E1 mRNA expression.   Neither the MEK inhibitor PD98059, nor the 

p38 MAPK inhibitor SB203580 ameliorated the AA-mediated suppression of CYP2E1 mRNA 

expression.  Heterogeneous nuclear RNA analysis revealed that AA suppressed CYP2E1 gene 

transcription by ~50%, and that inhibition of PI 3-K and PKC diminished this AA-mediated 

effect on transcription.  CYP2E1 mRNA half-life slightly increased from ~24 h in untreated 

hepatocytes to ~32 h in AA-treated cells.  Interestingly, AA increased CYP2E1 protein levels by 

~2- and 2.5-fold at 24 h and 48 h, respectively.  DL-β-hydroxybutyrate was without effect.  

Polysomal distribution studies revealed that AA increased the proportion of RNA associated with 

the actively translated polysomal fractions, versus the 40S-60S untranslated fractions, by ~40%.  

CYP2E1 protein half-life increased from ~8 h in untreated hepatocytes to ~24 in AA-treated 

cells.  These data show that AA decreases CYP2E1 mRNA expression through inhibition of gene 

transcription, while simultaneously elevating CYP2E1 protein levels through increased 

translation and decreased protein degradation.   
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Introduction 

Acetoacetate (AA) and DL-β-hydroxybutyrate (3HB) comprise two major ketone bodies, 

which are produced primarily in the liver. Ketone bodies are considered an emergency source of 

glucose (Casazza et al., 1984).  In humans, ketone bodies (AA plus 3HB) plasma concentrations 

higher than 1 mM are considered hyperketonemic.  Ketone body concentrations may be elevated 

up to 10 mM in severe ketosis, relative to concentrations less than 0.5 mM under normal 

physiologic conditions (Jain et al., 2003).  Hyperketonemia is a very common feature in diabetes 

mellitus. 

AA and 3HB effects on cytochrome P450 (CYP) 2E1 expression remain controversial.  

An increase in CYP2E1 protein and/or activity has been associated with hyperketonemia 

(Shimojo, 1994); however, neither AA nor 3HB elevated CYP2E1 mRNA levels in the presence 

of insulin in primary cultured rat hepatocytes (Zangar and Novak, 1997) or in vivo (Barnett et al., 

1992).  In addition, we have reported that AA, but not 3HB, in the absence of insulin, 

substantially decreased CYP2E1 mRNA levels in primary cultured rat hepatocytes as compared 

to untreated hepatocytes (Woodcroft et al., 2002).  The reason for these differences likely resides 

in the complexity of the regulatory signaling networks and the metabolic conditions in vivo and 

in vitro.  Diabetes is a disease characterized by decreased levels of insulin, testosterone, 

thyroxine and growth hormone, and increased levels of glucagon, glucose, lipids and ketone 

bodies, all of which can be reversed over time by insulin, and all of which have been reported to 

alter CYP2E1 expression (reviewed in Cheng and Morgan, 2001).  Thus, it is extremely difficult 

to identify the singular effects of ketone bodies on CYP2E1 expression in diabetes in vivo.  The 

regulation of CYP2E1 is also complex, involving transcriptional, post-transcriptional, 
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translational and post-translational events (reviewed in Novak and Woodcroft, 2000), which also 

complicates our understanding of the regulatory mechanisms involved.  

Diabetes mellitus increases CYP2E1 at both the messenger RNA (mRNA) and protein 

levels (Dong et al., 1988).  CYP2E1 is involved in biotransformation of several low molecular 

weight xenobiotics, including halogenated hydrocarbons, primary alcohols, nitrosamines, as well 

as therapeutic agents and endogenous fatty acids and ketones (Reviewed in Novak and 

Woodcroft, 2000).  CYP2E1 has been implicated in the generation of tissue damaging hydroxyl 

radicals in patients suffering from diabetes and liver disease (Lieber et al., 2004).  Thus, elevated 

CYP2E1 levels may be a risk factor for xenobiotic metabolism, oxidative stress and long term 

hepatic injury.  Diabetes mellitus is a risk factor for developing hepatocellular carcinoma (El-

Serag et al., 2004). 

We have previously reported a primary rat hepatocyte culture system that is responsive to 

xenobiotic-mediated increases in CYP2E1, 2B, 3A and 4A mRNA and protein expression in a 

manner which parallels that in vivo (Zangar et al., 1995).  We have reported, using this primary 

hepatocytes culture system, that AA, but not 3HB, decreases the CYP2E1 mRNA levels in the 

absence of any other hormones (Woodcroft et al., 2002).  

Information regarding the mechanism (s) by which AA alters CYP2E1 levels is limited.  

We have previously reported that protein kinase C (PKC) signaling pathway is active in the AA-

mediated activation of the extracellular signal-regulated kinase (ERK1/2) and the p38 mitogen-

activated protein kinase (p38 MAPK) and in the production of cellular oxidative stress in 

primary cultured rat hepatocytes (Abdelmegeed et al., 2004).  Jorquera and Tanguay (2001) 

reported that the phosphatidylinositol 3-kinase (PI 3-K) signaling pathway is active in the 
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fumarylacetoacetate-mediated activation of ERK1/2 in Chinese hamster V79 cells and Hela cells.   

Fumarylacetoacetate is the precursor of AA. 

The objective of the present study was to characterize the mechanisms and signaling 

pathway (s) involved in the AA-mediated effects on CYP2E1 mRNA and protein expression in 

primary cultured rat hepatocytes.  We report that the AA-mediated decrease in CYP2E1 mRNA 

levels is the result of the inhibition of CYP2E1 gene transcription.  We show that PI 3-

K/Akt/mTOR/p70 ribosomal S6 kinase (p70S6K) and PKC, are involved in the AA-mediated 

inhibition of CYP2E1 mRNA levels and gene transcription.  In contrast, AA, but not 3HB, 

significantly increases microsomal CYP2E1 protein levels, which appears to occur through the 

concerted action of increased CYP2E1 translation and inhibition of protein degradation.  Thus, 

AA effectively uncouples CYP2E1 gene transcription and CYP2E1 translation. A similar effect 

has been reported for ethanol (Ronis et al., 1993).  These studies provide seminal information on 

the seemingly contradictory effects of AA on CYP2E1 gene transcription and protein expression, 

and illustrate the complex mechanisms that regulate CYP2E1 gene expression and protein levels 

in response to ketone bodies. 
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Materials and Methods 
 
 Materials. Modified Chee’s medium and L-glutamine were purchased from Invitrogen 

(Carlsbad, CA). Insulin (Novolin R) was obtained form Novo-Nordisk (Princeton, NJ). 

Collagenase (type I) was obtained from Worthington Biochemicals (Freehold, NJ).  Vitrogen 

(95-98% type I collagen, 2-5% type III collagen) was purchased from Cohesion Technologies 

(Santa Clara, CA).  Horseradish peroxidase-conjugated rabbit anti-goat antibody was purchased 

from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA).  Enhanced 

chemiluminescence reagents were obtained from Amersham Biosciences Corp. (Piscataway, NJ). 

Wortmannin, LY294002, rapamycin, bisindolylmaleimide, PD98059, SB203580 and anti-

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Calbiochem (La 

Jolla, CA).  Antibodies against phospho-p70 S6 kinase (Thr421/Ser424) (P-p70S6K), p70 S6K 

and phospho-PKC (pan) (betaII Ser660) (P-PKC) were obtained from Cell Signaling Technology 

(Beverly, MA).  Horseradish peroxidase-conjugated goat anti-rabbit antibody and goat anti-

mouse antibody were purchased from Bio-Rad Laboratories (Hercules, CA).  AA, 3HB, and all 

other reagents were obtained from Sigma-Aldrich (St. Louis, MO).      

 Primary Rat Hepatocyte Culture.  Hepatocytes were isolated from the livers of male 

Sprague-Dawley rats (200-300 g) using collagenase perfusion as described previously 

(Woodcroft and Novak, 1997, 1999).  Briefly, hepatocytes were plated onto dishes covalently 

coated with vitrogen in modified Chee’s medium fortified with 2 mM L-glutamine and 6.25 µg 

/ml transferrin, as described previously (Woodcroft and Novak, 1997, 1999), and supplemented 

with 0.1 µM dexamethasone and 1 µM insulin.  Hepatocytes were plated at a density of 3×106 

cells/60 mm dish for total RNA isolation and 10×106 cells/100 mm dish for microsomes 

isolation, with 3 dishes per treatment.  To examine the effects of ketone bodies on CYP2E1 gene 
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expression without interference from insulin, which down-regulates CYP2E1 mRNA and protein 

levels (Woodcroft and Novak, 1997), the medium was replaced 4 h post-plating with insulin-free 

medium for the duration of the experiment.  Medium was changed every 24 h thereafter. 

