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ABSTRACT 

Bernard B. Brodie’s laboratory was the first to examine the mechanisms of drug-induced toxicity 

at the molecular level. They found that acetaminophen hepatotoxicity was due to the metabolic 

activation of the drug to a highly reactive toxic metabolite that depleted cellular glutathione and 

covalently bound to protein. Subsequent studies revealed that activation of acetaminophen to an 

active metabolite is primarily carried out by CYP2E1, an ethanol-inducible cytochrome P450 

that was first suggested by characterization of the microsomal ethanol oxidation system (MEOS). 

CYP2E1 is developmentally regulated, under liver-specific control and undergoes substrate-

induced protein stabilization. It is also regulated by starvation and diabetes through insulin-

dependent mRNA stabilization. In addition to acetaminophen, CYP2E1 metabolically activates a 

large number of low Mr toxicants and carcinogens and thus is of great toxicological importance. 

The mechanism of regulation CYP2E1 and its role in acetaminophen toxicity will be discussed. 
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I am delighted and honored to be a recipient of the Bernard B. Brodie award. Like Brodie, I have 

spent my career at the National Institutes of Health.  Other than our mutual interest in xenobiotic 

metabolism, the similarities end.  Brodie was a pioneer in drug metabolism and toxicity and the 

concepts he generated during the course of his career are still of major importance in the 

development and use of drugs, and in the fields of dietary and environmental toxicology. Brodie 

led the transition of the field of classical physiological-based pharmacology into biochemical 

pharmacology where mechanism of drug action and toxicity could be determined. In particular, 

he noted that drug-induced toxicities can be due to dose-dependent production of highly reactive 

and unstable intermediates that covalently bind to cellular macromolecules. These concepts laid 

the foundations for subsequent studies including the enzymology, purification and cloning of 

drug metabolizing enzymes and more recently the production of genetically modified mice that 

were used to reveal the in vivo role of P450s and other drug-metabolizing enzymes in chemical 

toxicities.  Among the most important P450s involved in chemical toxicities is CYP2E1.   

 

Ethanol-inducible CYP2E1 

 

CYP2E1 has been extensively studied for many years due to its relevance to chemical toxicity 

and carcinogenicity.  It is also conserved in mammals; while there are a number of single 

nucleotide polymorphisms (SNPs) in the CYP2E1 gene, there are no known polymorphisms that 

are the result of inactive CYP2E1 genes in humans or any animal models and there are no large 

differences in catalytic activity between humans, rabbits, rats and mice.  This suggests that 

CYP2E1 has an important function in mammals.  

 

The microsomal ethanol oxidation system and CYP2E1.  The finding that microsomal 

membrane fractions are capable of catalyzing the oxidation of ethanol, designated the 

microsomal ethanol-oxidizing system (MEOS), was the first indication of the presence of an 

ethanol oxidizing P450 since it was membrane-bound, required NADPH and was inhibited by 

CO, properties that are distinct from those of alcohol dehydrogenase (Lieber et al., 1970).  This 

study also found that ethanol administration to rats resulted in marked induction of the MEOS 

activity and was associated with enhanced ethanol clearance that was not blocked by pyrazole, 

an inhibitor of alcohol dehydrogenase.  This paper was a major advance in the alcohol field with 
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substantial clinical implications that would increase upon characterization of the P450, CYP2E1, 

which is responsible, in large part, for MEOS activity. 

 

An ethanol-induced P450 capable of ethanol oxidation was first purified from rabbits (Koop et 

al., 1982).  This enzyme was shown to be unique from other previously purified P450s by N-

terminal sequencing of the protein.  The rat ortholog was subsequently isolated and found to 

have high catalytic activity toward aniline p-hydroxylation (Ryan et al., 1985) and N-

nitrosomethylethylamine N-demethylation (Patten et al., 1986) and to be inducible by ethanol 

(Ryan et al., 1986) and acetone (Patten et al., 1986). Subsequent studies using purified and 

recombinant P450 revealed that CYP2E1 metabolizes a large number of low Mr chemicals 

including acetaldehyde, acetaminophen, acrylamide, aniline, benzene, butanol, carbon 

tetrachloride, diethyl ether, dimethyl sulfoxide, ethyl carbamate, ethylene chloride, halothane, 

glycerol, ethylene glycol, N-nitrosodimethylamine, 4-nitrophenol, pyrazole, pyridine, and vinyl 

chloride, many of which are of low Mr and cancer suspect agents used as solvents (Guengerich 

et al., 1991).  Thus, CYP2E1 is of enormous toxicological and carcinogenic importance.  

 

A later study revealed that CYP2E1 was capable of carrying out the oxidation of acetone, a 

product of fatty acid oxidation, to acetol, and acetol to 1,2-propanediol in a pathway that leads to 

the production of glucose termed the propane diol pathway of gluconeogenesis (Koop and 

Casazza, 1985). This suggested an important physiological function for CYP2E1 in a secondary 

pathway of gluconeogenesis. These results also explain the marked induction of CYP2E1 seen in 

fasted and diabetic rats since both conditions result in an increase in serum acetone that could 

serve to stabilize the enzyme (see below).  

 

Cloning of the CYP2E1 cDNA and gene.  A polyclonal antibody against CYP2E1 was used to 

clone the rat and human CYP2E1 cDNAs by screening λ phage expression libraries in which 

specific clones express fragments of the P450 protein that are captured on filters (Song et al., 

1986).  The DNA-derived protein sequence further established CYP2E1 as a distinct member of 

a new CYP2 subfamily.  Unlike other CYP2 genes in which there are up to five multiple closely 

related members that duplicated and diverged from a common ancestor, CYP2E1 is the only 

member of the CYP2 subfamily in humans, rats and mice, although rabbits have a second P450, 
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CYP2E2. CYP2E1 as also found to be constitutively expressed in liver and developmentally 

regulated in this tissue; its expression in liver is markedly elevated within one day after birth 

(Song et al., 1986).  To this date, the mechanism of this rapid developmental activation of 

CYP2E1 gene expression has not been established.  The induction of CYP2E1 by various agents 

such as pyrazole, 4-methylpyrazole, and acetone, as shown by other investigators, was found to 

be through a posttranscriptional mechanism as there was no concomitant induction of mRNA 

with protein (Song et al., 1986).  The rat and human CYP2E1 genes were subsequently cloned 

and sequenced revealing the presence of 9 exons typical of all CYP2 family genes (Umeno et al., 

1988a; Umeno et al., 1988b). 

