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Lieber, Charles S. Cytochrome P-4502El: Its Physiological and Pathological Role. Physiol. Rev. 77: 517-544, 
1997.-The role of the microsomal ethanol-oxidizing system (MEOS) in hepatic ethanol metabolism is reviewed, 
with focus on its constitutive, ethanol-inducible cytochrome P-4502El (2El). The MEOS was purified and reconsti- 
tuted using 2E1, phospholipids, and cytochrome P-450 reductase and shown to oxidize ethanol to acetaldehyde, 
mainly as a monooxygenase and secondarily via hydroxyl radicals, with transcriptional and posttranscriptional 
regulation. Polymorphism of 2El was recognized, and enzymology (including cofactors, role of lipids, inducers, 
and inhibitors) as well as cellular and tissue distribution were chartered. Physiological functions involve lipid 
metabolism and ketone utilization in starvation, obesity, and diabetes. The most significant role of 2El is its adaptive 
response to high blood ethanol levels with a corresponding acceleration of ethanol metabolism. The associated 
free radical production, however, contributes to liver injury in the alcoholic. Most importantly, 2El has a unique 
capacity to activate many xenobiotics (85 of which are listed) to hepatotoxic or carcinogenic products. Induction 
of 2El also results in enhanced production of acetaldehyde, a highly reactive and toxic metabolite. The proliferation 
of the endoplasmic reticulum associated with 2El induction is also accompanied by enhanced activity of other 
cytochrome P-45Os, resulting in accelerated metabolism of, and tolerance to, other drugs, as well as increased 
degradation of retinol and its hepatic depletion. Some substrates and metabolites, however, are innocuous and may 
eventually be used as markers of heavy drinking. Recently discovered effective 2El inhibitors also have great 
therapeutic potential. 
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FIG. 1. Ethanol oxidation by alcohol dehydrogenase 
(ADH) and NAD (A), hepatic microsomal ethanol-oxidizing 
system (MEOS) and NADPH (B), a combination of NADPH 
oxidase and catalase (C), and xanthine oxidase and cata- 
lase (D). [From Lieber (177).]. 

Catalase 

I. INTRODUCTION 

Ethanol is not only produced by yeast but can also 
be found in mammals in trace amounts. Bacterial fermen- 
tation in the gut is one way in which it is generated (151). 
However, ethanol is primarily an exogenous compound 
that is readily absorbed from the gastrointestinal tract. 
Only 2-loo/o of ethanol absorbed is eliminated through 
the kidneys and lungs; the rest is oxidized in the body, 
principally in the liver. The rate of ethanol removal from 
the blood is indeed remarkably decreased or halted by 
hepatectomy or procedures damaging the liver (310). Un- 
til three decades ago, it was believed that there was only 
one significant pathway for ethanol metabolism, involving 
multiple forms of alcohol dehydrogenase (ADH), an en- 
zyrne of the cytosol that catalyzes the conversion of etha- 
nol to acetaldehyde, coupled with the reduction of NABS 
to NADH (Fig. 1). It was known that catalase, located in 
the peroxisomes, is capable of oxidizing ethanol in vitro 
in the presence of an HZOZ-generating system (126) (Fig. 
1 j, but under physiological conditions, catalase appeared 
to play no mqor role. Some features of ethanol metabo- 
lism, however, such as the adaptive increase after chronic 
consumption, could not be explained on the basis of ADH 
or catalase, therefore raising the suspicion of the exis- 
tence of another pathway. The first indication of a possi- 
ble interaction of ethanol with the endoplasmic reticulum 
of the hepatocyte (also called microsomal fraction when 
obtained by ultracentrifugation) was provided by the mor- 

phological observation that in rats and humans, ethanol 
feeding results in a proliferation of the smooth endoplas- 
mic reticulum (SER) (103, 104, 156). This increase in SER 
resembled that seen after the administration of a wide 
variety of hepatotoxins (206), barbiturates, and other ther- 
apeutic agents (46) and food additives (157). Because 
many of the substances that induce a proliferation of the 
SER are metabolized, at least in part, by the cytochrome 
P-450 enzyme system that is located in the SER, the possi- 
bility that ethanol may also be metabolized by a similar 
process was raised. Such a system was then demonstrated 
in liver microsomes in vitro and found to be inducible 
by chronic ethanol feeding in vivo (183, 184). This new, 
inducible, pathway of ethanol metabolism in liver micro- 
somes explained the metabolic tolerance to ethanol in the 
alcoholic. It was found to involve an inducible cytochrome 
P-450, subsequently called cytochrome P-4502E 1 (2El), 
which was given its proper place in a large number of P- 
450 products of a cytochrome P-450 gene superfamily 
(222-224). Cytochrome P-4502El was shown to play a 
key role in the hepatotoxicity of ethanol and that of other 
xenobiotics. The critical role of the ethanol-induced in- 
crease of this microsomal cytochrome, and hence of the 
enhanced vulnerability of the alcoholic to the hepatotoxic- 
ity of many xenobiotics, was recognized more than 2 de- 
cades ago (87, 173), reaffirmed 10 years later (174), and is 
now generally accepted, with diagnostic and therapeutic 
applications of 2El metabolites and inhibitors being de- 
veloped. 
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II. MICROSOMAL ETHANOL-OXIDIZING 
SYSTEM AND ITS DIFFERENTIATION 
FROM ALCOHOL DEHYDROGENASE 
AND CATALASE 

The existence of a distinct microsomal ethanol oxi- 
dizing pathway was first denied on the basis that it might 
merely reflect either ADH or catalase contamination of 
the microsomes. Indeed, when hepatic microsomes are 
prepared by standard techniques, there can be some con- 
tamination with cytosolic ADH and/or peroxisomal cata- 
lase. A series of experiments, however, established that 
the microsomal ethanol-oxidizing system (MEOS) was dis- 
tinct from both ADH and catalase, dependent on cyto- 
chrome P-450 and, as for the other cytochrome P-450- 
dependent microsomal monooxygenation reactions, that 
it utilized NADPH and oxygen (Fig. 1). Differentiation of 
MEOS in total rat liver microsomes from ADH was 
achieved by subcellular localization, pH optimum in vitro 
(7.4 vs. lo), and cofactor requirements (Fig. 1). 

Studies with inhibitors have also indicated that a ma- 
jor fraction of the ethanol-oxidizing activity in micro- 
somes is independent of catalase (184, 187, 194). A clear 
dissociation of the NADPH-dependent from an HzOz-medi- 
ated ethanol oxidation in microsomes was observed using 
pyrazole, which inactivates catalase in viva (184), and 
azide, which is highly effective in inhibiting catalase in 
vitro (184). Such dissociation was found using prepara- 
tions with the same rates of HzOz-mediated and NADPH- 
mediated ethanol metabolism (187). Under experimental 
conditions with almost complete abolition of the peroxi- 
datic activity of catalase, the NADPH-dependent ethanol 
oxidation still proceeded at a significant rate; this again 
dissociated the NADPH-dependent MEOS activity from a 
process involving catalase-H202. Subsequently, MEOS 
was solubilized and separated from ADH and catalase 
activities by DEAE-cellulose column chromatography 
(Fig. 2) (207,303,304). Differentiation of MEOS from ADH 
in the column fractions was shown by the failure of NAD’ 
to promote ethanol oxidation at pH 9.6, by cofactor re- 
quirements (NADPH and O,), by the apparent Michaelis 
constant (K,) for ethanol (7-9 mM), and by the relative 
insensitivity *of the MEOS to the ADH inhibitor pyrazole. 
The MEOS was also distinguished from a process involv- 
ing catalase-H20z by the lack of catalatic activity, by the 
apparent K, for oxygen (8.3 PM), by the insensitivity to 
the catalase inhibitors azide and cyanide, and by the in- 
ability of an H,Oz-generating system (glucose-glucose oxi- 
dase) to sustain ethanol oxidation in the isolated column 
fraction (304). Thus, with the use of specific and sensitive 
methods, MEOS activity could be clearly differentiated 
from an enzymatic process involving peroxidatic activity 
of catalase. These results as well as other reports (94, 95, 
207) failed therefore to support the concept that a cata- 

lase-HzOz system accounts for the oxidation of ethanol in 
the microsomes. 

It had also been reported that microsomes from 
acatalasemic mice failed to oxidize ethanol (325), but this 
claim was subsequently retracted (326). Indeed, hepatic 
microsomes of acatalasemic mice subjected to heat inacti- 
vation displayed decreased catalatic activity, but NADPH- 
dependent MEOS remained active and unaffected (188, 
306). Even without heat inactivation, in the acatalasemic 
strain, the NADPH-dependent metabolism was much 
more active than the HzOz-mediated one, whereas micro- 
somes of control mice displayed equal rates of HzOz- and 
NADPH-dependent ethanol oxidation (326). These results 
therefore support the conclusion that hepatic microsomes 
of normal and acatalasemic mice contain a NADPH-medi- 
ated ethanol-oxidizing system that is catalase indepen- 
dent. 

Of particular interest regarding the nature of MEOS 
are studies with different alcohols as substrates. In some 
microsomal preparations, NADPH-dependent oxidation of 
methanol and ethanol, but not of longer chain alcohols, 
was reported (231) and found to be exquisitely sensitive 
to the catalase inhibitors azide and cyanide. Therefore, 
Ziegler (351) concluded that this system was clearly differ- 
ent from a cytochrome P-450-dependent one and involves 
H,O,-mediated ethanol peroxidation by catalase. Such and 
similar other observations were considered as evidence 
for an obligatory role of catalase in microsomal alcohol 
oxidation (29, 311, 351), especially since catalase reacts 
peroxidatically primarily with methanol and ethanol, but 
not with alcohols of longer aliphatic chains (37). However, 
in other studies, the NADPH-dependent microsomal alco- 
hol-oxidizing system was found capable of metabolizing 
methanol, ethanol, n-propanol, and n-butanol to their re- 
spective aldehydes in hepatic microsomal preparations 
as well as in reconstituted systems that contained the 
microsomal components cytochrome P-450, NADPH-cyto- 
chrome P-450 reductase, and phospholipids and exhibited 
no ADH or catalase activity (304, 305, 307). This system 
was also demonstrated in acatalasemic mice (306). Fur- 
thermore, the involvement of cytochrome P-450 in MEOS 
was measured in the presence of carbon monoxide, and 
its inhibiting effect was reversed by lights of wavelengths 
430 to 460 nm (65). These various experiments, including 
the action spectra, showed the involvement of a cyto- 
chrome P-450 in the activity of MEOS. 