Treatment with insulin and/or ketone bodies and kinase inhibitors was initiated 48 h after plating, 

and continued for up to 48 h.  Kinase inhibitors were dissolved in dimethyl sulfoxide (DMSO) 

and added 1.5 h before treatment with AA for 24 h. The final DMSO concentration in the 

medium ranged from 0.01%-0.1%.  DMSO concentrations up to 1% have no effect on CYP2E1 

mRNA or on cell viability in primary cultured rat hepatocytes, relative to untreated hepatocytes.  

The RNA synthesis inhibitor actinomycin D (10µg/ml) and the protein synthesis inhibitor 

cycloheximide (10µg/ml) were added without replacement of medium 12 h after treatment of the 

hepatocytes with either medium alone (control) or AA.  Treatment with AA was then continued 

following actinomycin D (0-10 h) and cycloheximide addition (0-12 h).  The inhibitors were 

used at concentrations previously determined by our laboratory to be non-toxic based on the 3-

(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide assay for mitochondrial succinate 

dehydrogenase activity (Woodcroft et al., 2002).  

 Northern Blot Analysis.  Total RNA was isolated and Northern blot analysis was 

performed as described previously (Woodcroft and Novak, 1997, 1999).  Northern blots were 

probed with CYP2E1, and cytoplasmic 7S cDNA probes for CYP2E1 mRNA and mRNA 

loading, respectively, as previously described (Woodcroft and Novak, 1997, 1999).  Northern 

blot band densities were detected by enhanced chemiluminescene on Kodak X-OMAT film 

(Sigma-Aldrich) and quantified by densitometry using a Molecular Dynamics scanning laser 

densitometer and ImageQuant analysis program (Amersham Biosciences Corp.).  CYP2E1 

mRNA band densities were normalized for loading using the cytoplasmic 7S band densities.  For 
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CYP2E1 mRNA half life calculation, First-order decay rate constants were derived and used to 

calculate half-life values CYP2E1 mRNA. 

 Generation of CYP2E1 Internal Standard for heterogeneous nuclear RNA (hnRNA) 

Analysis.  HnRNA analysis was performed as originally described previously (Elferink and 

Reiners, 1996) and adapted for CYP2E1 (Woodcroft et al., 2002).  Genomic DNA (1 µg) was 

subjected to PCR on a Perkin Elmer Cetus DNA Thermal Cycler using CYP2E1-specific 

forward and reverse primers (5’-CGGGATCCAGACACGGTCTATCTAAAGCA-3’ and 5’- 

CGGGATCCAGAGTGGGAAAATTAGCCCAC-3’, respectively) containing BamHI sites at 

the 5’ ends.  An 887 bp fragment of CYP2E1 DNA corresponding to the last 61 bp of intron 1, 

all of exon 2 (coding region of CYP2E1=amino acids 60-112), and the first 667 bp of intron 2 

was isolated, BamHI digested, ligated into BamHI digested pBluescript KS+T7/A90 and 

transformed into JM109 cells.  The resulting plasmid was digested with EcoRI and NcoI, which 

created a 75 bp internal deletion within intron 2.  This construct was linearized with HindIII and 

in vitro transcribed. 

 Analysis of hnRNA.  Deoxyribonuclease-treated total RNA (5 µg) and the CYP2E1 

internal standard (750,000 copies) were reverse transcribed using an intron 2-specific CYP2E1 

primer (5’-TCACCTAAAGCCTGGTGCGTT-3’), and amplified in the presence of [32P] dATP 

using CYP2E1-specific forward and reverse primers (5’-GGGGACATTCCTGTGTTCCAG-3’ 

and 5’-CAAGTAGAGTGCCAGGCAAGG-3’, respectively).  The PCR products were separated 

on a 10% non-denaturing polyacrylamide gel with Tris-base/Boric acid/EDTA (TBE) running 

buffer for 6 h at 30 mA, and visualized by exposure of the dried gel to X-ray film for 2 h.  Band 

densities were determined using a Molecular Dynamics scanning laser densitometer and 

ImageQuant analysis program.  Relative levels of CYP2E1 hnRNA band densities were 
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normalized to the corresponding internal standard band densities.  The internal standard is nearly 

identical to CYP2E1 hnRNA transcript.  This similarity is of particular importance to ensure that 

both the internal standard RNA and CYP2E1 hnRNA transcripts are copied with equal efficiency 

during the reverse transcription reaction and the exponential phase of PCR (Elferink and Reiners, 

1996).   Thus, CYP2E1 hnRNA calculations are more meaningful after normalization to the 

internal standard as it obviates errors that may arise due to differences in efficiencies in the 

reverse transcription reaction or PCR.  The use of the internal standard for normalization of data 

is also helpful in comparison between different samples and different experiments. 

 Immuno-blot Analysis.  To determine the phosphorylation state of p70S6K and PKC, 

cell lysates were prepared by scraping the cells directly into 500 µl of Laemmli sample buffer 

(62.5 mM Tris-HCL (pH 6.8), 2% SDS, 10% glycerol, 50 mM DTT, and 0.1% bromophenol 

blue).  Cell lysates (10-15 µl) were separated by SDS-PAGE on 10% gels and electrophoretically 

transferred to nitrocellulose membrane (Bio-Rad Inc., Hercules, CA).  Membranes were blocked 

for 1 h in 5% milk powder in Tris-HCL buffered saline containing 0.05% Tween 20 (TBS-T).  

Membranes were then probed with phospho-specific antibodies (diluted 1:500 in 5% bovine 

serum albumin in TBS-T) overnight at 4°C, followed by incubation with goat anti-rabbit 

horseradish peroxidase-conjugated secondary antibody (diluted 1:2000 in 5% milk powder in 

TBS-T) or goat anti-mouse horseradish peroxidase-conjugated secondary antibody for GAPDH 

(diluted 1:20000 in 5% milk powder in TBS-T).  Proteins were detected by enhanced 

chemiluminescence on Kodak X-OMAT film (Sigma Chemical Co.) and quantified by 

densitometry with a Molecular Dynamics scanning laser densitometer and ImageQuant analysis 

program (Amersham Biosciences, Piscataway, NJ).  Following probing with phospho-specific 

antibodies, blots were stripped and reprobed for total levels of the respective kinases or GAPDH, 
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and relative levels of phosphorylated kinases were normalized to the total levels of the respective 

kinase or GAPDH.  

For CYP2E1 protein detection, microsomes were prepared from cultured rat hepatocytes 

as described previously (Woodcroft and Novak, 1997).  Protein concentrations were determined 

using the bicinchoninic acid protein assay (Sigma-Aldrich).  For immuno-blot analysis, 

microsomal protein (20 µg/lane) was separated on 10% sodium dodecyl sulfate polyacrylamide 

gel electrophoresis, transferred to a nitrocellulose membrane, and blocked for 3 h in 5% milk 

powder in PBS-T (0.05% Tween 20 in PBS).  For immnunodetection, blots were incubated 

overnight at 4°C with CYP2E1 antibody (diluted 1:1000 in 0.1% bovine serum albumin in PBS-

T).  The preparation of CYP2E1 antibody was described previously (Kim et al., 1991).  This was 

followed by incubation of the membrane with rabbit anti-goat secondary antibody conjugated to 

horseradish peroxidase (diluted 1:5000 in 5% milk powder in PBS-T) for 3 h at room 

temperature.  Proteins were detected by enhanced chemiluminescence and quantified by 

scanning laser densitometry as described above. 

