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Chronic alcohol consumption is a risk factor for tumours 
of the oral cavity, pharynx, larynx, oesophagus, liver, 
colorectum and the female breast. Various mechanisms 
contribute to alcohol-mediated carcinogenesis, includ-
ing the action of cytochrome P-4502E1 (CYP2E1). 
CYP2E1 is one of 57 cytochrome P450 enzymes that 
are responsible for over 90% of the redox reactions of 
chemicals, including drugs, vitamins, steroids, chem-
ical carcinogens, and industrial compounds. CYP2E1 
is an important constituent of microsomal ethanol ox-
idation and is significantly induced by chronic ethanol 
consumption, which results in an increase of ethanol ox-
idation. CYP2E1 is present in almost all tissues, but pre-
dominantly in the liver. The increase of CYP2E1 follow-
ing chronic ethanol consumption results in an enhanced 
activation of a variety of environmental procarcinogens 
present in food and especially tobacco smoke. CYP2E1 
is also responsible for the degradation of retinol and ret-
inoic acid (RA), which is associated with changes in cell 
differentiation, cell proliferation and apoptosis, leading 
to a precancerous cell cycle behaviour. Subsequent-
ly, CYP2E1 generates reactive oxygen species (ROS), 
which either bind directly to DNA or which result in lip-
id peroxidation (LPO) with LPO products such as 4-hy-
droxy-nonenal and malondialdehyde. These compounds 
can bind to DNA and may form highly carcinogenic 
etheno DNA-adducts. Thus, the induction of CYP2E1 
by chronic alcohol ingestion is an important factor to 
trigger ethanol-mediated carcinogenesis.

ABSTRACT
ETHANOL

CANCER

CYTOCHROME P4502E1

 PROCARCINOGENS

RETINOIC ACID

REACTIVE OXYGEN SPECIES

ETHENO DNA-ADDUCTS

KEYWORDS

INTRODUCTION

Chronic alcohol is a risk factor for the development of 
various cancers, including cancer of the mouth, phar-
ynx, larynx, oesophagus, colo-rectum, liver, and fe-
male breast. Although some progress has been made 
in the last years to identify mechanisms of alcohol-me-
diated carcinogenesis, many questions still remain 
unsolved. The International Agency for Research on 
Cancer (IARC) in Lyon, France, has classified alco-
hol-containing beverages as carcinogenic and has iden-
tified acetaldehyde (AA), the first metabolite of ethanol 
oxidation as a carcinogen1. In vitro and in vivo animal 
studies, as well as studies in humans, have clearly 
shown that AA is mutagenic and carcinogenic and that 
AA plays an important role in upper gastrointestinal 
carcinogenesis2,3. In addition to the action of AA, other 
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mechanisms are also important. This is especially true 
for the liver. These mechanisms include oxidative stress, 
epigenetic modifications caused by a disturbed methyl 
transfer, a loss of retinol and retinoic acid, and etha-
nol-induced changes of intracellular signal pathways to 
name only a few4-7.
Our laboratory has focused, for almost 40 years, on 
the role of cytochrome P4502E1 (CYP2E1) in alco-
hol-mediated carcinogenesis. This review discuss-
es multiple mechanisms by which alcohol-induced 
CYP2E1 stimulates hepatic and extrahepatic cancer 
initiation and promotion. 

CYP2E1 AND ETHANOL OXIDATION: PHYS-
IOLOGIC PROPERTIES, INDUCTION, AND 
INHIBITION

Cytochrome P450 enzymes are responsible for over 
90% of the redox reactions of chemicals, including 
drugs, vitamins, and chemical carcinogens8-10. Fif-
ty-seven P450 genes are present in humans10. One of 
these cytochromes P450s is cytochrome P4502E1 
(CYP2E1), which among others, is involved in etha-
nol oxidation. However, the major pathway for etha-
nol oxidation involves alcohol dehydrogenase (ADH). 
Seven isoenzymes of ADH exist; some of them are 
polymorphic, and they are located in the cytoplasm of 
the cell11. In addition, ethanol is also metabolized by 
microsomes. Orme-Johnson and Ziegler12 demonstrat-
ed an NADPH-dependent ethanol oxidation by micro-
somes from rats and rabbits. Lieber and DeCarli were 
the first who not only isolated this enzyme system, but 
also noted an increase in the activity of hepatic mic-
rosomal ethanol oxidation induced by chronic ethanol 
consumption, which was found to be inhibited by car-
bon monoxide13,14. This system was named microsomal 
ethanol oxidizing system (MEOS), and its dependency 
on CYP2E1 was clearly demonstrated13,14. Mezey et 
al15 and Miwa et al16 further confirmed that this eth-
anol oxidation needs CYP2E1. Finally, CYP2E1 was 
isolated, purified, and characterized from rabbits17, rat, 
and human livers18, and the c-DNAs for CYP2E1 were 
cloned19,20. A detailed description of the exact chemical 
reaction involving iron and various redox steps is de-
scribed elsewhere21.
Concerning ethanol as a substrate, it is of considerable 
importance that chronic ethanol consumption results 
in an increased metabolism of ethanol to acetaldehyde 
due to an increased activity of the MEOS with CYP2E1 
as an important constituent13,14. This increase in hepatic 
CYP2E1 is significant22 and explains some of the neg-
ative consequences with this oxidative pathway. Actu-