III. “ETHANOL-SPECIFIC” CYTOCHROME P-450 

A. Purification 

An “ethanol-specific” P-450 was first suggested by 
the increase of a cytochrome P-450 species showing high 
affinity for cyanide after ethanol administration (45, 88, 
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FIG. 2. Separation of MEOS from ADH and catalase activities by ion-exchange column chromatography on DEAE- 
cellulose. Sonicated microsomes from rats fed laboratory chow were further solubilized by treatment with sodium 
deoxycholate and put onto a DEAE-cellulose column. Separation of enzyme activities was achieved by a stepwise 
increase of KC1 gradient. [From Teschke et al. (304).] 

117). Evidence in favor of an increase of a special species 
of cytochrome P-450 after ethanol treatment was also de- 
rived from inhibitor studies (320). More direct proof,was 
obtained from studies of microsomal proteins (227) after 
chronic ethanol feeding. The rise in cytochrome P-450 
involved a hemoprotein different from those induced by 
phenobarbital or 3-methylcholanthrene treatment. More- 
over, sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis showed an increase of a microsomal protein of 
53,400 Da. The partially purified cytochrome P-450 from 
ethanol-fed rats was more active for alcohol oxidation 
than the control preparation in the presence of NADPH- 
cytochrome P-450 reductase and dioleoyl lecithin. 

Studies by Joly and co-workers (116, 118) also 
showed that chronic ethanol administration to rats is as- 
sociated with the appearance of a form of cytochrome P- 
450 with spectral and catalytic properties different from 
those of the cytochrome P-450 of control, phenobarbital- 
treated, and methylcholanthrene-treated rats. An ethanol- 
inducible form of P-450, called then LM3a, purified from 
rabbit liver microsomes (101, 147) catalyzed ethanol oxi- 

dation at rates much higher than other P-450 isoenzymes 
and also had an enhanced capacity to oxidize 1-butanol, l- 
pentanol, aniline (214), acetaminophen (2X), CC1, (lOl), 
acetone (142), and N-nitrosodimethylamine (NDMA) 
(342). Similar results have been obtained with a hepatic 
P-450 cytochrome isoenzyme (then called P-45Oj), purified 
from ethanol- or isoniazid-treated rats (255, 257). Evi- 
dence was also provided for the existence of a P-450j-like 
isoenzyme in humans (281, 336, 337). 

Next, a purified human protein was obtained in a 
catalytically active form, with a high turnover rate for 
ethanol and other specific substrates (158). In a new no- 
menclature for cytochromes P-450 (CYP) products of a 
CYP gene superfamily, it was proposed that the ethanol- 
inducible form be designated as P-450IIEl (222), subse- 
quently changed to P-4502El (2El). The designation 2El 
should be reserved for this specific P-450 alcohol mono- 
oxygenase. However, other microsomal cytochrome P-450 
isoenzymes can also contribute to ethanol oxidation (159, 
261). Thus the term M%OS should be maintained when 
one refers to the overall capacity of the microsomes to 
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oxidize ethanol rather than to that fraction of the activity 
that is specifically catalyzed by 2El. 

The rat CYPZEL gene was isolated, characterized, 
and localized to chromosome 7 (322) and the human gene 
to chromosome 10 (321). In rabbits, two genes may be 
involved (128). 

B. Reconstitution of Microsomal 
Ethanol-Oxidizing Activity 

Reconstitution of the ethanol-oxidizing activity with 
the three microsomal components cytochrome P-450, 
NADPH-cytochrome P-450 reductase, and phospholipids 
was demonstrated (227). In these experiments, the cyto- 
chrome P-450 was partially purified by protease treatment 
and subsequently by column chromatography on DEAE- 
cellulose using a stepwise KC1 gradient according to 
Comai and Gaylor (45). The enzyme NADPH-cytochrome 
P-450 reductase was partially purified, essentially by the 
method of Levin et al. (171). Successful reconstitution of 
MEOS was confirmed using highly purified microsomal 
cytochrome P-450 from phenobarbital-treated rats (2 13) 
and ethanol-treated rabbits (147) and isoniazid- and etha- 
nol-treated rats (255, 257), respectively. 

The reconstituted MEOS showed a dependency on 
cytochrome P-450 and the reductase and required phos- 
pholipids for its maximal activity. The K, for ethanol of 
the reconstituted enzyme system was 10 mM, which is 
similar to the K, measured in microsomes and in the 
semipurified MEOS fraction isolated by column chroma- 
tography (183, 184, 304). This reconstituted system re- 
quired NADPH as a cofactor, did not react to an HZOZ- 
generating system, and was relatively insensitive to the 
catalase inhibitor azide. These characteristics were also 
similar to those observed in microsomes. The activity was 
dependent on the amount of cytochrome P-450 present. 

C. Role of Hydroxyl Radicals 

In addition to ethanol oxidation via 2El through a 
typical monooxygenase mechanism, ethanol can be oxi- 
dized by liver microsomes to acetaldehyde through hy- 
droxyl radicals ( l OH), originating from iron-catalyzed 
degradation of Hz02 (33). Such a nonenzymatic pathway 
can be partially responsible for the formation of hydroxy- 
ethyl radicals (137), an intermediate step between ethanol 
and its product acetaldehyde. This could also represent 
the basis of the reported activity of ethanol as l OH scav- 
enger in some experimental conditions (35, 228). Other 
evidence indicates that the production of such radicals 
might be due to an oxidizing species possibly bound to 
cytochrome P-450 and sufficiently reactive to abstract a 
proton from the alcohol a-carbon (4). Such a mechanism 
is also consistent with the reported inhibition of micro- 

somal ethanol oxidation by adding iron chelators, such as 
2-keto-4-thiomethylbutyric acid (35). Ingelman-Sundberg 
and Johansson (101) initially proposed that microsomal 
ethanol oxidation does not involve a specific cytochrome 
P-450-dependent mechanism but rather results from l OH 
formed primarily in iron-catalyzed Haber-Weiss and Fen- 
ton reactions. Microsomal ethanol oxidation under in vivo 
conditions would, according to this concept, require the 
presence of nonheme iron and endogenous iron chelators. 
However, it was soon realized that this l OH-dependent 
mechanism represents only a minor contribution toward 
microsomal ethanol oxidation under normal conditions 
(34). Its importance increased under experimental condi- 
tions promoting microsomal l OH production, such as 
adding ferric EDTA, whereas it decreased under condi- 
tions that minimize production of l OH (34). It was found 
that whereas . OH may participate in the activity of a 
reconstituted ethanol-oxidizing system, superoxide was 
not involved (228), although increased NADPH- and 
NADH-dependent production of superoxide and hydroxyl 
radical by microsomes has been demonstrated after 
chronic ethanol treatment (244). 

It appears, therefore, that at least two mechanism 
contribute to microsomal metabolism of ethanol, a lesser 
one involving l OH radicals produced in a Fenton-type 
reaction from endogenously formed HZOZ and the other 
major one being cytochrome-P-450-mediated monooxy- 
genation (as shown by its strong depression by P-450 in- 
hibitors) and apparently independent from l OH (1, 3, 
251), with 2El possibly playing a role in the formation of 
hydroxyethyl radicals during ethanol metabolism. Indeed, 
the generation of alcohol-derived free radicals was spe- 
cifically enhanced following induction of 2El by chronic 
ethanol feeding, whereas antibodies against 2E 1 inhibited 
that process (2). 

D. Regulation of Cytochrome P-4502E 1 Expression 

The rat hepatic CYp2E1 gene is transcriptionally acti- 
vated within 1 day after birth (319). This activation is 
accompanied by a demethylation of cytosine residues lo- 
cated within the 5’-flanking region of the gene, suggesting 
that methylation of specific residues in the 2E1 gene is 
responsible for the lack of transcription of the 2E1 gene in 
fetal liver. Cytochrome P-4502E 1 remains relatively stable 
during the remainder of the life span, and a tissue-specific 
relation between the hypomethylation of the human 
CYpIzE1 gene and its hypoexpression was observed (17). 
CYP2El can be strikingly induced by a variety of sub- 
strates. Indeed, one of the most characteristic features 
that distinguishes 2E 1 from other ethanol-metabolizing 
pathways is its inducibility, demonstrated in several spe- 
cies, including humans (312) (Fig. 3). However, the regula- 
tion of 2El expression is complex, involving transcrip- 
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tional, posttranscriptional, and posttranslational events. 
Investigations using rabbits (and some involving rats) ap- 
peared to have ruled out transcriptional activation of the 
i?El gene or stabilization of the 2El mRNA as possible 
mechanisms, since ethanol and similar agents (acetone, 
imidazole, 4-methylpyrazole, pyrazole, and pyridine) had 
little effect on 2El transcript content in liver (113, 129, 
243, 281, 282). A posttranslational mechanism, namely 
protein stabilization, was thus proposed, since 1) ethanol 
and imidazole were found to prevent the rapid decrease 
in 2El enzyme level that occurs in rat hepatocytes upon 
primary culture (6%) and 2) acetone treatment was shown 
to prolong the in vivo half-life of %El in rat liver by elimi- 
nating the fast-phase component associated with the rn- 
zymr’s normal degradation (283). Similar experiments 
were also presented with ethanol, and a role for ubiquitin 
conjugation in the rapid degradation of BE1 was proposed 
(253). A hormone- and substrate-regulated intracellular 
degradation of %I? 1 (involving Mg’ ’ -ATP-activated rapid 
proteolysis in the endoplasmic reticulum membranes) 
was also suggested (63). Furthermore, in a HepG2 cell 
line, which stably and constitutively expresses the coding 
sequences of human cytochrome 2E1, addition of ethanol 
(a-100 mM) for 2 days resulted in an increased 2El con- 
tent as determined by Western blotting, whereas Northern 
blot analysis showed no raised 2El mRNA. These results 
indicated that ethanol probably increases the content of 
2El in this experimental model by stabilization of the 
protein against degradation (28). Similarly, a FGC-4 hepa- 
toma cell line exhibited basal levels of 2El apoprotrin 

t,hat were inducible by ethanol treatment, but there was 
no observed rise in 2El mRNA levels, suggesting that 2El 
is increased by ethanol through posttranscriptional mrch- 
anisms (204). 