Polysomal Distribution Analysis.  Polyribosome distribution of CYP2E1 mRNA in rat 

hepatocytes was performed as previously described (Johannes and Sarnow, 1998) with some 

modification.  Cells were plated at a density of 10×106 cells/ 100 mm dish, with 4 dishes per 

treatment.  To harvest, cells were placed on ice, washed twice with cold PBS containing 0.1 

mg/ml cycloheximide and lysed directly on the plate following the addition of 400 µl of 

polysome extraction buffer (15 mM Tris-CL, pH 7.4, 15 mM MgCl2, 0.3 M NaCl, 1% Triton X-

100, 0.1 mg/ml cycloheximide and 1 mg/ml heparin).  All of the following procedures were 

performed on ice.  Extracts for each treatment were combined into one Eppendorf tube.  The 

samples were kept on ice for 10 min, mixed occasionally, and centrifuged at 10,000 rpm for 10 
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min to remove nuclei and debris.  One ml of the supernatant was then placed onto 11 ml of a 10-

60% sucrose gradient composed of extraction buffer with no Triton X-100.  Samples were 

centrifuged at 36,000 rpm for 2 h in a Beckman SW40 Ti rotor at 4°C.  Gradients were collected 

as 0.8 ml fractions, using an ISCO fraction collection system, into disposable 15 ml conical tubes 

at 0.375ml/min flow rate and collection at ~144 sec intervals.  Fractions were adjusted to 2 ml 

with DEPC-treated H2O and 3 ml of 8 M guanidine HCl was added to the samples which were 

vortexed for 2 min.  A volume of 5 mls of 100% ethanol was then added to the samples, and the 

fractions were stored at -80°C overnight.  The fractions were centrifuged at 12,000 rpm to for 25 

min in a Beckman 25R Allegra centrifuge with a TA 10-250 rotor at 4°C. Pellets were washed 

with 70% ethanol and resuspended in 40 µl of Tris-Base/EDTA (TE) pH 7.5.  A volume of 156 

µl of 3M NaOAc and 1.39 ml of 100% ethanol was added to the samples, which were stored at -

80°C overnight followed by recentrifugation.  Pellets were washed with 70% ethanol and 

resuspended in 100 µl of TE pH 7.5.  Equal volumes of fractions 3 through 14 were subjected to 

Northern blot analysis and band densities were determined using a Molecular Dynamics 

scanning laser densitometer and the ImageQuant analysis program. 

Statistical analysis. Significant differences between groups were determined by 

ANOVA followed by a multiple comparison test (P<0.05). Statistical analysis was performed on 

duplicate or triplicate cell lysates from a single hepatocyte preparation. Reproducibility of results 

was confirmed in two to four separate hepatocyte preparations.  
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Results 

 We have previously reported that ketone bodies had no effect on CYP2E1 mRNA levels 

in the presence of 1 µM insulin in the medium for the duration of experiment (Zangar and 

Novak, 1997).  We have also showed that the ketone body AA, but not 3HB, decreased CYP2E1 

mRNA significantly following 24 h treatment in the absence of 1 µM insulin, compared to the 

untreated rat hepatocytes (Woodcroft et al., 2002).   To address whether the variation in results 

between the two studies was mainly due to the presence of insulin, we examined the effects of 

AA on CYP2E1 mRNA levels in the presence and absence of various concentrations of insulin 

(0 – 1 µM) (Fig. 1).  Insulin decreased CYP2E1 mRNA significantly with maximal inhibition of 

~80% monitored at 10 nM and 1 µM insulin (Fig. 1).  AA (5mM) in the absence of insulin, 

significantly inhibited CYP2E1 mRNA levels by an ~ 50%, relative to untreated hepatocytes 

(Fig. 1).  In the presence of diabetic levels of insulin (0.1 nM), AA also inhibited CYP2E1 

mRNA by an additional ~50 %, compared to the corresponding 0.1 nM insulin-treated 

hepatocytes and by an ~75% relative to hepatocytes controls in the absence of insulin (Fig. 1).  

At higher concentrations of insulin (10 nM and 1 µM), AA was without any significant effect on 

CYP2E1 mRNA compared to the corresponding insulin-treated hepatocytes (Fig. 1).  Thus, AA 

inhibits CYP2E1 mRNA in the absence of insulin or in the presence of diabetic concentrations of 

insulin, whereas it exhibits no effects in the presence of higher concentrations of insulin. 

Because the basal level of CYP2E1 mRNA expression was markedly decreased (~50%) 

in the presence of 0.1 nM insulin, we investigated the effects of ketone bodies on CYP2E1 

mRNA and protein levels in the absence of insulin in all subsequent experiments.   

The concentration-dependent effects of AA on CYP2E1 mRNA expression in primary 

cultured rat hepatocytes were examined at 24 h, using concentrations of AA (2-5 mM) 
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representative of those present in the plasma of diabetic patients.  AA, at 2-3 mM ,resulted in an 

~30% decrease in CYP2E1 mRNA levels, whereas an ~50% decrease in CYP2E1 mRNA levels 

was monitored at 4 to 5 mM AA, relative to untreated hepatocytes (data not shown).  Because 5 

mM AA achieved the most significant suppression of CYP2E1 mRNA expression, we used this 

concentration for all subsequent experiments. The time-course of AA effects on CYP2E1 mRNA 

expression was examined (Fig. 2).  AA was without effect on CYP2E1 mRNA expression 

following treatment for 3 h, whereas there was an ~14%, 34%, 53%, and 84% inhibition of 

CYP2E1 mRNA expression following treatment with AA for 6 h, 12 h, 24 h, and 48 h, 

respectively, relative to untreated hepatocytes (Fig. 2).  These data show that AA, at diabetic 

insulin concentrations, suppressed CYP2E1 mRNA levels in a concentration-and time-dependent 

manner.  Because the results following 24 h treatment with AA were significantly different, we 

used this time period for all subsequent experiments. 

We next investigated the signaling pathway (s) that may be involved in mediating the AA 

suppression of CYP2E1 mRNA levels.  Our laboratory has shown that the PI 3-K signaling 

pathway mediates the insulin-dependent decrease in CYP2E1 mRNA levels (Woodcroft et al., 

2002).  In addition, the PI 3-K signaling pathway has been implicated in ERK1/2 

phosphorylation by fumarylacetoacetate in Chinese hamster V79 cells (Jorquera and Tanguay, 

2001).  The PI 3-K signaling pathway proceeds through the Akt/mTOR and the p70S6K 

(Asnaghi et al., 2004).  Thus, we investigated whether PI 3-K plays a role in the AA-mediated 

decrease in CYP2E1 mRNA levels (Fig. 3A).  Primary cultured rat hepatocytes were treated with 

the PI 3-K inhibitors, LY294002 (10 or 20 µM) or wortmannin (100 or 500 nM) 1.5 h before AA 

treatment (Fig. 3A).  LY294002 ameliorated the decrease in CYP2E1 mRNA levels resulting 

from treatment with AA (Fig. 3A).  The inhibition of the AA-mediated decrease in CYP2E1 
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expression in cells pre-treated with LY294002 was dose-dependent with an ~1.3- or ~1.4-fold 

increase in CYP2E1 mRNA monitored relative to AA-treated cells, in response to 10 or 20 µM 

LY294002, respectively (Fig. 3A).  LY294002 alone was without significant effect on CYP2E1 

mRNA levels (not shown).  Pre-treatment of cells with wortmannin also revealed a dose-

dependent amelioration of the AA-mediated decrease in CYP2E1 mRNA expression (Fig. 3A).  

Wortmannin at 100 or 500 nM, produced an ~1.5- or ~1.8-fold increase, respectively, in 

CYP2E1 mRNA levels relative to AA-treated cells (Fig. 3A).  Wortmannin alone (100 nM) was 

without significant effect on CYP2E1 mRNA levels, whereas 500 nM wortmannin slightly 

increased CYP2E1 mRNA levels ~1.3-fold (not shown).  These data suggest that the PI 3-K 

signaling is involved in the AA-mediated suppression of CYP2E1 expression.  To determine 

whether the downstream Akt/mTOR target plays a role in AA-mediated suppression of CYP2E1 

mRNA expression, primary cultured rat hepatocytes were treated with the mTOR inhibitor, 

rapamycin (500 nM) prior to AA treatment (Fig. 3B).  Rapamycin inhibited the AA-mediated 

decrease in CYP2E1 mRNA levels by an ~124% and 200% at 100 and 500 nM, respectively 

(Fig. 3B).  The inhibition of the AA-mediated decrease in CYP2E1 expression in cells pre-

treated with rapamycin was dose-dependent, although the maximal effect on CYP2E1 mRNA 

occurred with 500 nM rapamycin, with CYP2E1 mRNA achieving levels comparable to those 

present in untreated cells (Fig. 3B).  Rapamycin alone was without any significant effect on 

CYP2E1 mRNA expression (not shown).  Together, these data suggest that the PI 3-

K/Akt/mTOR/p70S6K signaling pathway plays a significant role in mediating the inhibitory 

effects of AA on CYP2E1 mRNA expression. 