 

Control of Cyp2e1 transcription.  Studies using in vitro transcription extracts suggested the 

existence of factors that control developmental activation of rat CYP2E1 gene transcription and 

the location of transcription factor binding sites (Ueno and Gonzalez, 1990) in the promoter of 

this gene.  Later experimentation established that the mouse Cyp2e1 and rat and human CYP2E1 

genes are under control of the liver enriched homeodomian-containing transcription factor, 

hepatocyte nuclear factor 1α  (Hnf1α) (Akiyama and Gonzalez, 2003).  This was determined by 

in vitro transactivation transfection studies using reporter gene constructs (Liu and Gonzalez, 

1995) and by Hnf1α-null mice in which the Cyp2e1 gene was downregulated in the absence of 

Hnf1α (Cheung et al., 2003).  Control by Hnf1α accounts in large part for the liver-specific 

expression of the Cyp2e1 gene.  However, recent studies have revealed that control of Cyp2e1 

expression in mice is not solely dependent on Hnf1α expression.  For example, liver-specific 

disruption of the β-catenin gene in mice revealed almost complete loss of CYP2E1 mRNA in 

liver where expression of Hnf1α was not affected (Sekine et al., 2006).  This finding suggests 

another mode of control of Cyp2e1 that overrides the presence of Hnf1α.  Among the 

possibilities is the potential influence of β-catenin on a transcriptional coactivator required for 

Cyp2e1 activation by Hnf1α or a micro RNA that destabilizes the CYP2E1 mRNA or alters its 

translation.  Others observed an effect of leptin on constitutive levels of CYP2E1 mRNA in 

ob/ob mice albeit Hnf1α expression was not determined (Leclercq et al., 2000b). 
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Substrate-induced stabilization of CYP2E1.  As noted above, CYP2E1 protein and activity are 

induced by acetone, ethanol and pyrazole, all of which are substrates for the enzyme.  Induction 

proceeds via a posttranscriptional mechanism of protein stabilization as revealed by in vivo 

labeling of proteins with 14C sodium bicarbonate in rats treated with acetone, according to the 

experimental scheme shown in Figure 1A.  In this experiment, each rat is administered 1 mCi of 

isotope followed by immunopurification and counting the radioactivity in CYP2E1 protein 

excised from polyacrylamide gels (Song et al., 1989).  In untreated animals, CYP2E1 exhibits 

biphasic turnover with t1/2 of 7h and 32h; when rats are administered acetone in the drinking 

water, the 7h component is lost (Figure 1B) thus accounting for the increase in microsomal 

content of CYP2E1.  These data suggest that the protein is stabilized by the presence of the 

substrate as a result of loss of the rapid turnover component. However, in contrast, others found 

that electron transfer actually increases proteosomal degradation of CYP2E1 (Goasduff and 

Cederbaum, 1999; Zhukov and Ingelman-Sundberg, 1999). These studies were done using 

cultures cell lines that do not have the extensive endoplasmic reticulum (ER) network found in 

haptocytes.  

 

Two pathways, the lysosomal pathway and the proteosome pathway can participate in the 

degradation of membrane proteins (Correia et al., 2005).  Membrane proteins in particular are 

degraded by the lysosomes through fusion of ER with lysosomal membranes, a process that is 

slower that the proteosome pathway.  Indeed, it has been shown in cell lines that CYP2E1 

degradation can occur via a ubiquitin-independent proteosomal pathway (Goasduff and 

Cederbaum, 1999; Huan et al., 2004). In the context of the established biphasic nature of 

CYP2E1 turnover found in vivo, it is tempting to speculate that, in the presence of substrate, 

CYP2E1 may not be subject to the more rapid phase of turnover via proteosomes due either to 

preferential sequestration of the enzyme in certain regions of the ER or to altered conformation 

of the protein as a result of substrate binding, or a combination of both.  The lysosomal pathway 

would continue function in the presence of substrate.  The trigger for degradation via this latter 

pathway is not known but could be a phosphorylation event (Oesch-Bartlmowicz and Oesch, 

2004) or altered folding of the protein.  In any case, additional experimentation is required to 

establish a role for the proteosome pathway in CYP2E1 substrate-induced stabilization especially 

in view of studies in cultured cells that do not support this hypothesis and sugget that substrate 
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and catalytic activity would increase proteosomal degradation (Goasduff and Cederbaum, 1999; 

Zhukov and Ingelman-Sundberg, 1999). It should also be noted that substrate-induced 

stabilization has not been demonstrated for other P450s, but it would not be surprising if this 

mechanism is more common than previously thought.  In order to achieve significant P450 

stabilization, long term in vivo exposure to the substrate would be required, a condition that 

could be achieved with chronic drug treatment.  

 

Stabilization of CYP2E1 mRNA.  When rats are made diabetic by destruction of pancreatic 

islet cells with streptozotocin, a DNA alkylating agent specifically taken up by pancreatic β cells, 

CYP2E1 protein and mRNA are highly induced (Song et al., 1987).  This is in contrast to 

acetone- or pyrazole-treated animals in which only the protein is induced by the protein 

stabilization mechanism discussed above.  The increased mRNA is not accompanied by an 

enhanced rate of transcription of the CYP2E1 gene suggesting that the CYP2E1 mRNA is 

stabilized.  Since diabetes is associated with high serum levels of ketone bodies, substrates for 

CYP2E1, the increase in protein may be due in large part to protein stabilization. The 

stabilization of the CYP2E1 mRNA that is reversed by insulin (Woodcroft et al., 2002), is less 

well understood.  Recent studies revealed the presence of a 16 nt sequence in the 5’region of the 

CYP2E1 mRNA that responsible for insulin-mediated destabilization of the mRNA (Truong et 

al., 2005).  This sequence bound a 60 kDa cytosolic protein, however, the identity of this protein 

and the mechanism by which it is activated by insulin and destabilizes the CYP2E1 mRNA are 

not known.  The induction of CYP2E1 through mRNA and protein stabilization is an ideal 

mechanism for increasing CYP2E1 activity since it would require less energy than activation of 

transcription, an important consideration under conditions of starvation and glucose deprivation. 

More recently, others provided evidence using cultures of rat hepatocytes, that both 

posttranscriptional and transcription events mediate the induction of CYP2E1 by diabetes 

(Woodcroft et al., 2002). Transcriptional activity was assessed by analysis of heterogenous 

nuclear RNA. It also cannot be ruled out that the PPARα coactivator 1α (PGC1α), which is 

induced under glucose deprivation (Lin et al., 2005), potentiates CYP2E1 transcription.    

 

The Cyp2e1-null mouse.  There was a priori evidence that CYP2E1 has an important role in 

mammals.  It is constitutively expressed in liver and participates in gluconeogenesis.  The 
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enzyme and its activities are conserved in human and other experimental animals such as rabbits, 

rats and mice. In addition, there is no functional polymorphism in humans or any animal model 

that substantially alters expression or catalytic activity of CYP2E1. Thus, it was anticipated that 

any important function for this P450 would be evident by phenotypes obtained from Cyp2e1 

gene knockout mice.  Quite surprisingly, the Cyp2e1-null mouse was not different from its wild-

type counterpart (Lee et al., 1996).  These mice had no apparent phenotypes suggestive of a role 

for CYP2E1 in development or physiological homeostasis.  However, this animal model has 

been of great value in determining the role of CYP2E1 in chemical toxicity and carcinogenicity.  