Other studies support the role of enhanced de novo 
enzyme synthesis and/or increased mRNA in the 2El in- 
duction process. Kubota et al. (163) found that induction 
of BE1 protein in hamsters by ethanol and pyrazole was 
associated with an increase in translatable 2El mRNA, 
while Kim and Novak (133) observed increased rates of 
[’ ‘Clleucinc incorporation into 2El protein after trrat- 
merit of rats with pyridine, a phenomenon attributed to 
the enhancement, by pyridine, of 2El mRNA translational 
efficiency (135). Diehl et al. (51) described elevated levels 
of hepatic %El mRNA in alcohol-treated rats. Enhanced 
levels of both hepatic 2El protein and mRNA were also 
found in actively drinking patients. The latter study also 
showed that 2El protein distribution, assessed by the im- 
n~ur~ohistochcn~ical staining of liver sections with anti- 
2El antibodies (102, 312, 316), was found to be analogous 
to that of the mRNA in control subjects (the level in peri- 
venular cells was greater than that in midzonal cells, 
which was greater than that in periportal cells) (Fig. -I), 
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whereas recent drinkers exhibited marked elevations in 
enzyme content in both perivenular and midzonal hepato- 
cytes. Moreover, cellular levels of 2El protein and its 
mRNA were significantly correlated (296), indicating that 
mRNA stabilization and/or transcriptional activation are 
involved in ethanol-mediated 2El induction in humans. 
Whermore, by measuring both the synthesis and the 
degradation of radiolabeled 2El protein at induced high 
steady-state levels in the rat, ethanol appeared to stimu- 
late rates of de novo 2El synthesis but had no effect on 
rates of enzyme degradation (313). It is therefore reason- 
able to assume that the enhancement of de novo 2El 
synthesis noted in ethanol-treated rats results from in- 
creased steady-state levels of 2El message and/or the in- 
creased efficiency with which this mRNA is translated. 

The dose of the inducer is also of importance, be- 
cause 2El induction appears to occur via two steps: 1) 
posttranslational mechanism at low ethanol concentra- 
tions and 2) an additional transcriptional one at high etha- 
nol levels (9, 254). However, large interindividual varia- 
tions were noted in the 2El-specific mRNA content of 
hepatic tissue from controls (up to 11-fold) and patients 
with advanced hepatic disease (up to 44fold). Cyto- 
chrome F4502El mRNA levels were strikingly decreased 
in patients with both hepatocellular and cholestatic forms 
of cirrhosis (78). 

The conflicting results with regard to the 2El induc- 
tion process may stem in part from differences among 
species, the duration and/or manner of inducer treatment, 
and/or distinct mechanisms of induction by the various 
compounds, since the commonly used 2El inducing 
agents other than ethanol, such as acetone, pyrazole, or 
pyridine, may differ in their mode of action. Obviously, 
the clinically most relevant results are those obtained with 
alcohol in humans who exhibited a clear-cut 2El mRNA 
increase in conjunction with 2El induction (296). 

Finally, it was observed that in rats continuously in- 
fused with ethanol, blood alcohol concentrations were 
not constant, but fluctuated in a rather regular pulsatile 
manner in which peak levels were obtained approximately 
every 6 days (9). The mechanisms by which pulsatile 
blood alcohol levels occur are unknown. One speculation 
is that 2El could be involved in the process. Indeed, there 
is also a circadian variation of ethanol metabolism (240, 
287, 334), which is particularly manifested and perhaps 
even altered in the alcoholic (119) and may be related to 
a diurnal variation in the relative amounts of endoplasmic 
reticulum within the hepatic lobule (38). 

E. Polymorphism of Cytochrome P-4602El 

Several polymorphic sites in the 5’-flanking region 
of the human cytochrome 2E1 gene have been reported. 
Indeed, it contains several restriction fragment length 

polymorphisms that may affect transcriptional regulation 
or the functional activity of the expressed protein (89,96, 
236, 317, 318, 328). Two nucleotide exchanges are within 
restriction sites (pst I and Rsa I) and were found to be 
in complete linkage disequilibrium. The Rsa I sites in the 
regulatory V-flanking region described in Japanese sub- 
jects were found to affect the rate of transcription when 
coupled to a reporter gene in an in vitro expression system 
(89, 328). Hayashi et al. (89) classified the genotypes as 
type A (homozygous “normal” alleles; cl&), type C (ho- 
mozygous alleles with the nucleotide exchanges; c2,c2), 
and type B (heterozygous, having a normal and an altered 
allele; cl,c2). The rare mutant allele (termed the c2 allele) 
that lacks the Rsa I restriction site is associated with 
higher transcriptional activity, protein levels, and enzyme 
activity than the more common wild-type allele (cl allele) 
(89, 316, 328). 

The frequency of the Rsa I-lacking c2 allele varies in 
different populations (286). The highest frequency has 
been observed in the Taiwanese (0.28) and Japanese 
(0.19-0.27), whereas in African-Americans, European- 
Americans, and Scandinavians, the frequency is much 
lower, ranging between 0.01 and 0.05 (286). The Rsa I 
polymorphism has been investigated in the Japanese pop- 
ulation by two groups; one study showed a positive associ- 
ation of the c2 allele with alcoholic liver disease (316), 
and the other study showed an association between the 
cl (wild-type) allele and alcoholic liver disease (201). A 
smaller study has also been performed in North American 
Caucasian men (26); it did not show an association be- 
tween alcoholic liver disease and the Rsa I polymorphism, 
whereas Pirmohamed et al. (241) found that the c2 allele 
frequency in patients with alcoholic liver disease was sig- 
nificantly higher than in control subjects. The discrepan- 
cies between the different studies may be related to clini- 
cal dissimilarities of the patients investigated as well as 
to differences in the gene frequencies of the populations 
studied. Polymorphism of 2El may also play an important 
role in cigarette smoking-related hepatocarcinogenesis. In 
a recent, as yet unconGrmed, study, a much greater risk 
was observed for those smokers who were also habitual 
alcohol drinkers and carried the cl/cl genotype (346). 
However, Rsu I polymorphism did not affect lung cancer 
risk (330). 

Dru I polymorphism of 2El has been reported to be 
associated with lung cancer risk in the Japanese (318). 
However, observations in the United States (123), Finland 
(96), and Brazil (290) have not supported these findings. 
There was also no significant difference in c2 gene fre- 
quency between alcoholic and nonalcoholic controls 
(108). Similarly, Maezawa et al. (202) found no significant 
difference in the frequency of the 2El genotype between 
alcoholics and healthy subjects, concluding that polymor- 
phisms of the gene does not influence the risk of devel- 
oping alcoholism in the Japanese. 
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In summary, regulation of 2El expression is complex, 
involving transcriptional, posttranscriptional, and post- 
translational events with polymorphism playing a role. 
Although alcohol consumption results in a striking induc- 
tion of hepatic 2E1, a 6- to 20-fold variability (or more) 
of 2El protein or activity has been described, not related 
to liver disease or cancer, nor to alcohol drinking or smok- 
ing. Other environmental factors, diet, or genetic factors 
may explain the large interindividual variations observed 
(197). 

IV. ENZYMOLOGY OF CYTOCHROME P-4502El 

A. Cofactors 

Microsomes as well as purified and semipurifled 2El 
catalyze the oxidation of ethanol to acetaldehyde and that 
of a large number of exogenous and endogenous sub- 
strates (Table 1), thereby explaining 2E l’s physiological 
and toxicological role. As for other monooxygenase sys- 
tems, optimal incubation conditions for maximal rates of 
metabolism require the presence of NADPH, NADPH-cy- 
tochrome p-450 reductase, and lipids. No substantial me- 
tabolism is detected when any of these components are 
omitted. A marked enhancement of metabolism (up to 4- 
fold) was obtained in the presence of various concentra- 
tions of phospholipids, a commonly used one being dilaur- 
oylphosphatidylcholine. With NDMA as a substrate, forrn- 
aldehyde formation was directly proportional to the con- 
centration of 2El and time of incubation for at least 10 
min. The pH optimum for the reaction for that substrate 
was between 6.5 and 6.8 (172). Similar results were also 
obtained with ethanol and higher alcohols as substrates, 
using a reconstituted system consisting of semipurified 
2El and reductase (227) except that the optimal pH was 
7.4. The apparent K, values of this system for ethanol 
and NADPH were 11.4 and 0.045 mM, respectively. Reduc- 
tion of oxygen to 4% decreased the microsomal ethanol- 
oxidizing activity by 45% compared with the reaction in 
air. In such a system, it was found that introduction of 
4m CO inhibited the reaction by 34%. Replacement of 
air by nitrogen abolished the activity almost completely. 
Heating of this system to 90°C for 20 min destroyed the 
enzymatic activity. Substantial activity was observed in 
the presence of NADPH, whereas with NADH, activity 
wa ~50% that with NADPH. Other cofactors (such as 
NADP+ and NAD’) were not active. The catalase inhibitor 
azide did not inhibit the activity of the system at 0.1 mM, 
but at higher concentrations, there was a nonspecific in- 
hibitory effect. 

The ADH inhibitor pyrazole did not decrease the re- 
constituted microsomal ethanol-oxidizing activity at the 
concentration of 2 mM. However, 4-methylpyrazole (4- 
MP) is both an inhibitor in vitro and an inducer in vivo 

(see sect. IVD). When catalase was added to the system 
and incubated with NADPH, acetaldehyde production in- 
creased, but this was completely abolished by 0.1 mM 
azide. When NADPH was replaced by a HZOz-generating 
system, the reconstituted system could not oxidize etha- 
nol without added catalase. Furthermore, this ethanol oxi- 
dation was completely abolished by 0.1 mM sodium azide. 
There was no significant difference in the capacity of par- 
tially purified NADPH-cytochrome P-450 reductase from 
either ethanol-treated rats or controls to promote alcohol 
oxidation in the presence of the cytochrome P-450 (227). 
However, the amount of NADPH-cytochrome P-450 reduc- 
tase may become rate limiting (99). Ratios of P-450-reduc- 
tase-lipid of 1:1:20 are considered optimal (256). 