   The p70S6K is a well established downstream effector of PI 3-K signaling pathway 

(Asnaghi et al., 2004) and is a good indicator of PI 3-K signaling activation.  To verify that AA 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 16

activates the PI 3-K/Akt/mTOR/p70S6K signaling pathway, we examined the effect of AA on 

p70S6K phosphorylation and the effects of both of the PI 3-K inhibitors, LY294002 (20 µM) and 

wortmannin (500 nM), and the mTOR inhibitor, rapamycin (500 nM), on the AA-mediated 

activation of p70S6K following 6 h treatment (Fig. 4A and B).  As shown in Fig. 4A and B, AA 

increased p70S6K phosphorylation by an ~2-fold, and that LY294002 and wortmannin (Fig. 4A) 

as well as rapamycin (Fig. 4B) completely prevented the activation of p70S6K in response to 

AA.  To determine the time-dependent effects of AA on p70S6K activation, cells were treated 

with AA for various time intervals (3-24 h) (Fig. 4C).  Although AA was without effect on the 

phosphorylation of p70S6K at 3 h, the phosphorylation of p70S6K increased by an ~2-fold at 6 h 

treatment (Fig. 4C).  The activation of p70S6K in response to AA was maintained up to 9 h and 

declined to ~1.5-fold at 24 h (Fig. 4C).  Taken together, these data demonstrate for the first time 

that AA activates p70S6K, which is a downstream target of PI 3-K and mTOR signaling, and 

that activation of this signaling pathway by AA regulates CYP2E1 mRNA expression. 

 The activation of PI 3-K may also result in the activation of PKC (Campbell et al., 2004), 

although PKC activation may also occur independent of this pathway.  We have reported that 

PKC plays a role in the AA-mediated activation of ERK1/2 and p38 MAPK in primary cultured 

rat hepatocytes (Abdelmegeed et al., 2004), suggesting a role for PKC activation in response to 

AA.  In this study, we wanted to confirm that AA activates PKC in primary cultured rat 

hepatocytes by directly examining its effect on PKC (Ser662) Phosphorylation, and by 

examining the effect of both the broad spectrum PKC inhibitor, bisindolylmaleimide (10 µM), 

and the PI 3-K inhibitors, LY294002 (20 µM) and wortmannin (500 nM) on AA-mediated 

activation of PKC following 6 h treatment (Fig. 5A and B).  As illustrated in Fig. 5 A and B, AA 

increased PKC (Ser662) phosphorylation by an ~2.5-fold.  In addition, our data shows that while 
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bisindolylmaleimide (10 µM), at a concentration sufficient to inhibit PKCα, βI, δ, ε, ζ, 

completely prevented the activation of PKC by AA (Fig. 5A), neither LY294002 nor 

wortmannin inhibited the AA-mediated activation of PKC (Fig. 5B), suggesting that PKC 

activation is not occurring through the PI 3-K signaling cascade.  To determine the time-

dependent effects of AA on PKC activation, cells were treated with AA for various time intervals 

(3-24 h) (Fig. 5C).  AA was without effect on the phosphorylation of PKC at 3 h, while 

increasing PKC phosphorylation by an ~2.5-fold at 6 h (Fig. 5C).  The activation of PKC in 

response to AA was maintained up to 9 h and declined to ~2-fold at 24 h (Fig. 5C).  Taken 

together, these data show that AA activates PKC, and that this activation occurs independently of 

the activation of the PI 3-K signaling pathway.    

We next investigated whether PKC plays a role in the AA-mediated decrease in CYP2E1 

levels (Fig. 6).  Bisindolylmaleimide (5 µM) inhibited the AA-mediated suppression of CYP2E1 

mRNA levels by ~18%, which was not significant (Fig. 6).  Bisindolylmaleimide at 10 µM 

however, resulted in a significant 61% inhibition of the AA-mediated decrease in CYP2E1 

mRNA levels, achieving 89% of the CYP2E1 mRNA levels monitored in untreated hepatocytes 

(Fig. 6).  Bisindolylmaleimide alone was without significant effect on CYP2E1 mRNA levels 

(not shown).  Thus, these results support the conclusion that PKC plays a role in effecting the 

AA suppression of CYP2E1 mRNA expression.  

We next investigated the possible role of Ras/Raf/MEK/ERK1/2 or p38 MAPK signaling 

pathways in mediating AA effects on CYP2E1 mRNA levels (Table. I).  Our data revealed that 

neither the mitogen-activated kinase kinase (MEK) inhibitor PD98059 at concentrations 

sufficient to inhibit MEK1/2 (Abdelmegeed et al, 2004), nor SB203580 at concentrations well 

established to inhibit p38 MAPK activation, ameliorated the AA-mediated suppression of 
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CYP2E1 mRNA levels (Table. I).  Rather, the inhibitors PD98059 and SB203580 appeared to 

promote further the AA-mediated suppression of CYP2E1 mRNA levels (Table. 1).  Both 

PD98059 (100 µM) and SB203580 (20 µM) alone, decreased CYP2E1 mRNA levels by ~20-

25%, respectively (Table 1), which may be due to the release of the opposing effects on the basal 

activity levels of PI 3-K signaling pathway.  These results, however, suggest that neither ERK1/2 

nor p38 MAPK signaling pathways are involved in the AA-mediated inhibition of CYP2E1 

expression. 

 The decline of CYP2E1 mRNA levels in response to AA could be the result of two 

molecular mechanisms: (A) inhibition of CYP2E1 gene transcription, and/or (B) enhancement of 

CYP2E1 mRNA degradation.  We have reported previously that the decrease in CYP2E1 mRNA 

in response to insulin was associated with the concerted action of inhibition of CYP2E1 gene 

transcription and increased CYP2E1 mRNA degradation (Woodcroft et al., 2002).  Thus, studies 

on both mechanisms were pursued. 

To address the effect of AA on CYP2E1 gene transcription in primary cultured rat 

hepatocytes, analysis of CYP2E1 hnRNA (a nascent unspliced RNA), was employed (Fig. 7).  

AA-treated hepatocytes exhibited an ~50% suppression of CYP2E1 gene transcription compared 

to untreated cells (Fig. 7).  We also examined the role of PI 3-K and PKC signaling pathways in 

mediating the AA inhibitory effect on CYP2E1 gene transcription (Fig. 7).  The treatment of 

cells with PI 3-K inhibitors LY294002 (20 µM) or wortmannin (500 nM) prior to the addition of 

AA, resulted in an ~180% (LY294002) or complete prevention (wortmannin), respectively, of 

the AA-mediated suppression of CYP2E1 gene transcription (Fig. 7).  In addition, when 

hepatocytes were pre-treated with bisindolylmaleimide (10 µM), there was also a complete 

abrogation of the AA inhibitory effect on CYP2E1 gene transcription relative to that monitored 
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in AA-treated cells (Fig. 7).  These results, in combination with the results obtained from Figures 

2 and 3, suggest that AA significantly inhibits CYP2E1 gene transcription and that both PI 3-

K/Akt/mTOR/p70S6K and PKC signaling pathways play a role in mediating this effect.  

 The effect of AA on CYP2E1 mRNA degradation was examined to explore the role of 

this process in the AA regulation of CYP2E1 mRNA levels (data not shown). The RNA 

synthesis inhibitor actinomycin D (10 µg/ml) was added to hepatocytes 12 h following treatment 

with medium alone (UT) or with AA, and cells were harvested following the addition of 

actinomycin D at various time intervals (0-10 h).  Interestingly, the CYP2E1 mRNA half-life 

slightly increased from ~24 h in untreated cells to ~32 h in AA-treated cells.  Thus, the decrease 

in CYP2E1 mRNA levels in response to AA is not a result of enhanced CYP2E1 mRNA 

degradation.   