ally, ethanol does not induce CYP2E1. The increase of 
CYP2E1 following chronic ethanol consumption is due 
to a stabilization of the enzyme and not to an increased 
synthesis23. CYP2E1 can be detected immunologically in 
human biopsies from various tissues, but activities cannot 
be measured due to the small amounts of tissue available. 
Although most of CYP2E1 is located in the liver, 
CYP2E1 is also present in extrahepatic tissues such as 
the oesophagus24, the small intestine25,26, the colon27,28, 
the pancreas29, the broncho-pulmonaryepithelium30,31, 
and the brain32. In rodents, we have found a two- to 
three-fold increase of CYP2E1 following alcohol con-
sumption in the mucosa of the small-25,26 and large in-
testine27, as well as in the lungs30,31. 
Total body CYP2E1 activity can be determined by using 
the chlorzoxazone (CZ) test33,34. CZ, a muscle relaxant, 
is administered, and after a certain period of time, CZ 
and its metabolite, 6-OH-CZ, is measured in the blood. 
Since CYP2E1 is responsible for this hydroxylation, 
the ratio of CZ/6-OH CZ represents the relative activity 
of CYP2E1. Using this test, it could be shown, in vol-
unteers, that even a dose of 40 g of ethanol daily over 
4 weeks leads to a significant induction of CYP2E135. 
These experiments resulted in important conclusions: 1) 
at 40 g of ethanol daily after one week, there is a signif-
icant induction of CYP2E1; 2) this induction increases 
further over the following weeks; 3) the intensity of this 
induction varies inter-individually. Although most of 
the volunteers revealed an induction, some did not. The 
reason for this different effect of ethanol on CYP2E1 is 
still unclear. 4) The CYP2E1 induction decreases fast 
following abstinence within days. Again, it was noted 
that the time until normalization of CYP2E1 following 
alcohol withdrawal was individually different35. 
Various factors modify the induction of CYP2E1 by 
ethanol. CYP2E1 of hepatic microsomes reveals a sig-
nificant gender effect. Hepatic microsomes of female 
rats have an increase of benzo(a)pyrene (BP) hydrox-
ylase activity by 42% as compared to male rats. The 
activity of BP hydroxylase is determined by CYP2E1. 
In the Ames test, these microsomes activate BP to a 
mutagen much stronger as compared to microsomes 
from male rats36. In addition, age modifies CYP2E137. 
A loss of microsomal and mitochondrial function oc-
curs with age. Therefore, it is not surprising that the in-
duction of CYP2E1 by alcohol is significantly reduced 
in 36-month-old Fischer rats as compared to 12-month-
old Fischer rats or to very young animals37. Animal ex-
periments have also shown that the administration of a 
fat-enriched diet results in the induction of CYP2E1, 
which can be inhibited by tomato extract38.
As already highlighted, chronic alcohol consumption 
also results in a significant induction of CYP2E in the 
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oesophageal mucosa of humans, which correlates with 
the amount of alcohol consumed24. Furthermore, an in-
duction of CYP2E1 was also noted in the mucosa of 
the colon in patients with alcohol-related liver disease 
(ALD)39,40. It was concluded that oxidative stress due to 
CYP2E1 induction results in mucosal damage with an 
increased penetration of endotoxins from the gut to the 
liver, contributing to ALD40. 
Clomethiazole (CMZ) is the only effective CYP2E1 in-
hibitor41. CMZ is a central nervous acting agent, which 
is used in some countries for alcohol detoxification 
therapy. CMZ is a non-competitive CYP2E1 inhibi-
tor with a Ki of 12 µM42. In vivo and in vitro studies 
have investigated the effect of CMZ on CYP2E1 in 
humans42-44. The activity of CYP2E1 was determined 
by using the CZ test. The effect of CMZ was inves-
tigated in 10 individuals with alcohol abstinence and 
24 patients with alcohol use disorder (AUD) in a clin-
ical setting. Patients with AUD received either CMZ 
(1.3-2.3 g/day) or clorazepate (100-300 mg/day) to 
prevent alcohol withdrawal syndrome. In all patients 
with AUD, CYP2E1 was found to be elevated as com-
pared to non-drinkers. Already one day following the 
administration of a single dose of CMZ, all patients 
revealed an almost complete inhibition of CZ hydrox-
ylation, and CYP2E1 was almost undetectable42. Phar-
macokinetic studies demonstrated that CMZ-mediated 
CYP2E1 inhibition could be detected at very low CMZ 
blood concentrations. In addition, the effect of CMZ on 
CYP2E1 was also investigated in human liver micro-
somes. A Dixon Plot Analysis found a non-competitive 
inhibition with a Ki of 12 µM42. Finally, a prospective, 
controlled clinical trial demonstrated that the inhibition 
of CYP2E1 by CMZ resulted in an improvement of se-
rum transaminase levels in patients with ALD45.