B. Role of Lipids and Other Nutrients 

The induction effect of chronic ethanol consumption 
or liver microsomes may be modulated, in part, by the 
dietary content in lipids (114). The quantity and degree 
of saturation of dietary lipids also affect levels of 2El 
(344, 345). The various liver P-450s require the addition 
of phospholipids for catalytic activity to be reconstituted 
in vitro. Traditionally, dilauroylphosphatidylcholine 
([ 12:0/12:0] PC) has been used for that purpose with vari- 
ous P-450s including highly purified 2El from human liver 
microsomes (158, 337). However, [ 12:0/12:0] PC is not the 
only active phospholipid. It was shown before in reconsti- 
tuted systems with semipurified P-450 enzymes (227) that 
these preparations were quite active with a less saturated 
phospholipid, namely, dioleoylphosphatidylcholine ([ 18: I! 
18: I] PC). 

Whereas the effects of high-fat diets on hepatic 2El 
were paralleled by similar changes in the corresponding 
mRNA in one study (347), inconclusive results were found 
in another (344). It has been reported that dietary corn 
oil (20%) also affects the constitutive levels of 2El protein 
in microsomes, but not the catalytic activity of this en- 
zyrne (344). Yun et al. (347) also reported that a 2El- 
promoted enzyme activity (aniline 4-hydroxylation) in he- 
patic and renal microsomes was elevated about two- to 
threefold by feeding a high-fat diet for 3 days and that the 
rises in enzyme activities were also accompanied by a 
comparable increase in immunoreactive 2El protein and 
its mRNA. It is not clear at this time whether these results 
can be specifically ascribed to the high-fat diet rather than 
to a difference in fatty acids. A diet rich in polyunsaturated 
fatty acid, especially linoleic acid, can enhance MEOS 
induction by chronic ethanol intake (114). The relative 
increase of 2El-dependent MEOS activity and 2El-depen- 
dent hydroxylation of p-nitrophenol was higher in micro- 
somes isolated from rats treated with the corn oil diet 
(rich in linoleate) compared with the tallow-fed rats (295). 
It must be pointed out, however, that when ethanol was 
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Substrate Reference No. 

AcetaIdehyde 
Butanol 
2Butanone 

Alcohols, aldehydes, ketones, and nitriles 

Ethanol 

Glycerol* 
lsopropanol 
Methanol 
Propanol 
Pentanol 
1-Phenylethanol (to acetophenone) 

Aroma tic compounds 

Acetaminophen 
Aniline 
Benzene 
Bromobenzene 
Caffeine (to theophylline and theobromine) 

CapsaiCiI-l 

Chlorzoxazone 
3Hydroxypyridine 
Isoniazid 
Phenol 
Pyridine 
p-Nitrophenol 

Pyrzole 
Styrene 
Tamoxifen 
TheophyIline 8hydroxylation (at high concn.) 

Toluene 

Ethers 

Diethyl ether 
Methyl t-butyl ether 
1,1,2,3,3,3HexafIuoropropyl methyl ether 

Fatty acids* 

Arachidonic acid ~3-1 and w-2 hydroxylation 

Iauric acid w-l hydroxylation 

302 
144 
301 

21 
227 
144 
335 
214 
214 
144 
144 

15 

246 
144 
111 
331 
298 
216 
297 
292 
238 
135 
255 
146 
136 
139 
299 
210 

43 
85 

288 
86 

350 
16 

19 
22 

149 

155 
252 

7 
42 
73 

Halogenated and nonhulogenated alkanes and alkenes 

Acetoacetate* 
Acetol 
Acetone* 
Acetonitrile (+ catalase) 
Acrylonitrile 

1,3Butadiene 
Chloroform (to glutathione corljugate) 

142 
144 
144 

67 
85 

125 
59 

300 
301 

85 
Chloroform (Iow-afflnii component) 

* Endogenous compounds. 

217 

Substrate Reference No. 

Halogenated and nonhalogenuted &anes and alkenes-Continued 

Chloromethane 
Dibromoethane 
l, l-DichIoro-2,2,2-trifluoroethane 
2,2-DichIoro-l, l, 1-trifluoroethane 
DichIoromethane 
1 , 1-Dichloroethane 
1, 1-Dichloroethylene 

1,2-Dichloropropane 
N,N-Dimethylacetamide 
NJV-Dimethylformamide 
Enflurane 

Enflurane (in vivo in humans) 
1,2-Epoxy+butene 
Ethane 
Ethyl carbamate 
Ethylene dichloride 
Halothane 
Hexane 
p,P-Iminodipropionitrile 
Methoxyflurane 

Methyl formate 
MethylenechIoride 
N-Methylformamide 
Pentane 
Seroflurane 

1 , 1,1,2-Tetrafluoroethane 

1,1,2,2-Tetrafluoro-1-1(2,2,2- 
tri.fIuoroethoxy)ethane 

Thioacetamide 
Tirapazamine 
1, 1, 1-Trichloroethane 
Trichloroethylene 
Vinyl chloride 
Vinyl bromide 

Nitrosamines, azocompounds 

Azoxymethane 
N,N-DiethyInitrosamine 
N,N-Dimethylnitrosamine 
Methylazoxymethanol 
N-Nitroso-2,3&nethylmorpholine 
N-Nitrosomethylbenzylamine 
N-Nitrosopyrrolidine 
N-Nitrosobis(2-oxopropyl)amine 

Reducible substrates 

t-Butylhydroxyperoxide 
Carbon tetrachloride 
Chromium [Cr(VI)] 
Cumyl hydroperoxide 
13-Hydroperoxy-9,lLoctadecadienoic acid 
15-Hydroperoxy-5,8,11, Xkicosatetraenoic acid 
oxygen 

83 
83 

323 
196 

83 
160 
160 

58 
83 

276 
40 
98 

294 
132 
266 
301 

83 
83 
82 

301 
77 
98 

131 
235 

83 
100 
300 

98 
130 
229 
291 

91 
41 

127 
83 
83 
83 
83 

279 

344 
279 
136 
234 
203 
124 

327 
83 

208 
327 
327 
327 

81 

given with linoleate as the only source of dietary lipid, ate. In contrast, when ethanol was given with high-fat 
the ethanol induction of these parameters was greater (35% of total calories) diets, the ethanol induction of these 
with diets containing 2 or 5% of total calories as linoleate same parameters was slightly greater when linoleate pro- 
than with diets containing 1096 of total calories as linole- vided loo/o of total calories than when it provided 3% of 
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calories (115). Thus the apparent effect of dietary linole- 
ate on the induction, by ethanol, of microsomal drug-me- 
tabolizing enzymes is markedly different when linoleate 
is given as the only source of dietary lipid as opposed to 
when it is given with other dietary lipids, and conclusions 
on the effect of ethanol on hepatic microsomal drug-bio- 
transformation enzymes, drawn from studies with dietary 
models in which linoleate provides the only source of 
dietary lipid, cannot be extended to dietary models of 
more complex lipid composition. F’urtherrnore, other re- 
sults (191) indicated a comparable five- to sixfold ethanol- 
dependent induction of 2E1, MEOS, and p-nitrophenol hy- 
droxylation in rats fed low-fat (5%) and high-fat (35%) 
diets. A tendency to an extra increase of MEOS activity 
was observed in the latter group, without any concomitant 
extra rise in 2El. This was taken as an indication that 
non-2El metabolizing P-450s participated in the oxidation 
of ethanol. Indeed, the Lieber-DeCarli feeding regimen 
also increased P-450 4Al specific activity (199,220), which 
may contribute to a decrease in arachidonic acid (8,270), 
possibly in association with increased phospholipase A 
activity (8, 220). 

The difference in ethanol metabolism could also be 
due, at least in part, to an increase in the catalytic activity 
of 2El in a microsomal environment modified by the fat 
content of the diet. In any event, in addition to varying 
fat content of the diets, some investigations also varied 
the essential fatty acids, a deficiency of which may have 
an independent and confounding effect. When one com- 
pared the effects of high- and low-fat diets with adminis- 
tration of sufficient essential fatty acids to both groups, 
no difference in levels of 2El was found, nor did the 
response to the induction by ethanol differ (191), whereas, 
as already mentioned, MEOS activity was increased sig- 
nificantly in rats fed the high-fat diet. 

It should be noted that, in addition to lipids, dietary 
proteins can also affect microsomal functions (212). Fur- 
thermore, decreased carbohydrate content increased 
MEOS activity by 72% (309). 

C. Substrates 

In addition to ethanol, many other substrates for 2El 
have been identified (141), and an updated list is given in 
Table 1. Some of these are endogenous substrates, illus- 
trating the physiological role of 2El (see sect. VI). Most, 
however, are exogenous compounds. Not infrequently, 
the metabolites produced in the microsomes are more 
toxic than the precursors. Much of the medical signm- 
cance of MEOS (and its ethanol-inducible 2El) results 
not only from the oxidation of ethanol but also from the 
unusual and unique capacity of 2El to activate many xeno- 
biotic compounds to their toxic metabolites, often free 
radicals, thereby contributing to the ethanol-induced pa- 
tholom (see sect. VII). 

Of the various 2El substrates, the demethylation of 
NDMA and the hydroxylation of p-nitrophenol are most 
effective for monitoring the level of this enzyme. Recently, 
a highly sensitive, simple assay for the determination of 
4-nitrocatechol formed during the P-450-dependent hy- 
droxylation of p-nitrophenol has been developed. The 
assay utilizes high-performance liquid chromatography 
with electrochemical detection, which makes it possible 
to measure 0.5 pmol of 4-nitrocatechol injected, 30 times 
less than previously reported for an ultraviolet detector 
(210). It has also been demonstrated, using cDNA-ex- 
pressed human enzymes, that the conversion of p-ni- 
trophenol is catalyzed predominantly (at least 85%) by 
2El (299). 

The 6-hydroxylation of chlorzoxazone has also been 
suggested as a probe for 2El phenotyping in humans (238) 
(see sect. VIII). Carriere et al. (27) reported that recombi- 
nant human 2El and 1Al (expressed in yeast cells) were 
involved in the metabolism of chlorzoxazone, whereas 
Yamazaki et al. (341) found no such activity for recombi- 
nant IA2 expressed in Escherichia coli. However, cDNA 
expression in mammalian cells of lA2 was associated with 
chlorzoxazone oxidation (230). In addition, the level of 
human hepatic lA2 is about twofold higher than that of 
2El (85, 272). Because human lA2 has a lower Michaelis 
constant for chlorzoxazone than 2E 1, a role of lA2 in 6- 
hydroxychlorzoxazone formation in vivo cannot be ex- 
cluded (230). 