 

Role of CYP2E1 in chemical carcinogenesis.  Azoxymethane (AOM) is a colon specific 

carcinogen that is metabolically activated by CYP2E1 to methylazoxymethanol (MAM) (Sohn et 

al., 1991) (Figure 2A).  The level of 7-methylguanine (Figure 2B) and O6-methylguanine adducts 

in colon and other extrahepatic tissues were lower in Cyp2e1-null mice as compared to wild-type 

treated with AOM (Sohn et al., 2001).  In contrast, colon DNA adducts were increased in 

Cyp2e1-null when the stable MAM derivative MAMAc was administered; the reason for this 

increase is not known but could be due to lack of hepatic metabolism.  In extrahepatic tissues, 

including colon, non-P450 enzymes such as alcohol dehydrogenase (ADH) can activate MAM.  

Colonic aberrant crypt foci (ACF), precursors to colon polyps, were also lower in the null mice 

treated with AOM, in agreement with the DNA adduct data (Figure 2B).  This study revealed an 

important role for CYP2E1 in AOM activation and colon carcinogenesis.  Most interestingly, 

CYP2E1, a highly liver-enriched enzyme, is not significantly expressed in the colon.  These data 

suggest that MAM, produced in the liver, is transported to the colon where it is further converted 

to the methyldiazonium alkylating agent responsible for producing the DNA adducts which are 

likely precursors of the colon polyps.  Indeed, it is known that MAM is stable with a half-life of 

about 12 h.  This study reveals the importance of organotropism as implied by the transport of 

MAM from the liver to the colon, in AOM carcinogenesis.  In addition, this is one of the few 

examples where levels of DNA adducts are correlated with cellular responses, in this case, the 

production of ACF. 

 

Role of CYP2E1 in alcohol-induced liver disease.  It was suggested that CYP2E1 may play a 

role in alcohol-induced liver damage (Lieber, 1999). During ethanol oxidation, CYP2E1, as a 
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result of uncoupling of oxygen consumption with NADPH oxidation, produces O2
-● and H2O2 

that can deplete glutathione and cause cellular damage. In the presence of iron catalysts, these 

reactive oxygen species (ROS) can produce powerful oxidants such as the hydroxyl radical 

(Gonzalez, 2005; Cederbaum, 2006). ROS can also result in elevated lipid peroxides that can 

form adducts with cellular nucleophiles such as proteins and nucleic acids resulting in cell 

damage. Indeed, a number of studies using cultured cells have established the importance of 

CYP2E1 in oxidative stress (Cederbaum, 2006). In human hepatoma-derivedHepG2 cells 

overexpressing CYP2E1, there is an elevation in oxidative stress, as revealed by depletion of 

glutathione and activation of the p38 MAP kinase pathway and induction of the transcription 

factor Nrf2 (Gong and Cederbaum, 2006). There is also evidence that ethanol oxidation by 

CYP2E1 can produce elevated oxidative stress and liver damage in vivo. Correlative analysis 

revealed that CYP2E1 is expressed in the perivenular zone where liver damage is noted in 

alcohol-induced cirrhosis (Lieber, 1999). Alcohol-treated wild-type mice exhibited an increase in 

oxidative DNA damage and an induction of base excision DNA repair genes; this response was 

not found in similarly treated Cyp2e1-null mice, thus suggesting a role for CYP2E1 in ethanol-

induced liver damage (Bradford et al., 2005).  However, another study found no significant 

differences in several end points of ethanol-induced liver damage, such as steatosis, 

inflammation, and necrosis between wild-type and Cyp2e1-null mice (Kono et al., 1999).  Thus, 

while subtle differences in DNA damage may occur as a result of CYP2E1 metabolism of 

ethanol, it may be of little consequence to liver toxicity.  This is not surprising, since the liver 

has several mechanisms to protect against increased ROS such as the enzymes that scavenge 

radicals, superoxide dismutase, catalase, glutathione peroxidase, and induction of target genes 

under control of Nrf2 such as NADPH-quinone oxidoreductase 1. However, it should be 

recognized, that alcohol-induced liver damage in humans may differ from that in mice and other 

rodent models due to species difference in liver architecture, non-parenchymal cell populations, 

and other mediators and modifiers of ROS and stress and thus a potential role for CYP2E1 in 

humans cannot be ruled out. 

 

Nonalcoholic steatohepatitis (NASH) induced by treating animals with a methionine- and 

choline-deficient (MCD) diet yields similar liver damage as alcoholic liver disease.  Similar to 

ethanol treatment, CYP2E1 deficiency did not influence the development of NASH nor 
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abrogated the increased microsomal NADPH-dependent lipid peroxidation, one of the mediators 

of cellular destruction (Leclercq et al., 2000a).  However, quite surprisingly, CYP4A10 and 

CYP4A14 were upregulated in the NASH model, possibly due to the production of endogenous 

ligands for the peroxisome proliferators-activated receptor α (PPARα).  Both of these P450s 

were associated with the production of lipid peroxides.  This study again demonstrates that 

CYP2E1 alone may not be of major consequence in alcohol-induced liver damage and that other 

P450s should be considered. 

 

In spite of a potential modest effect on liver toxicity induced by alcohol consumption, a recent 

study revealed that in ethanol-treated mice, CYP2E1 does have an impact on the central nervous 

system where CYP2E1 is expressed albeit at considerably lower levels than in liver (Joshi and 

Tyndale, 2006).  Cyp2e1-null mice had longer ethanol-induced sleep times, especially at higher 

ethanol doses, than wild-type mice suggesting an influence of CYP2E1 in the brain (Vasiliou et 

al., 2006). CYP2E1 status did not significantly influence the clearance of ethanol, however, the 

product of ethanol oxidation, acetaldehyde, was lower in Cyp2e1-null compared to wild-type 

mice.  While it is still not certain whether the hepatic or brain CYP2E1 mediates the CNS 

effects, this study suggested that CYP2E1 might have a more important impact on the brain 

under conditions of chronic alcohol exposure than on the liver. 

 

Acetaminophen (APAP) hepatotoxicity.  