ACTIVATION OF PROCARCINOGENS BY 
CYP2E1

CYP2E1 catalyses not only ethanol oxidation via 
MEOS, but also the metabolism of various drugs and 
xenobiotics, including procarcinogens. Pilot studies 
from the laboratory of Charles Lieber reported an en-
hanced activation of various procarcinogens to their 
final carcinogenic metabolites by microsomes from 
rats after chronic ethanol ingestion. Table 1 summariz-
es various procarcinogens that are known to be acti-
vated to their final carcinogens in various tissues by 
CYP2E146-50. Their activation is significantly enhanced 
following chronic ethanol consumption. The Ames 
test was applied to investigate whether this increased 
activation of procarcinogens resulted in an increased 

mutagenicity of the compounds. Using this test, micro-
somes from chronic ethanol-fed animals and their pair-
fed controls have been incubated with a procarcinogen 
and a special strain of Salmonella typhimurium (TA 
1530). This Salmonella strain is unable to grow on a 
histidine-deficient medium. However, when the strain 
receives a mutation caused by the activated procarcin-
ogen, the strain begins to grow on a histidine-deficient 
medium. The number of colonies reflects the intensity 
of procarcinogen activation by the microsomes.
Our predominant interest was focused on nitrosamines 
since it has been shown that, for example, dimethylni-
trosamine (DMN) is activated to its final carcinogen by 
various isoenzymes, all of them need CYP2E110. The 
involvement of CYP2E1 in the metabolic activation of 
DMN has been clearly shown by Wrighton et al51 and 
by Yang et al52. The capability of ethanol to activate 
DMN demethylase is of special interest. This activa-
tion is observed through a wide range of DMN con-
centrations from 0.3 to 100 mM36, while other micro-
somal DMN enzyme inductors, such as phenobarbital, 
3-methylcholanthrene, and polychlorinated biphenyls, 
increase the activity of DMN demethylase isoenzymes 
with high DMN concentrations (> 40 mM) and de-
crease the activity of low Km-DMN-demethylase53,54. 
This ethanol effect is explained through the induction 
of CYP2E1, and a selective affinity for DMN could be 
explained for ethanol-induced CYP2E136. These DMN 
concentrations are so low that it is presumed that etha-
nol ingestion may also influence the in vivo metabolic 
activation of pathophysiologic DMN concentrations. 
The enhanced activity of hepatic DMN-demethylase 
was associated with an increased capacity of liver mi-
crosomes from ethanol-fed rats to activate DMN to a 
mutagen in the Ames test36. Dietary ethanol also en-
hanced the concentrations of O6-methyldesoxyguano-
sine adducts in DMN-treated rats55. Most importantly, 
microsomes from patients with AUD possesses also an 
increased capacity to activate DMN56.
In addition to DMN, an increased activation of vari-
ous different procarcinogens after chronic ethanol 
consumption has also been observed (Table 1)57. The 
induction of CYP2E1 by ethanol is tissue-, substrate-, 
gender-, and species-dependent. For example, in the 
small intestine, alcohol stimulates the microsomal ac-
tivation of BP and tryptophane pyrolisate, but not of 
tobacco pyroliysate, while pulmonary microsomes of 
ethanol-fed rats have an increased capacity to acti-
vate promutagens in tobacco pyrolysate, but an effect 
towards BP or tryptophane pyrolysate was not ob-
served58. Although the mutagens activated in tobacco 
pyrolysate are not exactly known, it is of interest that 
pulmonary microsomes of chronically ethanol-fed rats 
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It has been shown that chronic alcohol consumption 
results in a significant decrease of retinol in the liver 
of patients with ALD63. This is clinically associated 
with night blindness and sexual dysfunction. To study 
the mechanisms by which alcohol results in a loss of 
retinol and RA hepatic microsomes from rats fed alco-
hol chronically and controls were incubated with RA. 
Microsomes from ethanol-fed rats had an increased ca-
pacity to break down RA with the generation of polar 
RA metabolites such as 18-hydroxy-RA and 4-oxo-RA, 
which were not seen when microsomes from control 
rats were incubated64.
Since the in vitro metabolism of RA could be inhibited 
by CMZ and CYP2E1 antibodies, it was concluded that 
CYP2E1 is responsible for RA degradation. Chronic etha-
nol feeding resulted in CYP2E1 induction and low hepatic 
RA levels, which were normalized by the administration 
of CMZ. CMZ-mediated improvement of hepatic retinol 
and RA65 was also associated with the normalization of 
cell proliferation and cell cycle behaviour66. 
It is possible that the CYP2E1 induction contributes to 
the loss of RA and retinol following chronic ethanol 
consumption, even when alcohol is absent from the 
system. This may explain why chronic and excessive 
alcohol ingestion is a risk factor not only for the liv-
er, but also for extrahepatic cell proliferation and car-
cinogenesis, since CYP2E1 is also inducible in the oe-
sophagus, the stomach and the colon (see above). The 
change in retinoid homeostasis results in a change in 
the retinoid-receptor signal through an up-regulation 
of the c-jun-N-terminal kinase (JNK) signal pathway67. 
Both reduced RA concentrations and oxidative stress 
due to CYP2E1 induction activate the JNK pathway. 
This pathway leads to an induction of the transcription 
factor-activator protein 1 (AP-1) and an increase in 
c-fos and c-jun, strong stimulators of carcinogenesis. 
Chronic alcohol feeding increases these proteins by a 
factor of 1468. 
In summary, chronic alcohol administration leads to 
apoptosis, cellular proliferation, immune-function 
changes, and inflammation due to a loss of RA and ox-
idative stress. Retinoid signalling and oxidative stress 
normalize when CYP2E1 is inhibited. This is associated 
with a reduced cancer risk. The additional administra-
tion of ß-carotene, retinol or RA, in a setting with highly 
induced CYP2E1, may generate toxic and/or apoptotic 
metabolites due to an enhanced degradation of RA69.
Indeed, in rats, administration of ß-carotene or vita-
min A together with alcohol results in an increase of 
apoptosis and hepatic cellular damage55. In animal ex-
periments, the administration of high doses of lycopens 
leads to an increase in ethanol-induced CYP2E1 with 
elevated hepatic TNFα-mRNA concentrations and in-