In addition to oxidative reactions, 2El is also an effi- 
cient catalyst of reductive reactions. The formation of 
trichloromethyl radicals from CC& (enhanced by ethanol 
treatment) was reported by Reinke et al. (250). Vaz et al. 
(327) described the efficient reduction of hydroperoxides 
by cytochrome P-4502El. These reactions were con- 
ducted under anaerobic conditions and produced hydro- 
carbons and either aldehydes or ketones from the original 
hydroperoxide. Lipid hydroperoxides were proposed as 
the physiological substrates. 

Included in the list of substrates for reductive reac- 
tions is molecular oxygen. The NADPH-dependent reduc- 
tion of oxygen by cytochrome p-450 (the “oxidase activity 
of P-450”) is well documented. Peroxide formation is 
thought to occur by the release and subsequent dismuta- 
tion of superoxide. Direct release of peroxide from the 
two-electron reduced enzyme can also occur (81,83). The 
reduction of oxygen is particularly relevant for 2E 1. This 
form of P-450 is usually isolated in the high-spin state 
(144), but Gillam et al. (79) report a mixed spin state for 
2El expressed in E. coli. If the enzyme is also high spin 
in the endoplasmic reticulum, it may be readily reduced 
by an electron provided by NADPH-cytochrome P-450 re- 
ductase (in the absence of substrate). Indeed, microsomes 
from ethanol-fed animals exhibit much greater rates of 
NADPH oxidation than microsomes from untreated ani- 
mals (49, 61, 68, 152, 185). Enhanced oxidase activity 
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IX;. 5. Oxidation of ethanol in hepatocyte. Many disturbances in intermediary metabolism and toxic effects can 
be linked to I) ADH-mediated generation of NADH; 2) induction of activity of microsomal enzymes, especially MEOS 
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would result in the increased production of both superox- 
ide anion and hydrogen peroxide which, in the presence 
of chelated iron, can produce reactive hydroxyl radicals 
(49, 68) (Fig. 5), but it is still not demonstrated that a 
comparable uncoupling of 2El occurs in vivo. 

Cytochrome P-4502El exhibits a unique ability to po- 
tentiate an iron-catalyzed Fenton-type reaction in a recon- 
stituted system, and increased rates of hydroxyl radical- 
mediated metabolism of substrates such as ethanol and 
dimethyl sulfoxide were observed for microsomes iso- 
lated from animals with induced 2El (49, 61,68, 152, 237). 
The increased capacity to produce active oxygen species 
was manifested by an increased rate of microsomal lipid 
peroxidation by microsomes or liposomes enriched in 2El 
(61, 152, 237). Antibody to 2El inhibited -65% of micro- 
somal peroxide production while almost completely in- 
hibiting NADPH-dependent lipid peroxidation (61). These 
results suggest that the participation of 2El is necessary 
for lipid peroxidation to be observed. 

Garro et al. (75) showed an enhancement of NDMA 
metabolism and activation to a mutagen following chronic 
ethanol consumption, and this nitrosamine was shown to 

be selectively metabolized by 2El at low concentrations 
of substrate (343). This may play a role in ethanol-pro- 
moted carcinogenesis (see sect. VW?). 

D. Inducers and Inhibitors 

Cytochrome P-4502El is inducible not only by etha- 
nol, but also by some endogenous substrates such as ace- 
tone (145). Isoniazid has been identified as an inducer of 
2El in the rat (255), and similar induction may have been 
observed in humans, where there was actually a biphasic 
effect that probably results from induction (by protein 
stabilization) with inhibition of catalytic activity while iso- 
niazid is present (348). Pyrazole and 4-MP, 2El inhibitors, 
also increase levels when added to hepatocyte cultures 
(62, 340). These inhibitors were used to determine how 
soon after birth chemicals such as pyrazole or 4-MP can 
induce 2El. As mentioned in section IIIJ), 2El is not pres- 
ent in fetal rat liver, and activation of the gene occurs 
within hours after birth. In liver microsomes from saline- 
treated control rats, there was a progressive increase in 
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2El levels, up to 8- 14 days after birth. Injecting pyrazole 
and 4-MP on day 0 and day 1 after birth resulted in in- 
creases (compared with control values) in 2El content. 
Northern blot analysis indicated a progressive increase in 
2El mRNA levels, reaching a maximum at -8 days after 
birth for saline-treated pups. Pyrazole or 4-MP did not 
increase 2El mRNA levels over values for the controls, 
suggesting a posttranscriptional effect (339). 

Malotilate, a hepatoprotectant, also suppresses 
CYp2E1 expression (133). Its structural analogue, YH439, 
displayed even much more striking transcriptional inhibi- 
tion of CYp2EI (110). 3-Amino-l&4-triazole, a well-estab- 
lished inhibitor of catalase, also inhibits 2El activity (140). 
Gannett et al. (74) described the irreversible inactivation 
of rat liver 2El by the natural product from red peppers 
dihydrocapsaicin. Because 2El is responsible for the bio- 
activation of many carcinogens (see sect. VW), the inhibi- 
tion of 2El by compounds such as dihydrocapsaicin could 
explain inhibition of tumorigenesis by some foods. 
Phenethyl isothiocyanate, present in cruciferous vegeta- 
bles such as cabbage and brussel sprouts, is an effective 
inhibitor of microsomal demethylation of NDMA (105). 
Disulfiram inhibits the carcinogenicity of 1,2-dimethylhy- 
drazine (70) and the hepatotoxicity of CHC13, CCL, acet- 
aminophen, and NDMA (18). Disulfiram is reduced to di- 
ethyldithiocarbamate, an effective inhibitor of 2El in rat 
(23) and human (84) microsomes. Diallyl sulfide, a compo- 
nent of garlic oil, exerts a potent inhibitory effect on the 
induction of colon and liver cancer induced by chemical 
carcinogens (20,90), and it also inhibits 2El activity (154). 

Allylmercaptan (AM) and allylmethylsulfide @MS) 
suppressed constitutive and pyrazine-inducible levels of 
2El similar to allylsulfide (AS). Immunoblot analyses of 
hepatic microsomes, using an anti-2El antibody, showed 
that AS, AM, and AMS significantly suppressed constitu- 
tive levels of 2El apoprotein after 24,48, and 72 h, respec- 
tively. Time-dependent induction of 2El by pyrazine was 
also completely blocked by treatment of animals with AS 
throughout the experimental period, as evidenced by im- 
munoblot analysis. The levels of 2El apoprotein in the 
hepatic microsomes isolated from animals treated with 
both AIMS and pyrazine were comparable to those in con- 
trol hepatic microsomes at l-3 days posttreatment (154). 

Diallyl sulfide, diallyl sulfoxide, and diallyl sulfone 
are competitive inhibitors, and the latter is a suicide inhib- 
itor of 2El (18). 

V. TISSUE DISTRIBUTION 

A. Liver 

1. Hepatocytes 

In livers of rats as well 
with immunohistochemistry 

as of humans, it was shown 
that 2El is normally localized 

within the perivenular region, or zone 3, of the liver lobule 
(24, 102, 312, 315). The induction of 2El by chronic alco- 
hol consumption occurs primarily within the some lobular 
region, although some enzyme induction does take place 
in the midzonal and periportal areas as well. In situ hybrid- 
ization with a human 2El cDNA probe showed that the 
distribution of 2El mRNA transcripts in liver tissue from 
control (nondrinking) subjects was primarily perivenular 
in nature and reflected the distribution of the enzyme. 
A threefold increase of 2El transcripts was observed in 
hepatic acinar regions of actively drinking subjects, all of 
whom also exhibited substantial induction of 2El protein. 
Although this ethanol-mediated increase in 2El mRNA 
was distributed throughout the acinus, hepatocytes of the 
perivenular zone contained the highest 2El transcript lev- 
els (296). This localization is consistent with the propen- 
sity of centrilobular liver damage to develop in alcohol 
abusers after exposure to various hepatotoxins, including 
ethanol itself (177). 

In addition to the endoplasmic reticulum, cyto- 
chrome 2El is also present in the plasma membrane sur- 
face of rat hepatocytes. Immunofluorescence with either 
rhodamine or fluorescein revealed a positive staining on 
the surface of most of the hepatocyte preparations when 
incubated with anti-2El but not preimmune immunoglob- 
ulin G. In general, the surface staining appeared to be 
uniform, suggesting an even distribution of 2El in the 
plasma membrane. Hepatocytes from the perivenular 
zone of the liver displayed a more intense fluorescence 
on their surface compared with periportal hepatocytes 
(338). The intensity of staining of the band in the plasma 
membrane was 14% that of the microsomes from prepara- 
tions from 4-MP-treated rats and 26% of the microsomes 
from control preparations. The 2El in the plasma mem- 
brane was catalytically active with a low concentration 
of NDMA. 

2. Kupffer cells 

Chronic ethanol feeding results in an induction of 
2El in rat Kupffer cells (138) (Fig. 6). The relative induc- 
tion was of the same magnitude as in hepatocytes, but 
the 2El content was 10 times lower than in hepatocytes of 
the same animals. Immunocytochemical studies revealed 
that 2El is present in the endoplasmic reticulum of Kupf- 
fer cells in vivo and that it is also present in isolated 
Kupffer cells. There was also an induction of 2El-depen- 
dent benzene hydroxylation by acetone in rat liver that 
was found to be more pronounced in Kupffer cells than 
in hepatocytes (143). 

The induction of 2El in Kupffer cells by ethanol may 
have various consequences. It probably increases the in- 
tracellular levels of acetaldehyde, the toxic metabolite of 
ethanol. Kupffer cells have been shown to metabolize eth- 
anol (333), and the relative contribution of 2El to overall 
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FIN. 6. Immunoelectron micrographs showing 2El staining in hepato- 
cyte (A) and Kupffer cell from an ethanol-fed rat (B). Cytochrome P-4502E 1 
staining in hepatocyte is intense, and staining is in close association with 
proliferating rndoplasmic reticulum (arrowheads). Kupffer cell exhibits a 
sparse 2El staining, which also appears to be associated with endoplasmic 
reticulum (arrowhead). IV, nucleus; F, fat droplet; S, sinusoid. Magnihcation: 
A, ~18,000; R, ~20,000. [From Koivisto et al. (138).] 

acetaldehyde production of these cells is probably much 
higher than in hepatocytes. In murine Kupffer cells, cyto- 
chrome P-450 inhibitors have been shown to inhibit etha- 
nol metabolism by >50%, whereas ADH and catalase in- 
hibitors decreased it only by < 10% (333). Also, the finding 
that chronic ethanol feeding tends to increase ethanol 
metabolism in Kupffer cells (60) supports the hypothesis 

that ethanol-inducible 2El may be the major pathway of 
ethanol metabolism in these cells. 