 

APAP overdose is a common cause of drug-induced hepatotoxicity and ranks 1st in acute liver 

failure in the U.S. (Ostapowicz et al., 2002).  APAP-induced acute toxicity is a clinically 

important model of drug-induced liver injury. Increased formation of the reactive intermediate 

metabolite N-acetyl-p-benzoquinone-imine (NAPQI) and depletion of cellular glutathione have 

been proposed as the major reasons for the hepatotoxicity of APAP overdose (Hinson et al., 

2004).  Hallmark events after APAP overdosing have been characterized as metabolic 

bioactivation, covalent binding of NAPQI to proteins, glutathione depletion and hepatic necrosis 

(James et al., 2003a), however, the ultimate cellular events that lead to cell death are still not 

well understood.  Among the first comprehensive studies on the mechanism of APAP 
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hepatotoxicity was conducted by Bernard Brodie’s laboratory and reviewed in the first issue of 

Drug Metabolism and Disposition (Mitchell et al., 1973a).  

 

Studies of Bernard B. Brodie’s laboratory.  Brodie’s contributions to the field of drug 

metabolism and toxicity were enormous as detailed in a review written by some of his former 

coworkers (Costa et al., 1989).  With Axelrod, he found that phenacetin, a widely used analgesic 

and antipyretic agent, was converted to the biologically active metabolite APAP in the liver, 

which was responsible for its therapeutic efficacy (Brodie and Axelrod, 1949) which is thought 

to be due to inhibition of prostaglandin H synthase (PGHS) 1 and 2 in endothelial cells and 

neurons. Under conditions of high hepatic APAP concentrations, metabolism can result in 

hepatotoxicity, which is frequently fatal.  Among the last series of studies published by the 

Brodie group, were four concurrent papers in J. Pharmacol. Exp. Ther., that dealt with the 

mechanism of hepatotoxicity of acetaminophen (Jollow et al., 1973; Mitchell et al., 1973b; 

Mitchell et al., 1973c; Potter et al., 1973).  These studies revealed that APAP was metabolically 

activated to a reactive metabolite(s) that covalently bound to protein and depleted glutathione 

(GSH); the later finding led to the use of N-acetylcysteine as an antidote for APAP poisoning.  

Among the many seminal findings was that treatment with phenobarbital, a P450 inducer, 

enhances APAP hepatotoxicity (Mitchell et al., 1973c). 

 

APAP is metabolized by direct conjugation of the parent compound by sulfotransferase and 

UDP-glucuronosyltransferase, and conversion by P450 oxidation to the reactive intermediate 

metabolite NAPQI as shown in Figure 3 (Hinson et al., 2004).  The conjugation reactions are in 

competition with the P450 oxidation. NAPQI can then either bind to cellular nucleophiles or be 

inactivated by conjugation with glutathione by the activity of glutathione S-transferase.  In 

extrahepatic tissues, APAP can be oxidized to a reactive intermediate by PGHS.  While the 

mechanism of APAP induced cytotoxicity has been the subject of intense research for many 

years, it has become clear that P450 production of NAPQI is the initial event. 

 

Role of CYP2E1 in APAP toxicity.  CYP2E1 was found to activate APAP to NAPQI that is 

measured as a GSH conjugate due to the instability of NAPQI (Morgan et al., 1983; Raucy et al., 

1989).  This involvement of CYP2E1 is in agreement with earlier findings where alcohol was 
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found to potentiate fatal APAP hepatotoxicity in rats (McClain et al., 1980) and in humans as 

revealed by use of the CYP2E1 inhibitor disulfiram that resulted in decreased the clearance of 

APAP (Manyike et al., 2000).  To investigate the role of CYP2E1 in APAP hepatotoxicity, wild-

type and Cyp2e1-null mice were administered APAP.  Cyp2e1-null mice were markedly resistant 

to lethal APAP toxicity (Lee et al., 1996), and double null mice lacking both CYP1A2 and 

CYP2E1 were almost totally resistant to toxicity (Figure 4A). The single mouse in the double 

null group exhibited normal liver pathology but had evidence of kidney toxicity.  Both Cyp2e1- 

and Cyp1a2 and Cyp2e1-double null mice also had no detectable APAP protein adducts and a 

lower extent of GSH depletion (Zaher et al., 1998).  In order to determine how the human 

CYP2E1 influences APAP-induced hepatotoxicity, the human CYP2E1 gene was introduced as a 

bacterial artificial chromosome genomic clone into Cyp2e1-null mice (Cheung et al., 2005).  The 

CYP2E1-humanized mice were actually less sensitive to APAP than wild-type mice  (Figure 4B) 

indicating a potential species difference in the extent of activation of APAP by CYP2E1. 

 

In addition to CYP2E1 and CYP1A2, as noted above, the CYP3A P450s have been implicated in 

the formation of NAPQI in human liver microsomes.  However, the role of human CYP3A4, the 

most abundant P450 in human liver, in APAP hepatotoxicity is unclear.  Pregnenolone 16α-

carbonitrile (PCN), a rodent-specific pregnane X receptor (PXR) ligand that induces CYP3A 

P450s, significantly enhanced APAP hepatotoxicity in mice (Guo et al., 2004).  Phenytoin, a 

widely used anticonvulsant that can induce CYP2C and CYP3A P450s, but not CYP2E1, also 

potentiated of APAP hepatotoxicity (Brackett and Bloch, 2000).  Pretreatment with ethanol 

increases acetaminophen hepatotoxicity in Cyp2e1-null mice (Sinclair et al., 2000), and 

induction of CYP3A by ethanol was confirmed both in vitro and in vivo (Feierman et al., 2003; 

Liangpunsakul et al., 2005).  Thus, while most evidence suggest that CYP2E1 is the major P450 

responsible for APAP hepatotoxicity, other P450s may also contribute depending on the 

circumstances. 

 

In addition to the P450s, glutathione S-transferase (GST) also influences the sensitivity of 

animals to APAP toxicity. Brodie and colleagues were the first to note that significant protein 

binding did not occur until more than 60% of APAP was eliminated from the liver and attributed 

this observation to glutathione depletion (Mitchell et al., 1973a). To investigate the role of GST 
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in sensitivity to APAP, GstP1-null mice were analyzed. However, surprisingly, mice that lack 

GST-Pi are actually resistant to APAP hepatotoxicity (Henderson et al., 2000).  This result is 

counterintuitive to the role of GST in NAPQI conjugation, however, it was suggest that this form 

of GST does not carry out direct conjugation of the metabolite. Instead, it may serve to modulate 

GSH levels since in GstP1-null mice, GSH levels depleted by APAP metabolism rapidly 

recover. The mechanism by which GST-Pi modulates GSH levels are not known but several 

possibilities including its potential role in redox cycling have been discussed (Henderson et al., 

2000).  

 

Activation of the nuclear receptor constitutive androstane receptor (CAR) increased the 

sensitivity of mice to phenobarbital (Zhang et al., 2002) in agreement with the earlier studies 

from the Brodie laboratory (Mitchell et al., 1973c).  Since GstP1 is a CAR target gene, its 

induction may be the means by which phenobarbital increases the sensitivity to APAP toxicity.  