show an increased activation of the tobacco mutagen 
N-nitrosopyrolidine58. On the other hand, intestinal mi-
crosomes of ethanol-fed rats were found to be more po-
tent to activate 2-aminofluoren as compared to control 
microsomes26, while hepatic microsomes did not59. 
The enhanced intestinal activation of procarcinogens 
following chronic ethanol ingestion may increase the 
bioavailability of these compounds and may lead to 
an increased concentration of these carcinogens in the 
portal vein and finally in the systemic circulation. The 
most important of tobacco pyrolysate is nitrosopyroli-
dine, which is significantly activated by oesophageal 
microsomes following alcohol ingestion60. These re-
sults are of considerable relevance since patients with 
AUD also smoke heavily. Both factors act synergisti-
cally on carcinogenesis of the upper alimentary tract. 
Knockout mouse models demonstrated further the 
significance of CYP2E1 in carcinogen metabolism. 
CYP2E1 knockout mice did not show any benzene-as-
sociated toxicity or genotoxicity, as compared to wild-
type animals61. 

Table 1. Procarcinogens activated by CYP2E1.

2-acetylaminofluorene
2-aminofluorene
4-aminobiphenyl 
aflatoxins
pyrolysates of amino acids
tobacco pyrolisate
benzo(a)pyrene
dimethylhydrazine
nitrosamines (dimethlynitrosamine, diethylnitrosamine)
nitrosopyrrolidine
vinylchlorid
benzene
bromobenzene
tetrahydrochloride
cyclophosphamide 
isoniazid 
methylazoxymethanol

THE ROLE OF CYP2E1 ON THE METABO-
LISM OF RETINOIDS AND ITS RELEVANCE 
IN CARCINOGENESIS

Retinoic acid (RA) is an important factor to regulate cell 
growth, apoptosis, and cell differentiation. Reduction of 
RA leads to uncontrolled cell proliferation, loss of cell 
differentiation, and dysregulated apoptosis that affects tu-
mour promotion. More details are reported elsewhere6,62. 



Alcohol, cancer and cytochrome P4502E1

5

NEC
NUTRIMENTUM ET CURAE

flammation70. These data show an interaction between 
alcohol consumption and dietary supplementation of ret-
inoids, between CYP2E1 and TNF-α, especially in ani-
mals that received alcohol and high doses of lycopens71. 
In a cancer prevention multi-centre study, it was shown 
that individuals who smoke and ingest more than 11 g 
of alcohol per day have an increased lung cancer risk 
when they take 30 mg of ß-carotene per day. This study 
was initiated because it was detected, in animal exper-
iments, that ß-carotene reduces the risk of lung can-
cer72,73. Due to the unexpected results, the multi-centre 
study had to be stopped before time72. 