B. Extrahepatic Tissue 

Although apparently not present under basal condi- 
tions (at least according to the immunohistochemical de- 
tection methods used), 2El was induced by ethanol to 
readily discernible levels in cheek mucosa, tongue, esoph- 
agus, and forestomach squamous epithelia, as well as in 
proximal colon surface epithelia in the rat. In contrast, 
immunoreactive 2El was not observed within epithelial 
cells of stomach fundic and antral mucosa, ileum, distal 
colon, or rectum, regardless of whether these tissues were 
obtained from alcohol-treated rats or their corresponding 
controls (273). Such results indicate that constitutive ex- 
pression of 2El and its induction by alcohol in rat alimen- 
tary tract tissues is not a generalized phenomenon but is 
confined to only certain organs (or regions thereof) of the 
digestive canal (273). Interestingly, the sensitivity of the 
2El immunohistochemical detection method used with 
rat alimentary tract tissues exceeded that of protein blot- 
ting. For instance, 2E 1 immunostaining was clearly visible 
in esophageal mucosa epithelial cells from ethanol-treated 
rats but not on protein blots of microsomes prepared from 
whole esophageal mucosa (273). This phenomenon may 
partly explain why other investigators who used micro- 
somal protein blotting failed to detect 2El in the alimen- 
tary tract (55). 

The results of the study of Shimizu et al. (273) may 
provide a molecular basis for the acknowledged cocarci- 
nogenic and cytotoxic effects of ethanol in alimentary 
tract and other extrahepatic tissues. For example, acrylo- 
nitrile is known to cause extensive gastrointestinal dam- 
age and tumors in rats. It is metabolized by intestinal 
mucosal cells, and 2El appears to be the major isoform 
involved (289). 

Cytochrome P-4502El was detected on immunoblots 
of kidney and nasal mucosa microsomes (55) and it was 
increased in kidney as well as nasal microsomes by 
chronic ethanol treatment (54). A posttranscriptional reg- 
ulation of mouse renal 2El by testosterone was also de- 
scribed (233). 

Basal levels of 2El were lo-20 times lower in lung 
and kidney than in liver. Among the organs tested, lung 
appeared to be the tissue least sensitive to induction even 
after ethanol inhalation. After ethanol intoxication, immu- 
nostaining was increased in the alveolar cells of the lung 
and in the proximal convoluted tube of the kidney. The 
2El activities decreased to control values in the three 
tissues tested within 24 h after cessation of intoxication 
(198). The presence in human lung microsomes of cyto- 
chrome P-450 immunochemically related to human liver 
2El was also demonstrated (332). 
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Other studies have also shown that 2El is present in 
specific cells (76) and specific areas of the brain (278). 

Induction of cytochromes in rabbit bone marrow 
(265) and lymphocytes (245) and in poorly controlled in- 
sulin-dependent diabetics (284) has also been reported 
and could therefore facilitate in vivo monitoring of this 
P-450. 

VI. PHYSIOLOGICAL FUNCTIONS 

A. Starvation and Ketone Metabolism 

Cytochrome P-4502El is inducible by fasting in the 
rat (148), whereas it is decreased in liver microsomes of 
house musk shrew (Suncus murinus) (219). The increase 
may be due, at least in part, to ketones. Indeed, in rats 
(30), rabbits (142), and humans (249), acetone appears to 
be actively utilized, being metabolized by a microsomal 
acetone monooxygenase identified as 2El (32, 112). Ace- 
tone is both an inducer and a substrate of 2El (141,343). 
The existence of a gluconeogenic pathway for acetone 
was shown by the incorporation of [14C]acetone into glu- 
cose and amino acids during fasting and diabetic ketoaci- 
dosis (232, 248, 249). The conversion of acetone to acetol 
and then to methylglyoxal, both intermediates in the glu- 
coneogenic pathway, was demonstrated in vitro (30, 31, 
142). The contribution of 2El to the biotransformation of 
acetone was shown in viva by the increase in blood ace- 
tone after the 2El inhibitors diallyl sulfide, diallyl sulfox- 
ide, and diallyl sulfone (39). It is noteworthy, as already 
suggested by Reichard et al. (248), that acetone may be 
a significant gluconeogenic precursor in fasting humans, 
accounting for 10% of the gluconeogenic demands of hu- 
mans fasted for 21 days. The mechanisms of the induction 
by fasting, acetone, and ethanol have been compared by 
Miller and Yang (209). 

B. Obesity, Diabetes, and Lipid Metabolism 

The obese overfed rat exhibits substantially higher 
levels of 2El and total cytochrome P-450 in liver micro- 
somes compared with nonobese animals (260). Micro- 
somal ethanol oxidation, acetaminophen activation, and 
p-nitrophenol hydroxylation (monooxygenase activities 
catalyzed by 2El) are also enhanced in obese rats, re- 
flecting their induced hepatic 2El content (247). Hepatic 
2El content was also markedly elevated in diabetic rats to 
a degree similar to that of rats given acetone and slightly 
greater than that in ethanol-treated rats (282). The ele- 
vated levels of hepatic 2El found in spontaneously dia- 
betic rats were highly correlated with plasma concentra- 
tions of the ketone ,B-hydroxybutyrate, suggesting that 
the 2El induction in diabetes is associated directly or 

indirectly with increased plasma levels of ketone bodies 
(12). Furthermore, cytochrome 2El is elevated in lympho- 
cytes from poorly controlled insulin-dependent diabetics 
(284), and insulin downregulates 2El expression at the 
posttranscriptional level in a rat hepatoma cell line (48). 
Moreover, in hepatic and renal microsomes of rats with 
streptozocin-induced diabetes, 2El was induced (274). 
The mechanism of 2El induction in chemically induced 
and spontaneously diabetic rats was studied by Dong et 
al. (57). 

Cytochrome P-4502E 1, reconstituted with cyto- 
chrome b5 and NADPH-cytochrome P-450 reductase, me- 
tabolizes lauric, stearic, oleic, linoleic, linolenic, and ara- 
chidonic acids. Two major metabolites, accounting for 
78% of the total metabolism, were produced with arachi- 
donic acid. The first one was identified as monohydroxy- 
lated eicosatetraenoic acids (HETEs), with the major one 
being 19-hydroxyeicosatetraenoic acid (19-HETE). The 
second metabolite was the w-2 hydroxylated metabolite 
(18-HETE) (13, 155). Thus, when 2El is induced, it could 
contribute significantly to the formation of the w-l and 
w-2 hydroxylated metabolites of arachidonic acid. Accord- 
ingly, the ratio of 20:4/18:2 was significantly lower in alco- 
hol-fed rats compared with their pair-fed controls. Cyto- 
chrome P-4502El inhibitors inhibited the above effect of 
alcohol (216). 

Laurie acid w-l hydroxylation was also demonstrated 
in human liver microsomes, and this activity was highly 
correlated with chlorzoxazone 6-hydroxylation (42). In 
turn, alcohol consumption enhances fatty acid w-oxida- 
tion via induction of cytochrome P-4504Al (200). 

A purified system containing phospholipid, NADPH- 
cytochrome P-450 reductase, and 2El also oxidized glyc- 
erol to formaldehyde. However, glycerol is not a direct 
substrate for oxidation to formaldehyde by 2E 1, but it is 
a substrate for an oxidant derived from interaction of iron 
with H202 generated by cytochrome P-450 (44). 

VII. ROLE OF CYTOCHROME P-4502El 
IN THE METABOLISM OF ETHANOL AND 
ASSOCIATED PATHOLOGY 

A. Role of Cytochrome P-4502El in Ethanol 
Oxidation After Chronic Ethanol Consumption 

The fact that ethanol metabolism increases with ris- 
ing ethanol concentrations well above the level needed to 
fully saturate the low Km ADH, especially following 
chronic ethanol consumption, suggested the involvement 
of a non-ADH pathway (259). The MEOS was suggested, 
because it significantly increases in activity under these 
conditions (see sect. II@. Moreover, the acceleration of 
ethanol metabolism at higher ethanol concentrations ex- 
plains that the disappearance of ethanol from the blood 
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terally, the MEOS rather than gastric ADH is the major 
pathway of ethanol oxidation in ADH- deermice, whereas 
both pathways contribute significantly to the metabolism 
of orally administered ethanol (107). That chronic ethanol 
feeding results in an increased activity of a non-ADH and 
noncatalase pathway in the liver was also shown in stud- 
ies of liver microsomes, liver slices, and isolated hepato- 
cytes. Ethanol oxidation was enhanced in isolated liver 
tissue by increasing the alcohol concentration employed 
in vitro from 10 to 30 mM. Of particular interest was the 
observation that this phenomenon was more pronounced 
in ethanol-fed rats than in their pair-fed controls (308). 
To test whether MEOS is involved in this adaptive in- 
crease, ADH and catalase activities were inhibited by py- 
razole and sodium azide, respectively. The activity of the 
non-ADH and noncatalase pathway was significantly 
higher in ethanol-fed rats than in controls. In addition, the 
difference between the two groups was more striking at 
30 mM than at 10 mM. Similarly, when a relatively con- 
stant blood ethanol level is maintained through continu- 
ous infusion in the baboon, the acceleration of ethanol 
metabolism with higher blood levels was more pro- 
nounced in ethanol-fed than in control animals (239). All 
these data indicate that a non-ADH pathway, most likely 
MEOS, represents a major mechanism for the acceleration 
of ethanol metabolism at high alcohol concentrations 
(Fig. 8C). A similar change was shown in human volun- 
teers: alcohol consumption resulted in a progressive ac- 
celeration of blood alcohol clearance, particularly at high 
alcohol concentrations (Fig. 7) (259). In vitro, in primary 
cultures of human hepatocytes, ethanol increased 2E1, 