 We examined the effects of AA and 3HB on CYP2E1 protein levels. Interestingly, our 

results show that AA (5 mM) following 24 h treatment, increased CYP2E1 protein levels by ~2-

fold, whereas 3HB (5 mM) was without effect, relative to untreated cells (not shown).  In 

addition, the time-course of AA on the expression of CYP2E1 protein was investigated.  As 

illustrated in Fig. 8, AA was without significant effect on CYP2E1 protein levels up to 6 h, 

whereas AA induced CYP2E1 protein expression by an ~1.3-, 2-, and 2.5-fold at 12 h, 24 h, and 

48 h, respectively, as compared to untreated hepatocytes (Fig. 8).  These data show that AA 

induces CYP2E1 protein levels and that this increase in protein levels parallels the time-course 

for the AA-mediated depletion of CYP2E1 mRNA.  Given the AA-mediated decrease in 

CYP2E1 gene transcription, this suggests that the existing cytoplasmic stores of CYP2E1 mRNA 

may be used in translation.   
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 Thus, the increase on CYP2E1 protein levels in response to AA could be associated with 

two molecular mechanisms: (A) an increase in the translation of the existing CYP2E1 mRNA, 

and/or (B) a decrease in the CYP2E1 protein degradation.   

Because the elevation of CYP2E1 protein following AA treatment at 24 h was clearly 

significant, we used this time-period for all subsequent experiments.  To address whether AA 

may actually increase the translation of CYP2E1 mRNA, we examined the effect of AA 

treatment on the polysomal distribution of CYP2E1 mRNA in primary cultured rat hepatocytes 

(Fig. 9).   AA treatment caused a shift in the polysomal distribution of CYP2E1 mRNA relative 

to untreated hepatocytes (Fig. 9A).  The proportion of RNA associated with the actively 

translated polysomal fractions (fractions 8 to 14) versus the 40S-60S untranslated stored 

fractions (fractions 3 to 7) was increased by ~40% in AA-treated hepatocytes relative to 

untreated cells (Fig. 9B).  These data suggest that the AA-mediated increase in CYP2E1 protein 

levels is due to, at least in part, an increase in the translation of CYP2E1 mRNA in primary 

cultured rat hepatocytes.   

We investigated the effect of AA on microsomal CYP2E1 protein degradation (Fig. 10).  

The protein synthesis inhibitor cycloheximide (10 µg/ml) was added to hepatocytes 12 h 

following treatment with AA or medium alone (UT) (Fig. 10).  Cells were then harvested 

following the cycloheximide addition every 4 h for 12 h, for a total period of 24 h following AA 

treatment (Fig. 10).  AA decreased the rate of microsomal CYP2E1 degradation compared to 

untreated cells with the half-life for AA-treated cells ~24 h compared to ~8 h monitored in 

untreated cells (Fig. 10).  Thus, the decreased CYP2E1 protein degradation in response to AA 

may also play a role in the AA-mediated induction of CYP2E1 protein levels.  Taken together, 
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the AA-mediated induction of CYP2E1 protein levels appears to be the result of enhanced 

CYP2E1 translation and decreased CYP2E1 protein degradation. 
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Discussion 

Hyperketonemia plays a role in the induction of CYP2E1 in diabetes (Dong et al., 1988) 

and in cellular oxidative stress (Jain et al., 2003; Abdelmegeed et al., 2004).  Previously, we 

showed that the addition of ketone bodies (AA or 3HB) to primary cultured rat hepatocytes was 

without effect on CYP2E1 mRNA or protein levels (Zangar and Novak, 1997).  However, the 

high concentration of insulin (1 µM) used in this study, was found to markedly lower CYP2E1 

mRNA and protein levels (Peng and Coon, 1998; Woodcroft and Novak., 1997; Woodcroft et al., 

2002).  Woodcroft et al., 2002 reported that AA, but not 3HB, significantly decreased CYP2E1 

mRNA in the absence of insulin. In this study, we showed that the presence of high 

concentrations of insulin completely abolish the AA-mediated inhibition of CYP2E1 mRNA 

levels in primary cultured rat hepatocytes.  However, cells treated with a diabetic concentration 

of insulin (0.1 nM) still exhibited a significant inhibition of CYP2E1 mRNA expression in 

response to AA.  Thus, the difference in the results between the two studies is associated with 

differences in the insulin concentrations in the media.  In order to examine the singular effects of 

ketone bodies on CYP2E1 mRNA and protein expression, and because the inhibition of CYP2E1 

mRNA by AA in the absence of insulin and in the presence of diabetic concentrations of insulin 

was comparable, we examined the effects of AA on CYP2E1 mRNA and protein in the absence 

of insulin.  

Our results show that the ketone body AA, but not 3HB, decreased CYP2E1 mRNA 

levels in a dose- and time-dependent manner.  Figure 11 presents an abbreviated diagram for AA 

activation of signaling pathways and components and the inhibitors which were used to assess 

the role of individual components in the pathway.  We have previously reported that AA 

produced oxidative stress via the Ras-Raf/MEK-ERK pathway and the p38 MAPK signaling 
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pathways (Abdelmegeed et al., 2004).  The present study focused on identification of the 

pathway and components which regulate CYP2E1 gene expression.  Akt regulates gene 

transcription, and through mTOR, regulates mRNA translation.  Both Akt and PKC have been 

shown to be active in the phosphorylation of transcription factors and to regulate their 

transcriptional activity.  The AA-mediated CYP2E1-mRNA inhibition is primarily due to 

inhibition of CYP2E1 gene transcription through PI 3-K/Akt/mTOR/p70S6K and PKC and, but 

not ERK1/2 or p38 MAPK signaling pathways.  We also provide evidence that AA activation of 

PKC is independent of the PI 3-K signaling pathway in this process.  The transcriptional 

regulation of CYP2E1 in response to AA has not been established.   The hepatocyte-specific 

transcription factor (HNF)-1α binding element at the 5’ end of CYP2E1 gene is the only well 

characterized element in the rat hepatic CYP2E1 gene (Liu and Gonzalez, 1995).  Elements 

upstream of the HNF-1α binding site have been reported to negatively regulate CYP2E1 gene 

transcription (Liu and Gonzalez, 1995).  Recently, Cheng et al. (2003) have suggested a possible 

role of the combined effects of HNF-1α, HNF-3ß, and HNF4α on the decreased DNA-binding 

activity, as well as the activation of negative regulatory factors such as nuclear factor kappa-B 

(NF-KB), in the rapid suppression of CYP2E1, CYP2C11, and CYP3A2 in the liver of rats 

treated with endotoxin.  In support of the idea that the regulation of CYP2E1 transcription 

appears to be complex, Abdel-Razzak et al. (2004) have determined an interleukin 4 (IL-4)-

responsive region in the CYP2E1 gene promoter in human hepatocytes.  The authors showed that 

the induction of CYP2E1 by IL-4 was not dependent on a single binding site, but rather on a 

complex region which includes putative binding sites for signal transducer and activator of 

transcription (STAT6), activator protein (AP)-1, NF-KB, nuclear factor of activated T cells 

(NFAT) and CCAAT enhancer binding protein (C/EBP) (Abdel-Razzak et al., 2004).  PI3-K and 
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PKC signaling pathways have previously been implicated in the inhibition of gene transcription, 

possibly through modulation of transcription factors (Nowak et al., 2005; Cheng et al., 2000).  In 

addition, PI3-K and PKC signaling pathways have been reported to regulate CYP2E1 gene 

transcription in response to insulin or IL-4 in primary cultured rat hepatocytes or HepG2 cells, 

respectively (Woodcroft et al., 2002; Abdel-Razzak et al., 2004).  Abdel-Razzak et al. (2004) 

suggested that there could exist a co-ordination between the transcription factors and targets of 

the PKC signaling pathway to regulate CYP2E1 gene transcription in HepG2 cells.  Although 

HepG2 responded to IL-4 (Abdel-Razzak et al., 2004), HepG2 cells are not the best model to 

examine CYP2E1 gene transcription, because they are tumor cells, and also lack basal or 

inducible CYP2E1 activity.  Thus, one possible mechanism is that these signaling kinases 

regulate the transcription factor and/or cofactors involved in cytochrome p450 gene transcription 

by phosphorylation.  Indeed, Guo et al. (2003) and Carriere et al. (2001) have reported that 

phosphorylation state plays a significant role in the transcriptional activity of HNF1α and 

HNF4α. 