CAR also induced the CYP2B P450s that can metabolize APAP to NAPQI. It was suggested that 

the involvement of CAR could be used as a therapeutic approach to APAP poisoning since 

androstanedione, a CAR inhibitor was found to prevent toxicity (Zhang et al., 2002). 

 

Mechanism of APAP-induced hepatotoxicity. 

 

The mechanism by which APAP and its electrophilic derivative NAPQI cause cell death has 

been the subject of intense investigation (Hinson et al., 2004). Among the critical events are 

production of protein adducts, increases of superoxide that upon reacting with nitric oxide, 

produces the highly reactive peroxynitrite, and elevation in proinflammatory cytokines such as 

IL-1β.  However, Kupffer cells, a main source of cytokines in the liver, do not appear to be 

involved in the process of these events as revealed by the independence of NADPH oxidase, 

expressed in Kupffer cells, on APAP hepatotoxicity (James et al., 2003b). Considered among the 

possible terminal events in the toxic response to APAP, is mitochondrial damage that could 

result from protein adduction by NAPQI, peroxynitrite or both.  Increased mitochondrial 

membrane permeability is also another source of cellular superoxide generated during APAP 

poisoning (Hinson et al., 2004).  
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With all available evidence taken together, APAP induced toxicity likely results from initial 

APAP oxidation to NAPQI followed by rapid depletion of GSH and increased protein and 

tyrosine adduction as shown by the Brodie group. This then leads to mitochondrial damage and 

cell death that is independent of the presence of APAP; removal of APAP early after exposure of 

hepatocytes and prior to cell toxicity, still results in cell death. This scenario has been termed the 

two-phase induction of toxicity, the metabolic phase followed by the oxidative phase (Boobis et 

al., 1986; Hinson et al., 2004).  However, the precise molecular event that results in the 

mitochondrial alterations remains unclear. 

 

It is noteworthy that activation of PPARα results in resistance to APAP-induced toxicity; this 

effect was not found in Ppara-null mice (Chen et al., 2000).  PPARα controls genes encoding 

proteins involved in fatty acid transport and metabolism, including the fatty acid β-oxidation 

systems of peroxisomes and mitochondria.  Thus, in the event of APAP toxicity, peroxisomal 

fatty acid oxidation induced by activation of PPARα could compensate for mitochondrial 

damage by production of NADPH and ATP required for cell survival. 

 

Future studies on CYP2E1  

 

Metabolomics. Metabolomics is the analysis of small molecules in cells, tissues, serum and 

urine in order to determine the result of altered physiological-based metabolism or the response 

to pathophysiological stimuli such as drugs or toxicants.  These measurements, made on small 

molecules generally under 800 Da, can be carried out by using 1H-NMR, HPLC, GC-MS and 

LC-MS/MS.  1H-NMR, which allows the precise determination of the structure and quantity of 

chemicals in a biological sample, has been used in most studies to date.  By use of animal 

models, biomarkers can be identified that determine organ-specific drug toxicity; this field has 

been termed metabonomics (Nicholson and Wilson, 2003).  1H-NMR metabonomics can also be 

of value to diagnose diseases such as atherosclerosis, cancer and neurological disorders 

(Robertson, 2005). Metabolomics is only possible in combination with powerful data analysis 

software. Data from multiple samples is subjected to chemometric and multivariate analysis in 

order to extract relevant information showing differences between samples or groups under 

study. In particular, principal components analysis (PCA) is commonly used in 
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metabonomics/metabolomics studies. PCA exploits the redundancy in multivariate data enabling 

the reduction in the dimensionality of the data and analysis of patterns or relationships in the 

variables. PCA allows the simultaneous analysis and comparison of thousands of ions from two 

or more groups.  

 

While 1H-NMR allows the exact quantity and structure of chemicals to be determined, for the 

most common 400 and 600 mHz instruments used in academic research, it lacks the sensitivity 

and resolution power to study low abundance metabolites in complex mixtures. Metabolomics 

can also be carried out by use of the more accessible LC-MS technology which, while it does not 

give precise chemical structures and quantification in the absence of standards, it allow the 

analysis and comparison of thousands of compounds. Recently, an ultra performance liquid 

chromatography coupled time-of-flight mass spectrometry (UPLC-TOFMS) along with a 

software package was recently developed for use in metabolomics (Plumb et al., 2005). This 

instrumentation allows the resolution and exact mass determinations of thousands of molecules 

in a biological sample and is ideally suited for studies in rodent model systems where the 

amounts of biological materials such as serum and urine is limited. A typical urine specimen can 

typically yield 5-10,000 ions that are detected by the MS and can be analyzed by PCA. 

 

Mouse metabolomics. By use of genetically modified mice, metabolomics can be used to find 

novel endogenous and dietary substrates and conversely biomarkers for CYP2E1 expression.  

Urine, serum and tissue from wild-type and Cyp2e1-null mice can be compared by UPLC-

TOFMS followed by chemometric analysis of data.  Compounds that are found in wild-type and 

not in null mice could represent the end-products of CYP2E1 metabolism while compounds that 

are present in Cyp2e1-null mice but not in wild-type mice could represent potential CYP2E1 

substrates. Biomarkers for expression of individual P450s can be used to determine expression in 

humans by analysis of urine. These biomarkers, once validated, would be of value for molecular 

epidemiology studies to measure CYP2E1 expression in subjects to determine the role of 

CYP2E1 in risk assessment to chemical toxicity, cancer and liver disease. 

 

Metabolomics can also be used for metabolite profiling or metabolite mapping as recently 

demonstrated in studies with the areca nut alkaloids arecoline where 11 metabolites were 
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discovered (Giri et al., 2006), and aminoflavone where 13 metabolites were identified (Chen et 

al., 2006) by multivariate data analysis on the ions produced by UPLC-TOFMS analysis of urine. 

Metabolite profiling could also be brought to bear on the analysis of APAP-induced 

hepatotoxicity.  Wild-type and Cyp2e1-null mice could be administered APAP and the relative 

levels of APAP-derived metabolites determined in liver, serum and urine using the metabolomic 

approach.  Other metabolites that correlate with liver damage could simultaneously be monitored 

to potentially identify biomarkers for toxicity.  These analyses may yield additional insights into 

the role of metabolism in APAP hepatotoxicity and the resultant metabolic disturbances within 

the liver as assessed by endogenous metabolites that lead to hepatocyte death and liver failure.  