FIG. 7. Effect of chronic ethanol consumption on blood ethanol 
elimination curve in a human volunteer. Dose of ethanol administration 
was 1.0 g/kg in control experiment, 1.3 g/kg after 2 wk of alcohol, and. 
1.5 g/kg after 4 wk of alcohol. [Data from Salaspuro and Lieber (259).] detected immunochemically (150). 

is not linear at high ethanol concentrations that fully satu- 
rate the ADH pathway (69, 170, 258, 259) (Fig. 7). Kinetic 
analysis in vivo indicated that ethanol elimination is best 
described by a two-compartment open model with parallel 
first-order and Michaelis-Menten elimination kinetics. The 
dose dependency of the elimination rate was attributed to 
contributions of the ADH pathway at lower blood ethanol 
concentration and of non-ADH first-order elimination 
pathways at higher blood ethanol concentrations (72). 
The contribution of the first order pathway increased with 
increases in the blood ethanol concentration and even 
exceeded that of the ADH pathway at high blood ethanol 
concentration. Finally, a mutant deerrnouse strain that 
lacks the hepatic low-K’, ADH (ADH-) nevertheless ac- 
tively oxidizes ethanol (6, 25, 120-122, 271), and studies 
with stable isotopes indicated that this effect is mediated 
principally by the MEOS (6). Indeed, the rise in MEOS 
activity could account for all of the increases in ethanol 
metabolism of hepatocytes isolated from ADH- deermice 
(5) and for a major fraction of the increase in blood etha- 
nol clearance in vivo (186). When ethanol is given paren- 

B. Pathogenic Role of Cytochrome P-4602El in 
Alcoholic Liver Disease and Associated 
Oxidative Stress 

In view of the capacity of 2El to generate reactive 
oxygen intermediates, such as superoxide radicals (Fig. 
5) (see sect. rvc) (47) and the known toxicity of these 
free oxygen radical species, 2El plays a key role in the 
pathogenesis of liver injury. Indeed, Dai et al. (47) carried 
out experiments to stably and constitutively express the 
coding sequence of the human 2El in HepG2 cells, a hu- 
man hepatoma-derived cell line, infected with recombi- 
nant retroviral vector. Results indicated that the human 
2El is especially reactive in production of reactive oxygen 
intermediates and in catalysis of lipid peroxidation. There 
is increasing evidence that ethanol toxicity is linked to 
the increased production of reactive oxygen intermediates 
as evidenced by enhanced lipid peroxidation. DiLuzio (52, 
53) was one of the first to report that ethanol produced 
increased lipid peroxidation in the liver and that the etha- 
nol-induced fatty liver could be prevented by antioxidants. 
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Several mechanisms by which ethanol could promote oxi- 
dative stress have been suggested (33), including promi- 
nently increased generation of oxygen- and ethanol-de- 
rived free radicals at the microsomal level, especially 
through the intervention of the ethanol-inducible 2El 
(226). Indeed, 2El reduces O2 to superoxide anion and 
HzOz in the absence of substrates for hydroxylation (81, 
101) and even in their presence, since 2El is a leaky en- 
zyme. 

Membranous lipids are not the sole target of free 
radical attack (277). The increased microsomal generation 
of active oxygen derivatives could also contribute to etha- 
nol toxicity through radical-mediated inactivation of meta- 
bolic enzymes (50), including 2El itself (148). 

Furthermore, 2El activates a score of xenobiotics to 
highly hepatotoxic compounds. This pertains for instance 
to CCL. It is known that Ccl, exerts its toxicity after 
conversion to an active compound (most likely trichloro- 
methyl radical) in the microsomes, and alcohol pretreat- 
ment remarkably stimulates the toxicity of CC4 (87), with 
perivenular predominance, which can be explained by the 
selective presence and induction of 2El in that zone of 
the liver lobule (102, 312, 315). Indeed, the formation of 
trichloromethyl radicals from CCL, enhanced by ethanol 
treatment was reported by Reinke et al. (250). A large 
number of other organic compounds were found to show 
such a selective injurious action in the liver as well as 
other tissues of the alcoholic. These include other indus- 

FIG. 8. Hepatic ethanol-drug interac- 
tions. A: ethanol metabolism at low con- 
centration. B: microsomal drug metabo- 
lism is inhibited in presence of high con- 
centrations of ethanol, in part through 
competition for a common mlcrosomal 
detoxlfkation process. C: microsomal in- 
duction after long-term alcohol consump- 
tion contributes to accelerated ethanol 
metabolism at high blood ethanol levels. 
D: increased drug metabolism and activa- 
tion of xenobiotics (due to microsomal 
induction) persist a&r cessation of long- 
term alcohol consumption. 

trial solvents such as bromobenzene (92) and vinylidene 
chloride (275), as well as anesthetics such as enfhrrane 
(314) and halothane (294). Ethanol also markedly in- 
creased the activity of microsomal low-& benzene-me- 
tabolizing enzymes (218) and aggravated the hemopoietic 
toxicity of benzene. Thus commonly used industrial sol- 
vents and anesthetics, considered safe in normal subjects, 
may acquire unusual hepatotoxicity in heavy drinkers. En- 
hanced metabolism (and toxicity) pertains also to a vari- 
ety of prescribed drugs, including isoniazid and phenylbu- 
tazone (14). 

The same mechanism of hepatotoxicity also applies 
to some over-the-counter medications: therapeutic 
amounts of acetaminophen (2.5-4 g/day) can cause se- 
vere hepatic injury in alcoholics (267). In animals given 
ethanol for long periods, hepatotoxic effects peak after 
its withdrawal (263) (Fig. SD) when ethanol is no longer 
competing (Fig. 8B) for the microsomal pathway but lev- 
els of the toxic metabolites are at their highest. Thus 
alcoholics are most vulnerable to the toxic effects of acet- 
aminophen shortly after cessation of chronic drinking, 
when the still induced 2El activates acetaminophen to a 
highly toxic metabolite. The 2El induction also explains 
the increased vulnerability of these alcoholics to numer- 
ous other xenobiotics, as discussed in detail elsewhere 
(178, 179), including carcinogens (see sect. WC). 

Cytochrome P-4502El induction also results in strik- 
ingly increased oxidation of ethanol to acetaldehyde, a 
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highly reactive and toxic compound (184, 190). Acetalde- 
hyde is rapidly metabolized to acetate, mainly by a mito- 
chondrial low K, aldehyde dehydrogenase, the activity of 
which is significantly reduced by chronic ethanol con- 
sumption (88). The decreased capacity of mitochondria 
of alcohol-fed subjects to oxidize acetaldehyde, associ- 
ated with unaltered or even enhanced rates of ethanol 
oxidation (and therefore acetaldehyde generation be- 
cause of MEOS induction; see above) results in an imbal- 
ance between production and disposition of acetaldehyde. 
The latter causes the elevated acetaldehyde levels ob- 
served after chronic ethanol consumption in humans (56) 
and in baboons, which revealed a tremendous increase of 
acetaldehyde in hepatic venous blood (182), reflecting 
high tissue levels. Acetaldehyde’s toxicity is due, in part, 
to its capacity to form protein adducts. Indeed, acetalde- 
hyde binds covalently to liver microsomal proteins (225), 
including 2El (11), and other macromolecules (195) such 
as collagen (10, 293). This protein binding results in an 
antibody response (97, 106), enzyme inactivation (280), 
and decreased DNA repair (64). It is also associated with 
a striking impairment of the capacity of the liver to utilize 
oxygen (182). Moreover, acetaldehyde promotes glutathi- 
one depletion, free radical-mediated toxicity, and lipid 
peroxidation (Fig. 5). The role of 2El in lipid peroxidation 
is complex. Some of the peroxidation products formed, 
for instance, organic hydroperoxides (such as cumyl hy- 
droperoxide and tertiary butyl hydroperoxide), are also 
effective substrates. Cytochrome F4502El may not only 
initiate lipid peroxidation (61, 152), but it may also con- 
tinue to function in the elimination of hydroperoxides. 
However, the physiological significance of such reactions 
has not been demonstrated as yet. 

Lipid peroxidation is not only a reflection of tissue 
damage; it may also play a pathogenic role, for instance, 
by promoting collagen production, as discussed else- 
where (181). In any event, the crucial role of lipid peroxi- 
dation in the pathogenesis of alcoholic liver injury was 
illustrated by the use of antioxidants, the most successful 
example being provided by the prevention, with polyenyl- 
phosphatidylcholine, of liver cirrhosis in the baboon (189, 
193), and the attenuation of liver cirrhosis after CC& or 
heterologous albumin in the rat (200), in association with 
a striking correction of the oxidative stress and lipid per- 
oxidation (192). 

Iron overload may play a contributory role, since 
chronic alcohol consumption results in increased iron up- 
take by hepatocytes (349) and because iron exposure ac- 
centuates the changes of lipid peroxidation and in the 
glutathione status of the liver cell induced by acute etha- 
nol intoxication (324). 

In addition to its role in increasing acetaldehyde pro- 
duction, the induced 2El may also contribute to acetalde- 
hyde disposition. Indeed, Watanabe et al. (329) described 
conversion of aldehyde to carboxylic acid catalyzed by a 

cytochrome p-450 isozyme, and Terelius et al. (302) re- 
ported that liver microsomes from starved and acetone- 
treated rats catalyzed NADPH-supported metabolism of 
acetaldehyde at a rate eightfold higher than corresponding 
control microsomes; the maximum velocity was -6 
nmol l mg microsomal protein-’ l min-‘, and the apparent 
K, 30 PM. The reaction was efficiently inhibited by anti- 
2El immunoglobulin G. Although of theoretical interest, 
such a system of acetaldehyde disposition is hardly of 
practical significance, since it represents only 2% of the 
amount of acetaldehyde formed by the microsomal sys- 
tem (184) and a much smaller fraction of that either pro- 
duced or disposed of by the cytosolic and mitochondrial 
dehydrogenase systems. 

In summary, the crucial role of 2El and its induction 
in the pathogenesis of alcoholic liver injury through free 
radical and acetaldehyde generation and promotion of ad- 
duct formation and peroxidation is now widely recognized 
(71, 221), as reviewed in more detail elsewhere (177, 178, 
180). Accordingly, 2El inhibitors should be beneficial in 
preventing or improving ethanol-induced liver disorders. 
Indeed, this has now been demonstrated for some lipid 
changes (216). In view of the increasing number of 2El 
inhibitors now available (see sect. rv@, some of which are 
innocuous, this is obviously a promising field for future 
studies. 