 AA-treated cells exhibited a marked inhibition of transcription, with a slightly increased 

CYP2E1 mRNA half-life.  Evidence exists that the transcriptional and post-transcriptional events 

are linked through multifunctional proteins to ensure the efficient control of this multi-step 

process.  For example, it has been reported that the inhibition of CYP2A5 gene transcription 

resulted in relocalization of a heterogeneous nuclear ribonucleoprotein (hnRNP) A1, a 

multifunctional protein involved in various stages of mRNA metabolism, from the nucleus to the 

cytoplasm, binding to the CYP2A5 mRNA 3′UTR, and stabilizing the transcript, most likely by 

controlling the length of its poly (A) tail (Glisovic et al., 2003).  Although we did not find 
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potential hnRNP A1 binding sites in the proximal CYP2E1 promoter, we cannot exclude the 

presence of yet unidentified multifunctional protein (s), which can serve the same function.     

 The induction of CYP2E1 protein is not always accompanied by a corresponding increase 

in CYP2E1 mRNA levels.  Increased CYP2E1 protein levels in response to various nitrogen- and 

sulfur-containing heterocycles was accompanied by a decrease in poly (A) mRNA (Kim and 

Novak, 1993).  One possible explanation for the discrepancy between CYP2E1 mRNA and 

protein levels is that CYP2E1 is regulated at the post-transcriptional level.  Indeed, our results 

suggest that even though AA decreased CYP2E1 mRNA levels, AA, but not 3HB, induced 

CYP2E1 protein in a time-dependent manner in primary cultured rat hepatocytes.  Studies which 

utilized a series of 5′ and 3′ untranslated region constructs suggested a role for translational 

control in the regulation of CYP2E1 expression (Kocarek et al, 2000).   Cytosolic RNAs are 

retained in protein complexes, and some of them have been implicated in translational regulation 

(Wu and Bag, 1998).   It has been reported that PI3-K/Akt/mTOR and PKC signaling pathways 

might play a role in increased translational efficiency through these RNA complexes (Wu et al., 

2005; Angenstein et al., 2002).  Clearly, Akt plays a major role in the regulation of translation 

through eukaryotic initiation factor 4E (eIF4E)/ binding protein (4EBP1) (Shen et al., 2005).  

Thus, it is plausible that PI3-K and PKC signaling are involved in AA-mediated CYP2E1 mRNA 

translation. 

 Little is known about CYP2E1 protein degradation mechanism(s).  The decreased turn-

over of CYP2E1 protein seems to occur mainly through the interaction of the substrate with the 

protein, change its configuration and hence its identification by the proteosome, however, this is 

not always the case (Reviewed in Novak and Woodcroft, 2000).  PI3-K and PKC have been 

reported to play a role in protein stabilization (Zhou et al., 2004; Yamauchi et al., 2003).  
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Whether these signaling pathway(s) play a role in stabilizing CYP2E1 protein directly or through 

interaction with a third party protein(s) remains to be established.  Because CYP2E1 metabolism 

can result in formation of reactive metabolites, and CYP2E1 has been implicated in the 

generation of tissue-damaging hydroxyl radicals in diabetes and liver disease (Lieber et al., 2004; 

Leclercq et al., 2000), the AA-mediated increase in CYP2E1 protein levels in conjunction with 

the AA-induced oxidative stress (Abdelmegeed et al., 2004) represents a substantial risk factor 

for hepatic damage. 

The effects of the two major ketone bodies AA and 3HB on CYP2E1 mRNA and protein 

levels are distinct.  It has been suggested that the distinctive actions of AA compared to 3HB 

may be related to the presence of the 2-keto group in AA (Jain and McVie, 1999), although no 

clear understanding of the differences has been established. 

In summary, the present study shows that the AA-mediated decrease in CYP2E1 mRNA 

levels is due to the inhibition of CYP2E1 gene transcription in primary cultured rat hepatocytes 

through PI 3-K/Akt/mTOR/p70S6K and PKC signaling events while the AA-mediated increase 

in CYP2E1 protein levels is due to a concerted action of increased CYP2E1 translation and 

decreased protein degradation. These studies illustrate the complex mechanisms that regulate 

CYP2E1 gene expression in response to ketone bodies.  

 
 
 
 
 
 
 
 
 
 
 
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 27

 
Acknowledgments 
 
We thank Jennifer Ortwine for assistance with the graphics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 28

References 
 
Abdelmegeed MA, Kim SK, Woodcroft KJ, and Novak RF (2004) Acetoacetate activation of 

extracellular signal-regulated kinase 1/2 and p38 mitogen-activated protein kinase in 

primary cultured rat hepatocytes: role of oxidative stress. J Pharmacol Exp Ther 

310:728-736.  

Abdel-Razzak Z, Garlatti M, Aggerbeck M, and Barouki R (2004) Determination of interleukin-

4-responsive region in the human cytochrome P450 2E1 gene promoter. Biochem 

Pharmacol 68:1371-1381.  

Angenstein F, Evans AM, Settlage RE, Moran ST, Ling SC, Klintsova AY, and Shabanowitz J, 

Hunt DF, and Greenough WT (2002) A receptor for activated C kinase is part of 

messenger ribonucleoprotein complexes associated with polyA-mRNAs in neurons. J 

Neurosci 22:8827-8837.  

Asnaghi L, Bruno P, Priulla M, and Nicolin A (2004) mTOR: a protein kinase switching between 

life and death. Pharmacol Res 50:545-549. 

Barnett CR, Petrides L, Wilson J, Flatt PR, and Ioannides C (1992) Induction of rat hepatic 

mixed-function oxidases by acetone and other physiological ketones: their role in 

diabetes-induced changes in cytochrome P450 proteins. Xenobiotica 22:1441-1450. 

Campbell CS, Caperuto LC, Hirata AE, Araujo EP, Velloso LA, Saad MJ,  and Carvalho CR 

(2004) The phosphatidylinositol/AKT/atypical PKC pathway is involved in the improved 

insulin sensitivity by DHEA in muscle and liver of rats in vivo. Life Sci 76:57-70. 

Carriere V, Lacasa M, and Rousset M (2001) Activity of hepatocyte nuclear factor 1alpha and 

hepatocyte nuclear factor 1beta isoforms is differently affected by the inhibition of 

protein phosphatases 1/2A. Biochem J 354:301-308. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 29

Casazza JP, Felver ME, and Veech RL (1984) The metabolism of acetone in rat. J Biol Chem 

259: 231-236. 

Cheng KW, Ngan ES, Kang SK, Chow BK, and Leung PC (2000) Transcriptional down-

regulation of human gonadotropin-releasing hormone (GnRH) receptor gene by GnRH: 

role of protein kinase C and activating protein 1. Endocrinology 141:3611-3622. 

Cheng PY and Morgan ET (2001) Hepatic cytochrome P450 regulation in disease states. Curr 

Drug Metab 2:165-183. 

Cheng PY, Wang M, and Morgan ET (2003) Rapid transcriptional suppression of rat cytochrome 

P450 genes by endotoxin treatment and its inhibition by curcumin. 

J Pharmacol Exp Ther 307:1205-1212. 

 Dong ZG, Hong JY, Ma QA, Li DC, Bullock J, Gonzalez FJ, Park SS, Gelboin HV, and Yang 

CS (1988) Mechanism of induction of cytochrome P-450ac (P-450j) in chemically 

induced and spontaneously diabetic rats. Arch Biochem Biophys 263:29-35. 

Elferink CJ and Reiners JJ Jr. (1996) Quantitative RT-PCR on CYP1A1 heterogeneous nuclear 

RNA: a surrogate for the in vitro transcription run-on assay. Biotechniques 20:470-477. 

El-Serag HB, Tran T, and Everhart JE (2004) Diabetes increases the risk of chronic liver disease 

and hepatocellular carcinoma. Gastroenterology 126:460-468. 

Glisovic T, Soderberg M, Christian K, Lang M, and Raffalli-Mathieu F (2003) Interplay between 

transcriptional and post-transcriptional regulation of Cyp2a5 expression. Biochem 

Pharmacol 65:1653-1661. 