 

 

Conclusions 

While there has been considerable progress made on understanding the role of CYP2E1 in 

alcohol and chemical toxicity, and on chemical carcinogenesis, much remains to be done on 

determining the mechanisms of regulation of the CYP2E1 gene during development, the 

stabilization of the mRNA by diabetes and the substrate-induced stabilization of the protein. The 

role of CYP2E1 on liver diseases such as alcohol-associated fibrosis and fatty liver disease in 

humans also required further studies. Metabolomics offers the hope to find new endogenous and 

dietary biomarkers for the enzyme that could potentially be used as probes to measure enzyme 

levels in humans, as well as potential biomarkers for CYP2E1-mediated chemical toxicity. 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 18

REFERENCES 

  

Akiyama TE and Gonzalez FJ (2003) Regulation of P450 genes by liver-enriched transcription 

factors and nuclear receptors. Biochim Biophys Acta 1619:223-234. 

 

Boobis AR, Tee LB, Hampden CE and Davies DS (1986) Freshly isolated hepatocytes as a 

model for studying the toxicity of paracetamol. Food Chem Toxicol 24:731-736. 

 

Brackett CC and Bloch JD (2000) Phenytoin as a possible cause of acetaminophen 

hepatotoxicity: case report and review of the literature. Pharmacotherapy 20:229-233. 

 

Bradford BU, Kono H, Isayama F, Kosyk O, Wheeler MD, Akiyama TE, Bleye L, Krausz KW, 

Gonzalez FJ, Koop DR and Rusyn I (2005) Cytochrome P450 CYP2E1, but not nicotinamide 

adenine dinucleotide phosphate oxidase, is required for ethanol-induced oxidative DNA damage 

in rodent liver. Hepatology 41:336-344. 

 

Brodie BB and Axelrod J (1949) The fate of acetophenetidin (phenacetin) in man and methods 

for the estimation of acetophenetidin and its metabolites in biological material. J Pharmacol Exp 

Ther 97:58-67. 

 

Cederbaum AI (2006) CYP2E1--biochemical and toxicological aspects and role in alcohol-

induced liver injury. Mt Sinai J Med 73:657-672. 

 

Chen C, Hennig GE, Whiteley HE, Corton JC and Manautou JE (2000) Peroxisome proliferator-

activated receptor alpha-null mice lack resistance to acetaminophen hepatotoxicity following 

clofibrate exposure. Toxicol Sci 57:338-344. 

 

Chen C, Meng LH, Ma X, Krausz KW, Pommier Y, Idle JR and Gonzalez FJ (2006) Urinary 

Metabolite Profiling Reveals CYP1A2-mediated Metabolism of Aminoflavone (NSC 686288). J 

Pharmacol Exp Ther. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 19

Cheung C, Akiyama TE, Kudo G and Gonzalez FJ (2003) Hepatic expression of cytochrome 

P450s in hepatocyte nuclear factor 1-alpha (HNF1alpha)-deficient mice. Biochem Pharmacol 

66:2011-2020. 

 

Cheung C, Yu AM, Ward JM, Krausz KW, Akiyama TE, Feigenbaum L and Gonzalez FJ (2005) 

The cyp2e1-humanized transgenic mouse: role of cyp2e1 in acetaminophen hepatotoxicity. Drug 

Metab Dispos 33:449-457. 

 

Correia MA, Sadeghi S and Mundo-Paredes E (2005) Cytochrome P450 ubiquitination: branding 

for the proteolytic slaughter? Annu Rev Pharmacol Toxicol 45:439-464. 

 

Costa E, Karczmar AG and Vesell ES (1989) Bernard B. Brodie and the rise of chemical 

pharmacology. Annu Rev Pharmacol Toxicol 29:1-21. 

 

Feierman DE, Melinkov Z and Nanji AA (2003) Induction of CYP3A by ethanol in multiple in 

vitro and in vivo models. Alcohol Clin Exp Res 27:981-988. 

 

Giri S, Idle JR, Chen C, Zabriskie TM, Krausz KW and Gonzalez FJ (2006) A metabolomic 

approach to the metabolism of the areca nut alkaloids arecoline and arecaidine in the mouse. 

Chem Res Toxicol 19:818-827. 

 

Goasduff T and Cederbaum AI (1999) NADPH-dependent microsomal electron transfer 

increases degradation of CYP2E1 by the proteasome complex: role of reactive oxygen species. 

Archives of biochemistry and biophysics 370:258-270. 

 

Gong P and Cederbaum AI (2006) Nrf2 is increased by CYP2E1 in rodent liver and HepG2 cells 

and protects against oxidative stress caused by CYP2E1. Hepatology 43:144-153. 

 

Gonzalez FJ (2005) Role of cytochromes P450 in chemical toxicity and oxidative stress: studies 

with CYP2E1. Mutat Res 569:101-110. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 20

Guengerich FP, Kim DH and Iwasaki M (1991) Role of human cytochrome P-450 IIE1 in the 

oxidation of many low molecular weight cancer suspects. Chem Res Toxicol 4:168-179. 

 

Guo GL, Moffit JS, Nicol CJ, Ward JM, Aleksunes LA, Slitt AL, Kliewer SA, Manautou JE and 

Gonzalez FJ (2004) Enhanced acetaminophen toxicity by activation of the pregnane X receptor. 

Toxicol Sci 82:374-380. 

 

Henderson CJ, Wolf CR, Kitteringham N, Powell H, Otto D and Park BK (2000) Increased 

resistance to acetaminophen hepatotoxicity in mice lacking glutathione S-transferase Pi. Proc 

Natl Acad Sci U S A 97:12741-12745. 

 

Hinson JA, Reid AB, McCullough SS and James LP (2004) Acetaminophen-induced 

hepatotoxicity: role of metabolic activation, reactive oxygen/nitrogen species, and mitochondrial 

permeability transition. Drug Metab Rev 36:805-822. 

 

Huan JY, Streicher JM, Bleyle LA and Koop DR (2004) Proteasome-dependent degradation of 

cytochromes P450 2E1 and 2B1 expressed in tetracycline-regulated HeLa cells. Toxicology and 

applied pharmacology 199:332-343. 

 

James LP, Mayeux PR and Hinson JA (2003a) Acetaminophen-induced hepatotoxicity. Drug 

Metab Dispos 31:1499-1506. 

 

James LP, McCullough SS, Knight TR, Jaeschke H and Hinson JA (2003b) Acetaminophen 

toxicity in mice lacking NADPH oxidase activity: role of peroxynitrite formation and 

mitochondrial oxidant stress. Free Radic Res 37:1289-1297. 

 

Jollow DJ, Mitchell JR, Potter WZ, Davis DC, Gillette JR and Brodie BB (1973) 

Acetaminophen-induced hepatic necrosis. II. Role of covalent binding in vivo. J Pharmacol Exp 

Ther 187:195-202. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 21

Joshi M and Tyndale RF (2006) Induction and recovery time course of rat brain CYP2E1 after 

nicotine treatment. Drug Metab Dispos 34:647-652. 

 

Kono H, Bradford BU, Yin M, Sulik KK, Koop DR, Peters JM, Gonzalez FJ, McDonald T, 

Dikalova A, Kadiiska MB, Mason RP and Thurman RG (1999) CYP2E1 is not involved in early 

alcohol-induced liver injury. Am J Physiol 277:G1259-1267. 