C. Role of Cytochrome P-4502El in Carcinogenesis 

There is an association between alcohol misuse and 
an increased incidence of upper alimentary and respira- 
tory tract cancers (190). Many factors have been incrimi- 
nated, one of which is the effect of ethanol on the cyto- 
chrome P-450-dependent activation of procarcinogens to 
carcinogens. This effect has been demonstrated with the 
use of microsomes isolated from a variety of tissues, in- 
cluding the liver (the principal site of xenobiotic metabo- 
lism) (75), the lungs (269), and intestines (268, 269) (the 
chief portals of entry for tobacco smoke and dietary car- 
cinogens, respectively), and the esophagus (66) (where 
ethanol consumption is a major risk factor in the develop- 
ment of cancer). Nitrosamines have been implicated. As 
already mentioned, nitrosamines are metabolized by 2El 
even at low concentrations (343), with a resulting in- 
creased mutagen production after 2El induction, which 
may contribute to the enhanced carcinogenesis. 

D. Role of Cytochrome P-4502El 
in Energy Balance 

Although ethanol is rich in energy (7.1 kcal/g), 
chronic consumption of substantial amounts of alcohol is 
not associated with the expected effect on body weight 
(176). Furthermore, isocaloric substitution of carbohy- 
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drates by ethanol under metabolic ward conditions re- 
sulted in weight, loss, and addition of ethanol to an other- 
wise normal diet did not produce expected weight gain 
(242). This energy deficit cannot be explained merely on 
the basis of maldigestion or malabsorption but has been 
attributed, in part, to induction of the MEOS (a metabolic 
pathway which oxidizes ethanol without associated chem- 
ical energy production; Fig. 1). Alternate or additional 
mechanisms invoked include increased sympathetic tone 
and associated thermogenesis and/or enhanced ATP 
breakdown (with increased purine catabolism) secondary 
to the acetate produced from ethanol. Although attractive, 
all these hypotheses do not fully explain the lack of weight 
loss when alcohol is consumed with a very low-fat diet 
(5% of energy) (191), which suggests that an alteration in 
the energy utilization derived from fat plays a major role 
in the ethanol-induced energy deficit. One possible mecha- 
nism is uncoupling of oxidation with phosphorylation in 
mitochondria damaged by chronic ethanol consumption, 
in part because of the acetaldehyde generated (36, 202a), 
as also reviewed elsewhere (176, 178). 

VIII, WKERS OF CYTOCHROME 
P-4502El INDUCTION AND THEIR 
CLINICAL APPLICATIONS 

As discussed in section verb, 2El can activate com- 
monly used anesthetics and therapeutic agents to highly 
toxic metabolites. Knowledge of the state of induction 
of 2El may therefore have some practical applications, 
particularly in situations in which induction of 2El can be 
suspected, for instance, in heavy drinkers, or individuals 
treated with agents capable of 2El induction (e.g., isonia- 
zid) or physiological states possibly associated with such 
induction (e.g., diabetic ketoacidosis). Therefore, a nonin- 
vasive test of 2El would be of value in screening alcoholic 
patients requiring general anesthesia or in need of treat- 
ment with agents activated to toxins by 2E1, such as acet- 
aminophen (see sect. VI@. Although direct hepatic 2El 
quantification requires a liver biopsy, noninvasive ap- 
proaches may be feasible. Raucy et al. (245) reported that 
the 2El content from freshly isolated circulating lympho- 
cytes correlated with hepatic 2El in rabbits administered 
ethanol. If verified in alcoholics, this would provide a non- 
invasive test for 2El induction. Furthermore, as already 
mentioned, 2E 1 can metabolize chlorzoxazone (CZX) 
(238), commonly used as a muscle pain relaxant and anal- 
gesic. Thus the measurement of the metabolite of CZX (6- 
hydroxy-CZX) could serve as a marker of 2E 1. In human 
liver microsomes, the hydroxylation of CZX correlated 
with the concentration of 2El and was inhibited by incu- 
bation with antibody to 2El (238). Furthermore, after ad- 
ministration of CZX, recently drinking alcoholics had in- 
creased plasma levels of 6-hydroxy-CZX; the levels of this 

metabolite following a repeat CZX challenge decreased 
during the withdrawal period from alcohol (80, 198). Cur- 
rent investigations are ongoing to determine how well 
such noninvasive measurements of 6-hydroxy-CZX corre- 
late with actual hepatic 2El measurements in humans. In 
the rat, cytochromes P-450lAl and 3A are also involved 
in CZX hydroxylation (log), but because of species differ- 
ences, such studies cannot be directly extrapolated to 
humans. 

IX. ULTRASTRUCTURAL CHANGES AND 
ASSOCIATED INDUCTION OF OTHER 
MICROSOMAL ENZYMES 

As mentioned in section I, heavy ethanol consump- 
tion is accompanied by a proliferation of the membranes 
of the endoplasmic reticulum of the liver. This prolifera- 
tion was associated with increased 2El as shown by im- 
munoelectron microscopy not only in hepatocytes (Fig. 
6A) but also in Kupffer cells (Fig. 6B), albeit to a lesser 
degree in the latter. The endoplasmic reticulum harbors 
scores of other microsomal enzymes, the activity of which 
is increased in association with the proliferation. Accord- 
ingly, the microsomal induction resulting from long-term 
alcohol consumption accelerates not only the oxidation 
of ethanol, but it also increases the metabolism of many 
other microsomal substrates, including the synthesis of 
triacylglycerols (264). Its main interaction, however, is 
with other xenobiotics because other cytochromes P-450s 
are increased in their activity toward multiple drugs, in- 
cluding phenytoin, tolbutamide, propranolol, and rifampin 
(177). Ethanol administration to volunteers under meta- 
bolic ward conditions resulted in a striking increase in the 
rate of blood clearance of meprobamate and pentobarbital 
sodium (211). The metabolic drug tolerance persists sev- 
eral days to weeks after the cessation of alcohol abuse, 
and the duration of recovery varies with each drug (93). 
During that period, the dosage of these drugs has to be 
increased to offset the increased breakdown. Further- 
more, ethanol consumption has been shown to depress 
hepatic levels of vitamin A in humans (164) and in animals, 
even when given with diets containing large amounts of 
vitamin A (263), reflecting in part accelerated microsomal 
degradation of the vitamin. Indeed, new hepatic pathways 
of microsomal retinol metabolism, inducible by either eth- 
anol or drug administration, have been discovered (162, 
165). Furthermore, reconstituted systems with purified 
forms of cytochrome p-450 revealed that retinoic acid 
(161) and retinol (165) can serve as substrates for 
monooxygenation. Immunoblots performed with a mono- 
specific antibody directed against human P-4502C8 (2C8) 
showed that appreciable amounts of this enzyme were 
present in human liver microsomes. The same antibody 
significantly inhibited retinol metabolism in liver micro- 
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somes and in a system reconstituted with X8, establish- 
ing the role of this 2C8 in retinol metabolism; 2C8 also 
converted retinoic acid to polar metabolites (163). When 
ethanol and phenobarbital were combined, a marked po- 
tentiation of the hepatic vitamin A depletion was observed 
(168). Because alcohol abuse is often associated clinically 
with overuse of other drugs, and because drug use may 
also be associated with severe hepatic vitamin A depletion 
(167), this potentiation may be meaningful in terms of 
vitamin A depletion in an appreciable segment of the pop- 
ulation. Hepatic vitamin A depletion causes adverse ef- 
fects (169). Excess vitamin A is also hepatotoxic (166), 
possibly because of toxic metabolites resulting from en- 
hanced retinol degradation. 

Contrasting with the inductive effect of long-term eth- 
anol consumption, after short-term administration, inhibi- 
tion of hepatic drug metabolism is found, primarily be- 
cause of its direct competition for a common metabolic 
process involving the cytochrome p-450 and its cofactor 
(e.g., NADPH) (177) (Fig. 8B). Methadone provides a co- 
gent example of this dual interaction. Whereas long-term 
ethanol consumption leads to increased hepatic micro- 
somal metabolism of methadone and decreased levels in 
the brain and liver, short-term administration has the op- 
posite effect: it inhibits microsomal demethylation of 
methadone and enhances brain and liver concentrations 
of the drug (16). These effects may be of clinical rele- 
vance, because -50% of the patients taking methadone 
are alcohol abusers. The combination of ethanol with tran- 
quilizers and barbiturates also results in increased drug 
concentrations in the blood, sometimes to dangerously 
high levels, as commonly observed in successful suicides, 
and discussed in detail elsewhere (177). 

X. CONCLUSIONS AND FUTURE APPLICATIONS 

Until three decades ago, it was believed that ethanol 
is oxidized in the liver mainly by ADH, with a minor contri- 
bution of catalase, two noninducible pathways that could 
not explain the metabolic tolerance to ethanol that devel- 
ops in the heavy drinker. This tolerance is now under- 
stood on the basis of the discovery of MEOS comprising 
an ethanol-inducible cytochrome P-450 (2El). The regula- 
tion of 2El expression is complex and still debated, but 
the 2El induction is associated with increased release of 
toxic oxygen free radicals and the highly reactive metabo- 
lite acetaldehyde, both playing a significant role in the 
pathogenesis of alcoholic liver injury. Of even greater sig- 
nificance is the extraordinary capacity of 2El to activate 
many xenobiotics to highly toxic products, thereby ex- 
plaining the increased vulnerability of the heavy drinker 
to industrial solvents, anesthetics, commonly used medi- 
cations, analgesics (acetaminophen), and carcinogens. 
The induction “spills over” to other microsomal P-450s 

such as those involved in the degradation of retinol, 
thereby explaining its depletion. Cytochrome P-4502El is 
also involved physiologically in the metabolism of lipids 
and ketones (in starvation, obesity, and diabetes). This 
physiological role, however, appears to be minor com- 
pared with the toxic potential and, therefore, recently dis- 
covered effective 2El inhibitors may eventually provide 
useful tools for the prevention and treatment of the hepa- 
totoxicity associated with heavy drinking, as suggested by 
successful pioneering experimental studies. Furthermore, 
some substrates and products of 2El metabolism are 
harmless and are being assessed as potential markers of 
excessive alcohol consumption and of relapse in alcohol- 
ics. Such clinical tests are needed for the early detection 
of 2El induction to ensure judicious guidance of therapy 
in the heavy drinkers. 
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