GENERATION OF REACTIVE OXYGEN SPE-
CIES AND ETHENO DNA ADDUCTS THROUGH 
ETHANOL METABOLISM VIA CYP2E1

One pathogenic feature of chronic alcohol consumption 
is the generation of oxidative stress. Ethanol metabolism 
via CYP2E1 results in the generation of acetaldehyde, 
and of reactive oxygen species (ROS) such as H2O2, 
OH-, and carbohydrate-centred OH-2,74-76. Although it 
has been questioned whether CYP2E1 could produce 
large scale levels of ROS10, many in vitro and in vivo 
experiments underline the important role of CYP2E1 in 
ROS production and especially of localized ROS gen-
eration in the liver, e.g., mitochondria2,74-76. Under nor-
mal conditions, the transcription factor Nrf2 regulates 
a potent anti-oxidative defence system (AODS), which 
eliminates ROS77. However, this AODS is damaged by 
ethanol (for more details see2). 
ROS generated by CYP2E1 not only activates the JNK 
pathway as discussed above, it also leads to lipid-per-
oxidation (LPO) with the LPO products, malondialde-
hyde and 4-hydroxynonenal (4-HNE). 4-HNE can bind 
to adenosine or cytosine, forming highly carcinogenic 
excyclic etheno DNA-adducts78-81. In cell experiments 
with CYP2E1 overexpressed HepG2 cells, it could be 
clearly shown that the adenosine derivate 1, N6-ethe-
no-2’deoxyadenosine (edA) correlated significantly 
with the levels of CYP2Ʃ and 4-HNE. This adduct for-
mation was inhibited by the CYP2E1 inhibitor CMZ81. 
Exocyclic etheno DNA adducts have also been found 
in the liver of patients with ALD. These adducts also 
correlated significantly with 4-HNE and CYP2E181. 
To evaluate the role of CYP2E1 in ALD and alco-
hol-mediated cancer, it is important to modify CYP2E1 
activities and to study alcohol effects in the presence 
and absence of CYP2E1. One approach is the use of 
CYP2E1 knockout mice and/or CYP2E1 transgenic 
mice. When alcohol was given to CYP2E1 knockout 
mice, their markers of oxidative stress were found to 

be reduced, and liver histology was improved as com-
pared to wild-type mice82-84. A similar improvement in 
hepatic histology was found when CMZ was adminis-
tered to block CYP2E185. On the other hand, animals 
that overexpress CYP2E1 show an increased severity 
of liver disease after alcohol treatment86,87. 
To study the effect of CYP2E1 on hepatocarcinogenesis, 
diethylnitrosamine (DEN) was given for tumour induc-
tion. Following initiation of hepatocarcinogenesis with 
20 mg DMN per kg body weight, the animals received 
an alcohol and a control diet for 6 to 10 months with 
and without CMZ as a CYP2E1 inhibitor. Chronic alco-
hol consumption over 10 months resulted in the devel-
opment of hepatic adenomas in almost all animals with 
DMN, while none of the rats receiving ethanol, DMN 
and CMZ developed hepatic tumours88. In this animal 
model, chronic alcohol feeding increases the expression 
of TNFα and NFkB, while the concomitant application 
of CMZ normalizes hepatic proliferation and reduces the 
number of preneoplastic foci and adenomas89. 
The importance of CYP2E1 in the generation of the 
etheno DNA-adducts and as a trigger for fibrosis was 
extended by studying these parameters in biopsies from 
97 patients with ALD. A highly significant correlation 
between CYP2E1, etheno adducts, and the degree of 
fibrosis was found90. This observation confirms earlier 
studies on CYP2E1 overexpressed HepG2 cells in which 
alcohol incubation resulted in an enhanced activation of 
hepatic stellate cells and in an enhanced fibrogenesis, 
most likely due to ROS and oxidative stress91,92. 
Since hepatic fibrosis is closely linked to the develop-
ment of HCC, the contribution of CYP2E1 to stimulate 
hepatic fibrosis adds another CYP2E1-driven mecha-
nism in the pathogenesis of HCC.
It is noteworthy that the induction of CYP2E1 already 
at the stage of fatty liver not only enhances oxidative 
stress, but also increases the sensitivity of hepato-
cytes towards lipopolysaccharides93 and TNFα94. This 
CYP2E1 enhanced, LPS- and TNFα-mediated liver 
damage is JNK- and p38MAPK dependent95.
In addition to the liver, oesophageal biopsies were tak-
en adjacent to cancer lesions from patients with alco-
hol-mediated oesophageal cancer. In the healthy mu-
cosa adjacent to cancer, again etheno DNA-adducts 
correlated significantly with 4-HNE and CYP2E124. 
Thus, CYP2E1 seems to be a causal factor in the gener-
ation of these highly carcinogenic adducts involved in 
carcinogenesis. Since most of the oesophageal cancers 
are due to high alcohol intake, it is not surprising that 
the amount of alcohol consumed correlated significant-
ly with CYP2E124. 
Ethanol also results in epigenetic changes. These 
changes are associated with the activation of the ca-
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nonical Wnt pathway stimulating β-catenin-dependent 
tumor growth and CYP2E1 transcription96,97.