 

Koop DR and Casazza JP (1985) Identification of ethanol-inducible P-450 isozyme 3a as the 

acetone and acetol monooxygenase of rabbit microsomes. J Biol Chem 260:13607-13612. 

 

Koop DR, Morgan ET, Tarr GE and Coon MJ (1982) Purification and characterization of a 

unique isozyme of cytochrome P-450 from liver microsomes of ethanol-treated rabbits. J Biol 

Chem 257:8472-8480. 

 

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

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

Invest 105:1067-1075. 

 

Leclercq IA, Field J, Enriquez A, Farrell GC and Robertson GR (2000b) Constitutive and 

inducible expression of hepatic CYP2E1 in leptin-deficient ob/ob mice. Biochem Biophys Res 

Commun 268:337-344. 

 

Lee SS, Buters JT, Pineau T, Fernandez-Salguero P and Gonzalez FJ (1996) Role of CYP2E1 in 

the hepatotoxicity of acetaminophen. J Biol Chem 271:12063-12067. 

 

Liangpunsakul S, Kolwankar D, Pinto A, Gorski JC, Hall SD and Chalasani N (2005) Activity of 

CYP2E1 and CYP3A enzymes in adults with moderate alcohol consumption: a comparison with 

nonalcoholics. Hepatology 41:1144-1150. 

 

Lieber CS (1999) Microsomal ethanol-oxidizing system (MEOS): the first 30 years (1968-1998)-

-a review. Alcohol Clin Exp Res 23:991-1007. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 22

 

Lieber CS, Rubin E and DeCarli LM (1970) Hepatic microsomal ethanol oxidizing system 

(MEOS): differentiation from alcohol dehydrogenase and NADPH oxidase. Biochem Biophys 

Res Commun 40:858-865. 

 

Lin J, Handschin C and Spiegelman BM (2005) Metabolic control through the PGC-1 family of 

transcription coactivators. Cell Metab 1:361-370. 

 

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 14:285-293. 

 

Manyike PT, Kharasch ED, Kalhorn TF and Slattery JT (2000) Contribution of CYP2E1 and 

CYP3A to acetaminophen reactive metabolite formation. Clin Pharmacol Ther 67:275-282. 

 

McClain CJ, Kromhout JP, Peterson FJ and Holtzman JL (1980) Potentiation of acetaminophen 

hepatotoxicity by alcohol. Jama 244:251-253. 

 

Mitchell JR, Jollow DJ, Gillette JR and Brodie BB (1973a) Drug metabolism as a cause of drug 

toxicity. Drug Metab Dispos 1:418-423. 

 

Mitchell JR, Jollow DJ, Potter WZ, Davis DC, Gillette JR and Brodie BB (1973b) 

Acetaminophen-induced hepatic necrosis. I. Role of drug metabolism. J Pharmacol Exp Ther 

187:185-194. 

 

Mitchell JR, Jollow DJ, Potter WZ, Gillette JR and Brodie BB (1973c) Acetaminophen-induced 

hepatic necrosis. IV. Protective role of glutathione. J Pharmacol Exp Ther 187:211-217. 

 

Morgan ET, Koop DR and Coon MJ (1983) Comparison of six rabbit liver cytochrome P-450 

isozymes in formation of a reactive metabolite of acetaminophen. Biochem Biophys Res 

Commun 112:8-13. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 23

Nicholson JK and Wilson ID (2003) Opinion: understanding 'global' systems biology: 

metabonomics and the continuum of metabolism. Nat Rev Drug Discov 2:668-676. 

 

Oesch-Bartlmowicz B and Oesch F (2004) Modulation of mutagenicity by phosphorylation of 

mutagen-metabolizing enzymes. Arch Biochem Biophys 423:31-36. 

 

Ostapowicz G, Fontana RJ, Schiodt FV, Larson A, Davern TJ, Han SH, McCashland TM, Shakil 

AO, Hay JE, Hynan L, Crippin JS, Blei AT, Samuel G, Reisch J and Lee WM (2002) Results of 

a prospective study of acute liver failure at 17 tertiary care centers in the United States. Ann 

Intern Med 137:947-954. 

 

Patten CJ, Ning SM, Lu AY and Yang CS (1986) Acetone-inducible cytochrome P-450: 

purification, catalytic activity, and interaction with cytochrome b5. Arch Biochem Biophys 

251:629-638. 

 

Plumb RS, Granger JH, Stumpf CL, Johnson KA, Smith BW, Gaulitz S, Wilson ID and Castro-

Perez J (2005) A rapid screening approach to metabonomics using UPLC and oa-TOF mass 

spectrometry: application to age, gender and diurnal variation in normal/Zucker obese rats and 

black, white and nude mice. Analyst 130:844-849. 

 

Potter WZ, Davis DC, Mitchell JR, Jollow DJ, Gillette JR and Brodie BB (1973) 

Acetaminophen-induced hepatic necrosis. 3. Cytochrome P-450-mediated covalent binding in 

vitro. J Pharmacol Exp Ther 187:203-210. 

 

Raucy JL, Lasker JM, Lieber CS and Black M (1989) Acetaminophen activation by human liver 

cytochromes P450IIE1 and P450IA2. Arch Biochem Biophys 271:270-283. 

 

Robertson DG (2005) Metabonomics in toxicology: a review. Toxicol Sci 85:809-822. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 24

Ryan DE, Koop DR, Thomas PE, Coon MJ and Levin W (1986) Evidence that isoniazid and 

ethanol induce the same microsomal cytochrome P-450 in rat liver, an isozyme homologous to 

rabbit liver cytochrome P-450 isozyme 3a. Arch Biochem Biophys 246:633-644. 

 

Ryan DE, Ramanathan L, Iida S, Thomas PE, Haniu M, Shively JE, Lieber CS and Levin W 

(1985) Characterization of a major form of rat hepatic microsomal cytochrome P-450 induced by 

isoniazid. J Biol Chem 260:6385-6393. 

 

Sekine S, Lan BY, Bedolli M, Feng S and Hebrok M (2006) Liver-specific loss of beta-catenin 

blocks glutamine synthesis pathway activity and cytochrome p450 expression in mice. 

Hepatology 43:817-825. 

 

Sinclair JF, Szakacs JG, Wood SG, Walton HS, Bement JL, Gonzalez FJ, Jeffery EH, Wrighton 

SA, Bement WJ and Sinclair PR (2000) Short-term treatment with alcohols causes hepatic 

steatosis and enhances acetaminophen hepatotoxicity in Cyp2e1(-/-) mice. Toxicol Appl 

Pharmacol 168:114-122. 