Guo H, Wei J, Inoue Y, Gonzalez FJ, and Kuo PC (2003) Serine/threonine phosphorylation 

regulates HNF-4alpha-dependent redox-mediated iNOS expression in hepatocytes. Am J 

Physiol Cell Physiol 284:C1090-C1099.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 30

Jain SK and McVie R (1999) Hyperketonemia can increase lipid peroxidation and lower 

glutathione levels in human erythrocytes in vitro and in type 1 diabetic patients. Diabetes 

48:1850-1855. 

Jain SK, Kannan K, Lim G, Matthews-Greer J, McVie R, and Bocchini JA Jr (2003) Elevated 

blood interleukin-6 levels in hyperketonemic type 1 diabetic patients and secretion by 

acetoacetate-treated cultured U937 monocytes. Diabetes Care 26: 2139-2143. 

Johannes G and Sarnow P (1998) Cap-independent polysomal association of natural mRNAs 

encoding c-myc, BiP, and eIF4G conferred by internal ribosome entry sites. RNA 4:1500-

1513. 

Jorquera R and Tanguay RM (2001) Fumarylacetoacetate, the metabolite accumulating in 

hereditary tyrosinemia, activates the ERK1/2 pathway and induces mitotic abnormalities 

and genomic instability. Hum Mol Genet 10:1741-1752. 

Kim SG and Novak RF (1993) The induction of cytochrome P4502E1 by nitrogen- and sulfur-

containing heterocycles: expression and molecular regulation. 

Toxicol Appl Pharmacol 120:257-265. 

Kim SG, Philpot RM, and Novak RF (1991) Pyridine effects on P450IIEI, IIB and IVB 

expression in rabbit liver: Characterization of high- and low-affinity pyridine N-

oxygenase. J Pharmacol Exp Ther 259:470-477. 

Kim SG, Shehin SE, States JC, and Novak RF (1990) Evidence for increased translational 

efficiency in the induction of P450IIE1 by solvents: analysis of P450IIE1 mRNA 

polyribosomal distribution. Biochem Biophys Res Commun 172:767-774. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 31

Kocarek TA, Zangar RC, and Novak RF (2000) Post-transcriptional regulation of rat CYP2E1 

expression: role of CYP2E1 mRNA untranslated regions in control of translational 

efficiency and message stability. Arch Biochem Biophys 376:180-190. 

Leclercq IA, Farrell GC, Field J, Bell DR, Gonzalez FJ, and Robertson GR (2000) CYP2E1 and 

CYP4A as microsomal catalysts of lipid peroxides in murine nonalcoholic steatohepatitis. 

J Clin Invest 105:1067-1075. 

Lieber CS, Leo MA, Mak KM, Xu Y, Cao Q, Ren C, Ponomarenko A, and DeCarli LM (2004) 

Model of nonalcoholic steatohepatitis. Am J Clin Nutr 79:502-509. 

Liu SY and Gonzalez FJ (1995) Role of the liver-enriched transcription factor HNF-1 alpha in 

expression of the CYP2E1 gene. DNA Cell Biol 14:285-93. 

Novak RF and Woodcroft KJ (2000) The alcohol-inducible form of cytochrome P450 (CYP 

2E1): role in toxicology and regulation of expression. Arch Pharm Res 23:267-282. 

Nowak M, Helleboid-Chapman A, Jakel H, Martin G, Duran-Sandoval D, Staels B, Rubin EM, 

Pennacchio LA, Taskinen MR, Fruchart-Najib J, and Fruchart JC (2005) Insulin-

mediated down-regulation of apolipoprotein A5 gene expression through the 

phosphatidylinositol 3-kinase pathway: role of upstream stimulatory factor. Mol Cell Biol 

25:1537-1548. 

Ronis MJ, Huang J, Crouch J, Mercado C, Irby D, Valentine CR, Lumpkin CK, Ingelman-

Sundberg M, and Badger TM (1993) Cytochrome P450 CYP 2E1 induction during 

chronic alcohol exposure occurs by a two-step mechanism associated with blood alcohol 

concentrations in rats. J Pharmacol Exp Ther 264:944-950. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 32

Shen WH, Boyle DW, Wisniowski P, Bade A, and Liechty EA (2005) Insulin and IGF-I 

stimulate the formation of the eukaryotic initiation factor 4F complex and protein 

synthesis in C2C12 myotubes independent of availability of external amino acids. J 

Endocrinol 185:275-289. 

Shimojo N (1994) Cytochrome P450 changes in rats with streptozocin-induced diabetes. 

 Int J Biochem 26:1261-1268. 

Woodcroft KJ and Novak RF (1997) Insulin effects on CYP2E1, 2B, 3A, and 4A expression in 

primary cultured rat hepatocytes. Chem Biol Interact 107:75-91. 

Woodcroft KJ and Novak RF (1999) The role of phosphatidylinositol 3-kinase, Src kinase, and 

protein kinase A signaling pathways in insulin and glucagon regulation of CYP2E1 

expression. Biochem Biophys Res Commun 266:304-307. 

Woodcroft KJ, Hafner MS, and Novak RF (2002) Insulin signaling in the transcriptional and 

posttranscriptional regulation. Hepatology 35:263-273. 

Wu J and Bag J (1998) Negative control of the poly(A)-binding protein mRNA translation is 

mediated by the adenine-rich region of its 5'-untranslated region. J Biol Chem 273:34535-

35342.  

Wu LX, La Rose J, Chen L, Neale C, Mak T, Okkenhaug K, Wange R, and Rottapel R (2005) 

CD28 regulates the translation of Bcl-xL via the phosphatidylinositol 3-

kinase/mammalian target of rapamycin pathway. J Immunol 174:180-194. 

Yamauchi Y, Hayashi M, Abe-Dohmae S, and Yokoyama S (2003) Apolipoprotein A-I activates 

protein kinase C alpha signaling to phosphorylate and stabilize ATP binding cassette 

transporter A1 for the high density lipoprotein assembly. J Biol Chem 278:47890-47897.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 33

 Zangar RC and Novak RF (1997) Effects of fatty acids and ketone bodies on cytochromes P450 

2B, 4A, and 2E1 expression in primary cultured rat hepatocytes. Arch Biochem Biophys 

337:217-224. 

Zangar RC, Woodcroft KJ, Kocarek TA, and Novak RF (1995) Xenobiotic-enhanced expression 

of cytochrome P450 2E1 and 2B1/2B2 in primary cultured rat hepatocytes. Drug Metab 

Dispos 23:681-687. 

Zhou J, Schmid T, Frank R, and Brune B (2004) PI3K/Akt is required for heat shock proteins to 

protect hypoxia-inducible factor 1alpha from pVHL-independent degradation. J Biol 

Chem 279:13506-13513. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 34

Footnotes  

 
This work is supported by National Institute of Health grant ES 03656 and by the Cell Culture 

and the Imaging and Cytometry Facility Cores of EHS Center, funded by grant P30 ES 06639 

from the National Institute of Environmental Health Sciences. 

 

Reprint requests to: 

Raymond F. Novak, Ph.D. 

Institute of Environmental Health Sciences 

Wayne State University 

2727 Second Avenue, Room 4000 

Detroit, MI 48201 

Phone: (313) 577-0100 

Fax: (313) 577-0082 

E-mail: r.novak@wayne.edu 

 

Sang K. Kim:  

College of Pharmacy and Research Center for Transgenic Cloned Pigs 

Chungnam National University 

Daejeon, 305-764, South Korea 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2005 as DOI: 10.1124/jpet.105.084608

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 84608 

 35

Legends for Figures 

Figure 1. The Effects of AA on CYP2E1 mRNA expression in the absence or presence of 

insulin.  Hepatocytes were treated with insulin (0 – 1 µM) in the absence or presence of 5 mM 

AA for 24 h.  Untreated hepatocytes (UT) were cultured in the absence of insulin or AA.  

CYP2E1 mRNA levels were monitored by Northern blot analysis and band density normalized 

to 7S RNA. CYP2E1 mRNA levels are plotted as a percentage of the CYP2E1 mRNA levels 

monitored in untreated hepatocytes.  Data are means ± SEM of Northern blot band densities of 3 

preparations of total RNA. *Significantly different from UT; ** Significantly different from 

corresponding hepatocytes treated with insulin only (P<0.05).   