SUMMARY AND CONCLUSIONS

The role of CYP2E1 in ALD and alcohol-mediated 
cancer can be summarized as follows (Figure 1): 
a) Chronic ethanol consumption increases CYP2E1 in 
the liver, but also in extrahepatic tissues.

b) CYP2E1 is involved in the activation of a variety of 
dietary and tobacco-borne procarcinogens.
c) CYP2E1 is involved in the degradation of retinol 
and retinoid acid, retinoids essential for the balance of 
cell differentiation, cell regeneration, and apoptosis.
d) CYP2E1 produces oxidative stress by generating 
ROS, leading to DNA damage and in the liver to fibro-
sis, a precancerous condition. 
e) Alcohol activates the canonical Wnt pathway that 
may render β-catenin-dependent tumor growth and 
stimulate CYP2E1 transcription.

CLOMETHIAZOLE

CYP2E1

ETHANOL ACETATEACETALDEHYDE

ETHANOL

ADH ADH

PC

ROS

ALD

4HNE, 
MDA

C

RS Cancer

DNA 
Adducts

LPO

Fibrosis

Figure 1. The role of Cytochrome P4502E1 in ethanol-mediated carcinogenesis and its inhibition by Clomethiazole. Ethanol 
induces CYP2E1 that activates a number of procarcinogens to their final carcinogenic metabolites. CYP2E1 also decreases 
retinoic acid (RS), resulting in a loss of cell differentiation leading to cellular hyper-proliferation, which favours carcinogene-
sis. CYP2E1 also generates reactive oxygen species (ROS). ROS stimulates carcinogenesis through 1) direct binding to DNA 
forming DNA-adducts, 2) lipid-peroxidation (LPO) with LPO-products such as 4-hydrxynonenal (4HNE) or malondialdehyde 
(MDA) and the generation of etheno-DNA-adducts, and 3) enhanced fibrogenesis leading to alcoholic liver disease and hepato-
cellular cancer (HCC). Clomethiazole inhibits CYP2E1 and thus blocks all CYP2E1 mediated reactions and pathways, and thus 
inhibits carcinogenesis. Induction of CYP2E1 by ethanol and all consequences are marked by blue arrows. Clomethiazole and 
its inhibition of CYP2E1 are shown by grey arrows. ADH= alcohol dehydrogenase; ALDH= acetaldehyde dehydrogenase; RS= 
retinoic acid; ROS= reactive oxygen species; LPO= lipidperoxidation; 4HNE= 4-hydroxynonenal; MDA= malondialdehyde; 
ALD= alcoholic liver disease; PC= procarcinogen; C= carcinogen



Alcohol, cancer and cytochrome P4502E1

7

NEC
NUTRIMENTUM ET CURAE

Conflict of Interest
The authors declare that they have no conflict of interest.