 

Sohn OS, Fiala ES, Requeijo SP, Weisburger JH and Gonzalez FJ (2001) Differential effects of 

CYP2E1 status on the metabolic activation of the colon carcinogens azoxymethane and 

methylazoxymethanol. Cancer Res 61:8435-8440. 

 

Sohn OS, Ishizaki H, Yang CS and Fiala ES (1991) Metabolism of azoxymethane, 

methylazoxymethanol and N-nitrosodimethylamine by cytochrome P450IIE1. Carcinogenesis 

12:127-131. 

 

Song BJ, Gelboin HV, Park SS, Yang CS and Gonzalez FJ (1986) Complementary DNA and 

protein sequences of ethanol-inducible rat and human cytochrome P-450s. Transcriptional and 

post-transcriptional regulation of the rat enzyme. J Biol Chem 261:16689-16697. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 25

Song BJ, Matsunaga T, Hardwick JP, Park SS, Veech RL, Yang CS, Gelboin HV and Gonzalez 

FJ (1987) Stabilization of cytochrome P450j messenger ribonucleic acid in the diabetic rat. Mol 

Endocrinol 1:542-547. 

 

Song BJ, Veech RL, Park SS, Gelboin HV and Gonzalez FJ (1989) Induction of rat hepatic N-

nitrosodimethylamine demethylase by acetone is due to protein stabilization. J Biol Chem 

264:3568-3572. 

 

Truong NT, Moncion A, Barouki R, Beaune P and de Waziers I (2005) Regulatory sequence 

responsible for insulin destabilization of cytochrome P450 2B1 (CYP2B1) mRNA. Biochem J 

388:227-235. 

 

Ueno T and Gonzalez FJ (1990) Transcriptional control of the rat hepatic CYP2E1 gene. Mol 

Cell Biol 10:4495-4505. 

 

Umeno M, McBride OW, Yang CS, Gelboin HV and Gonzalez FJ (1988a) Human ethanol-

inducible P450IIE1: complete gene sequence, promoter characterization, chromosome mapping, 

and cDNA-directed expression. Biochemistry 27:9006-9013. 

 

Umeno M, Song BJ, Kozak C, Gelboin HV and Gonzalez FJ (1988b) The rat P450IIE1 gene: 

complete intron and exon sequence, chromosome mapping, and correlation of developmental 

expression with specific 5' cytosine demethylation. J Biol Chem 263:4956-4962. 

 

Vasiliou V, Ziegler TL, Bludeau P, Petersen DR, Gonzalez FJ and Deitrich RA (2006) CYP2E1 

and catalase influence ethanol sensitivity in the central nervous system. Pharmacogenet 

Genomics 16:51-58. 

 

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

posttranscriptional regulation of CYP2E1 expression. Hepatology 35:263-273. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 26

Zaher H, Buters JT, Ward JM, Bruno MK, Lucas AM, Stern ST, Cohen SD and Gonzalez FJ 

(1998) Protection against acetaminophen toxicity in CYP1A2 and CYP2E1 double-null mice. 

Toxicol Appl Pharmacol 152:193-199. 

 

Zhang J, Huang W, Chua SS, Wei P and Moore DD (2002) Modulation of acetaminophen-

induced hepatotoxicity by the xenobiotic receptor CAR. Science 298:422-424. 

 

Zhukov A and Ingelman-Sundberg M (1999) Relationship between cytochrome P450 catalytic 

cycling and stability: fast degradation of ethanol-inducible cytochrome P450 2E1 (CYP2E1) in 

hepatoma cells is abolished by inactivation of its electron donor NADPH-cytochrome P450 

reductase. The Biochemical journal 340 ( Pt 2):453-458. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 27

FOOTNOTES 

I wish to acknowledge my former mentors Carleton Garrett, Charles Kasper, Daniel Nebert and 

Harry Gelboin and the many postdoctoral fellows who have worked in my laboratory over the 

past 22 years, most notably Byoung-Joon Song, my first fellow at NCI who did the CYP2E1 

cDNA cloning, Morio Umeno, my second fellow who cloned the CYP2E1 gene and Susanna Lee 

who generated the Cyp2e1-null mice.  I also thank my long time collaborator and colleague 

Shioko Kimura and my friend and collaborator Jeff Idle for many years of support and for review 

of the manuscript.  This work was supported by the NCI Intramural Research Program. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2006 as DOI: 10.1124/dmd.106.012492

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #12492 

 28

FIGURE LEGENDS 

 

Figure 1.  Stabilization of CYP2E1.  (A) Rats were fed acetone in the drinking water for ten 

days and were injected i.p. with a bolus dose of NaH14CO3.  Liver microsomes were isolated and 

CYP2E1 protein purified by immunoabsorption, subjected to SDS-PAGE and the bands excised 

and counted by liquid scintillation.  (B) Coomassie stained gel, autoradiograph and plot of 

CYP2E1 specific radioactivity from which the half-lives (T1/2) of protein decay were calculated 

at 7 h and 37 h.  

 

Figure 2.  (A) Metabolism of azoxymethane (AOM) by CYP2E1.  AOM is converted to 

methylazoxymethane (MAM) in the liver.  MAM can be further oxidized in extrahepatic tissue 

to the methylazoxyformaldehyde, which rearranges and loses formic acid resulting in the 

formation of an unstable methyldiazonium ion that can bind to cellular nucleophiles.  MAM can 

also spontaneously rearrange to the methyldiazonium ion after loss of formaldehyde that can 

alkylate DNA.  (B) 7-Methylguanine (7-MeG) formation in liver and colon of AOM and 

MAMAc-treated wild-type and Cyp2e1-null mice (left panels).  Aberrant crypt foci in the colons 

of AOM and MAMAc-treated wild-type and Cyp2e1-null mice (right panel).  (C) Schematic 

illustration of AOM metabolism to MAM in the liver and transport of the latter to the colon for 

further conversion to the methyldiazonium ion. Data replotted from (Sohn et al., 1991). 

 

Figures 3.  Metabolism of APAP.  APAP can be directly conjugated by sulfotransferase (Sult) 

and UDP-glucuronosyltransferase (UGT) or oxidized by P450 to NAPQI.  In extrahepatic 

tissues, APAP can be metabolized by prostaglandin H synthase (PGHS) leading to a cation that 

can spontaneously decompose to NAPQI.  The latter compound, a reactive quinone, can bind to 

cellular macromolecules.  NAPQI can be conjugated by glutathione S-transferase (GST) and 

excreted in urine. 

 

Figure 4.  APAP hepatotoxicity.  (A) Mice of the indicated genotypes were administered various 

doses of APAP by i.p. and the extent of lethality determined.  (B) Mice of the indicated 

genotypes were administered different doses of APAP and hepatotoxicity measured by levels of 

serum alanine aminotransferase. Data taken from (Zaher et al., 1998). 
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