 

Figure 2. Time-dependent effects of AA on CYP2E1 mRNA expression.  Hepatocytes were 

treated with AA (5 mM) for various time periods (3-48 h).  Untreated hepatocytes (UT) were 

cultured in the absence of AA.  CYP2E1 mRNA levels were monitored by Northern blot analysis 

and band density normalized to 7S RNA. CYP2E1 mRNA levels are plotted as a percentage of 

the CYP2E1 mRNA levels monitored in untreated hepatocytes.  Data are means ± SEM of 

Northern blot band densities of 3 preparations of total RNA. *Significantly different from UT 

(P<0.05).   

 

Figure 3. The effects of the PI 3-K inhibitors, LY294002 and wortmannin, and the mTOR 

inhibitor, rapamycin, on the AA-mediated decrease in CYP2E1 mRNA levels.  Hepatocytes 

were treated with the PI 3-K inhibitors, LY294002 (LY) (10-20 µM) or wortmannin (Wort) 

(100-500 nM) (A) or with the mTOR inhibitor, rapamycin (Rapa) (100-500 nM) (B) for 1.5 h 

before treatment with 5 mM AA for 24 h.  Untreated hepatocytes (UT) were cultured in the 
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absence of AA, PI 3-kinase inhibitors, and mTOR inhibitor.  CYP2E1 mRNA levels were 

monitored by Northern blot analysis and band density normalized to 7S RNA.  CYP2E1 mRNA 

levels are plotted as a percentage of the CYP2E1 mRNA levels monitored in untreated 

hepatocytes.  Data are means ± SEM of Northern blot band densities of 3 preparations of total 

RNA. *Significantly different from UT, ** significantly different from hepatocytes treated with 

AA only (P<0.05). 

 

Figure 4. The role of PI 3-K and mTOR in the activation of p70S6K by AA.  Hepatocytes 

were treated with the PI 3-K inhibitors, LY294002 (LY) (20 µM) or wortmannin (Wort) (500 

nM) (A) or with the mTOR inhibitor, rapamycin (Rapa) (500 nM) (B) for 1.5 h before treatment 

with 5 mM AA for 6 h, or with AA for various time intervals (3-24 h) (C).  Untreated 

hepatocytes (UT) were cultured in the absence of AA, PI 3-K inhibitors, and mTOR inhibitor.  

Phosphorylation of p70S6K was monitored by immuno-blot analysis and band density 

normalized to total p70S6K.  Data are means ± range of phospho-p70S6K band densities from 

two preparations of cell lysate.   

 

Figure 5. The role of PI 3-K in the activation of PKC by AA.  Hepatocytes were treated with 

the PKC inhibitor, bisindolylmaleimide (Bis) (10 µM) (A) or with the PI 3-K inhibitors, 

LY294002 (LY) (20 µM) or wortmannin (Wort) (500 nM) (B) for 1.5 h before treatment with 5 

mM AA for 6 h, or with AA for various time intervals (3-24 h) (C).  Untreated hepatocytes (UT) 

were cultured in the absence of AA, PKC inhibitor, and PI 3-K inhibitors. Phosphorylation of 

PKC was monitored by immuno-blot analysis and band density normalized to GAPDH.  Data are 

means ± range of phospho-PKC band densities from two preparations of cell lysate.   
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Figure 6. The effect of the PKC inhibitor, bisindolylmaleimide (Bis), on the AA-mediated 

decrease in CYP2E1 mRNA levels.  Hepatocytes were treated with the PKC inhibitor, 

bisindolylmaleimide (5-10 µM) for 1.5 h before treatment with 5 mM AA for 24 h.  Untreated 

hepatocytes (UT) were cultured in the absence of AA and PKC inhibitor. CYP2E1 mRNA levels 

were monitored by Northern blot analysis and band density normalized to 7S RNA. CYP2E1 

mRNA levels are plotted as a percentage of the CYP2E1 mRNA levels monitored in untreated 

hepatocytes.  Data are means ± SEM of Northern blot band densities of 3 preparations of total 

RNA. *Significantly different from UT, ** significantly different from hepatocytes treated with 

AA only (P<0.05). 

 

Figure 7. The effect of AA on CYP2E1 gene transcription.  Hepatocytes were treated with PI 

3-K inhibitors, LY294002 (LY) (10-20 µM) or Wortmannin (Wort) (100-500 nM), or the PKC 

inhibitor, bisindolylmaleimide (Bis) (10 µM), for 1.5 h before treatment for 24 h with 5 mM AA.  

Untreated hepatocytes (UT) were cultured in the absence of AA, PI-3 kinase inhibitors, and the 

PKC inhibitor.  CYP2E1 gene transcription was monitored by hnRNA analysis and band density 

normalized to the 370 bp CYP2E1 internal standard. CYP2E1 hnRNA levels are plotted as a 

percentage of the CYP2E1 hnRNA levels monitored in untreated hepatocytes.  Data are means ± 

SEM of band densities of 2 or 3 preparations of total RNA. *Significantly different from UT, ** 

significantly different from hepatocytes treated with AA only (P<0.05).  

 

 Figure 8. AA effect on CYP2E1 protein expression.  Hepatocytes were treated with AA (5 

mM) for various time periods (3-48 h). Untreated hepatocytes (UT) were cultured in the absence 

of AA. Microsomes were isolated and CYP2E1 protein levels were monitored by immuno-blot 
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analysis.  CYP2E1 protein levels are plotted as a percentage of the CYP2E1 protein levels 

monitored in untreated hepatocytes.  Data are means ± SEM of Western blot band densities of 3 

preparations of microsomes. *Significantly different from UT (P<0.05). 

 

Figure 9. The effect of AA on polyribosomal distribution of CYP2E1 mRNA.  Hepatocytes 

were either untreated (UT) or treated with AA (5 mM) for 24 h.  (A) Representative 

autoradiograph showing polyribosomal distributions of CYP2E1 mRNA following fractionation 

on sucrose density gradients, as monitored by Northern blot analysis.  (B) Ratio of CYP2E1 

mRNA associated with polysomal fractions (fractions 8 to 14) relative to that associated with 

40S-60S untranslated fractions (fractions 3 to 7).  The data presented in panels B represent the 

mean values monitored in two separate experiments. 

 

Figure 10. The effect of AA on CYP2E1 protein degradation.  Hepatocytes were either 

treated with medium alone (UT) (●) or AA (5 mM) (■).  Cycloheximide (10 µg/ml) was added to 

the two groups of hepatocytes (UT and AA), 12 h following the treatment of cells without 

change of medium. Microsomes were isolated at various time intervals (0-12 h) following 

cycloheximide addition. CYP2E1 protein levels were monitored by Western blot analysis.  

CYP2E1 protein levels are plotted as a fraction of beginning (t = 0) CYP2E1 protein levels for 

each treatment. Data are means ± SEM of Western blot band densities of 3 preparations. 

 

Figure 11.  An abbreviated diagram showing AA activation of intracellular signaling 

pathways and components in primary cultured rat hepatocytes and effects of inhibitors on 

the signal components.  AA may either bind to, or activate, a receptor of the large receptor 
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tyrosine kinase family, or other membrane protein(s) which activate the intracellular signaling 

cascade. 
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* Significantly different than levels monitored in UT, P < 0.05. 

Table 1. Effect of PD98059 (PD) and SB203580 
(SB ) on AA-mediated decrease in CYP2E1 
mRNA levels. Forty-eight hours after plating, 
hepatocytes were treated with PD (50-100 µM) or 
SB (10-20 µM) for 1.5 h before treatment for 24 h 
with 5 mM AA. Untreated hepatocytes (UT) were 
cultured in the absence of AA and PD and SB 
compounds. CYP2E1 mRNA levels were 
monitored by Northern blot analysis and band 
density normalized to 7S RNA. CYP2E1 mRNA 
levels are plotted as a percentage of the CYP2E1 
mRNA levels monitored in untreated hepatocytes. 
Data are means ± SEM of Northern blot band 
densities of 3 preparations of total RNA. 

73 ± 1.1*20 SB

34 ± 1.3*5 AA/20 SB

37 ± 2.2*5 AA/10 SB

80 ± 1.5*100 PD

39 ± 4.1*5 AA/100 PD

54 ± 1.4*5 AA/50 PD

55 ± 2.1*AA

100 ± 4.2UT

CYP2E1 mRNA Levels 
(% of UT)
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