References
1. Baan R, Straif K, Grosse Y, Secretan B, El Ghissassi 
F, Bouvard V, Altieri A, Cogliano V; WHO Internation-
al Agency for Research on Cancer Monograph Work-
ing Group. Carcinogenicity of alcoholic beverages. 
Lancet Oncol 2007; 8: 292-293.
2. Seitz HK, Stickel F. Molecular mechanisms in eth-
anol mediated carcinogenesis. Nat Rev Cancer 2007; 
8: 599-612. 
3. Seitz HK, Stickel F. Acetaldehyde, an underestimat-
ed risk factor in cancer development: role of genetics 
in ethanol metabolism. Genes Nutr 2010; 5: 121-128. 
4. Seitz HK, Stickel F. Risk factors and mechanisms of 
hepatocarcinogenesis with special emphasis on alcohol 
and oxidative stress. Biol Chem 2006; 38: 349-360. 
5. Stickel F, Herold C, Seitz HK, et al. Alcohol and 
methyl transfer: implications for alcohol related hepa-
tocarcinogenesis 2006 In: Ali S, Friedman SL, Mann 
DA (eds) Liver diseases: biochemical mechanisms and 
new therapeutic insights. Science Publishers, Enfield/
Jersey/Plymouth, pp. 45-58. 
6. Wang XD, Seitz HK. Alcohol and retinoid interac-
tion. In: Watson RR, Preedy VR (eds) Nutrition and al-
cohol: linking nutrient interactions and dietary intake. 
CRC Press, Boca Raton, 2004: pp. 313-321.
7. Aroor AR, Shukla SD. MAP kinase signaling in di-
verse effects of ethanol. Life Sci 2004; 74: 2339-2364.
8. Rendic S, Guengerich FP. Survey of human oxidore-
ductases and cytochrome P450 enzymes involved in 
the metabolism of xenobiotic and natural chemicals. 
Chem Res Toxicol 2015; 28: 38-42.
9. Ortiz de Montellano PR. Cytochrome P450: Struc-
ture, mechanism, and biochemistry. 4th ed. Springer, 
New York, 2015.
10. Guengerich FF. Cytochrome P450 2E1 and its 
roles in disease. Chem Biol Interact 2020 May 1; 
3222: 109056.
11. Edenberg HJ. The genetics of alcohol metabolism: 
role of alcohol dehydrogenase and aldehyde dehydro-
genase variants. Alc Res Health 2007; 30: 5-13.
12. Orme-Johnson WH, Ziegler DM. Alcohol mixed 
function oxidase activity of mammalian liver micromes. 
Biochem Biophys Res Commun 1965; 21: 78-82.
13. Lieber CS, DeCarli LM. Hepatic microsomal ethanol 
oxidizing system: in vitro characteristics and adaptive 
properties in vivo. J Biol Chem 1970; 245: 2505-2512.
14. Lieber CS, DeCarli LM. Ethanol oxidation by he-
patic microsomes: adaptive increase after ethanol feed-
ing. Science 1968; 162: 917-918.
15. Mezey E, Potter JJ, Reed WD. Ethanol oxidation by 

a component of liver microsomes rich in cytochrome 
P450. J Biol Chem 1973; 248: 1183-1187.
16. Miwa GT, Levin W, Thomas PE, Lu AYH. The direct 
oxidation of ethanol by a catalase- and alcohol dehydro-
genase-free reconstituted system containing cytochrome 
P450. Arch Biochem Biophys 1978; 187: 464-475.
17. Koop DR, Morgan ET, Tarr GE, Coon MJ. Purifica-
tion and characterization of a unique isozyme of cyto-
chrome P450 from liver microsomes of ethanol-treated 
rabbits. J Biol Chem 1982; 257: 8472-8480.
18. Wrighton SA, Thomas PE, Ryan DE, Lewin W. Pu-
rification and characterization of ethanol-inducible hu-
man hepatic cytochrome P450. Arch Biochem Biophys 
1987; 258: 292-297.
19. Song BJ, Gelboin HV, Park SS, Yang CS, Gonzales 
FJ. Complementary DNA and protein sequences of eth-
anol-inducible rat and human cytochrome P450s: tran-
scriptional and post-transcriptional regulation of the rat 
enzyme. J Biol Chem 1986; 261: 16689-16697.
20. Umeno M, McBride OW, Yang CS, Gelboin HV, 
Gonzales FJ. Human ethanol inducible P4502E1: com-
plete gene sequence, promoter characterization, chro-
mosome mapping, and cDNA-directed expression. 
Biochemistry 1988; 27: 9006-9013.
21. Teschke R, Neuman MG, Liangpunsakul S, Seitz 
HK. Alcoholic liver disease and the co-triggering role 
of MEOS with its CYP 2E1 catalytic cycle and ROS. 
Arch Gastroenterol Res 2021; 2(1): 9-25.
22. French SW. The importance of CYP2E1 in the 
pathogenesis of alcoholic liver disease and drug toxic-
ity and the role of proteasome. Subcell Biochem 2013; 
67: 145-164.
23. Perez MJ, Cederbaum Al. Proteasome inhibition 
potentiates CYP2E1-mediated toxicity in HepG2 cells. 
Hepatology 2003; 37: 1395-1404.
24. Millonig G, Wang Y, Homann N, Bernhardt F, Qin 
H, Mueller S, Bartsch H, Seitz HK. Ethanol mediat-
ed carcinogenesis in the human esophagus implicates 
Cytochrome P-4502E1 induction and the generation 
of carcinogenic DNA-lesions. Int J Cancer 2011; 128: 
533-540.
25. Seitz HK, Korsten MA, Lieber CS. Ethanol oxidation 
by intestinal microsomes: increased activity after chronic 
ethanol administration. Life Sci 1979; 25: 1443-1448.
26. Seitz HK, Lieber CS. Intestinal and pulmonary mi-
crosomal cytochrome P-450: effects of chronic ethanol 
ingestion. In: Gustasson JA, Carlstedt-Duke J, Mode A, 
Rafter J (eds) Biochemistry, biophysics and regulation 
of cytochrome P-450. Developments in biochemistry, 
vol 13. Elsevier Holland Biomedical Press Amsterdam 
1980; pp. 239-242.
27. Seitz HK, Bösche J, Czygan P. Microsomal etha-
nol oxidation in the colonic mucosa of the rat: effect 



Helmut K. Seitz, Bernardo Moreira, Manuela Neuman

8

NEC
NUTRIMENTUM ET CURAE

of chronic ethanol ingestion. Naunyn Schmiedebergs 
Arch Pharmacol 1982; 320: 81-84.
28. Koehler BC, Arslic-Schmitt T, Peccerella T, Scherr 
AL, Schulze-Bergkamen H, Bruckner T, Gdynia G, Jäger 
D, Mueller S, Bartsch H, Seitz HK. Upregulation of Mcl-
1, an anti-apoptotic protein as a possible mechanism for 
ethanol-mediated colorectal carcinogenesis in heavy 
drinkers. Alcoholism Clin Exp Res 2016; 40: 2094-2101.
29. Norton ID, Apte MV, Haber PS, McCaughan GW, 
Pirola RC, Wilson JS. Cytochrome P4502E1 is present 
in rat pancreas and is induced by chronic ethanol ad-
ministration. Gut 1998; 42: 426-430.
30. Pikkarainen PH, Baraona E, Jauhonnen P, et al. Breath 
acetaldehyde: evidence of acetaldehyde production by 
oropharynx microflora and by lung microsomes. In: Thur-
man RG (ed) Alcohol and aldehyde metabolizing systems 
IV. Plenum Press, New York 1980; pp. 469-474.
31. Pikkarainen PH, Baraona E, Jauhonen P, Seitz HK, 
Lieber CS. Contribution of oropharynx microflora and 
of lung microsomes to acetaldehyde in expired air after 
ethanol ingestion. J Lab Clin Med 1981; 97: 631-636.
32. Upadhya SC, Tirumalai PS, Boyd MR, Mori T, 
Ravindranath V. Cytochrome P4502E (CYP2E) in 
brain, constitutive expression, induction by ethanol and 
localization by fluorescence in situ hybridization. Arch 
Biochem Biophys 2000; 373: 23-34.
33. Peter R, Böcker R, Beaune PH, Iwasaki M, 
Guengerich FP, Yang CS. Hydroxylation of chlorzox-
azone as a specific probe for human liver cytochrome 
P450 2E1. Chem Res Toxicol 1990; 3: 566-573.
34. Yamzaki H, Guo Z, Guengerich F. Selectivity of cy-
tochrome P450 2E1 in chlorzoxazone 6-hydroxylation. 
Drug Metab Dispos 1995; 23: 438-440.
35. Oneta CM, Lieber CS, Li J, Rüttimann S, Schmid 
B, Lattmann J, Rosman AS, Seitz HK. Dynamics of 
cytochrome P4502E1 activity in man: induction by 
ethanol and disappearance during withdrawal phase. J 
Hepatol 2002; 36: 47-52.
36. Seitz HK, Garro AJ, Lieber CS. Sex dependent ef-
fect of chronic ethanol consumption in rats on hepatic 
microsome mediated mutagenicity of benzo(a)pyrene. 
Cancer Lett 1981; 13: 97-102.
37. Seitz HK, Meydani M, Ferschke I, Simanowski 
UA, Boesche J, Bogusz M, Hoepker WW, Blumberg 
JB, Russell RM. Effect of aging on in vivo and in vitro 
ethanol metabolism and its toxicity in F344 rats. Gas-
troenterology 1989; 97: 446-456.
38. Wang Y, Ausman LM, Greenberg AS, Russell RM, 
Wang XD. Dietary lycopene and tomato extract sup-
plementations inhibit nonalcoholic steatohepatitis-pro-
moted hepatocarcinogenesis in rats. Int J Cancer 2010; 
126: 1788-1796.
39. Forsyth CB, Voigt RM, Kesharvazan A. Intestinal 

CYP2E1: a mediator of alcohol induced gut leakiness. 
Redox Biol 2014; 3: 40-45.
40. Ali Abdelmegeed MA, Banerjee A, Jang S, Yoo 
SH, Yun JW, Gonzalez FJ, Keshavarzian A, Song BJ. 
CYP2E1 potentiates binge alcohol-induced gut leaki-
ness, steatohepatitis and apoptosis. Free Radic Biol Med 
2013 Dec; 65: 10.1016/j.freeradbiomed.2013.09.009.
41. Hu Y, Mishin V, Johansson I, von Bahr C, Cross 
A, Ronis MJ, Badger TM, Ingelman-Sundberg M. 
Chlormethiazole as an efficient inhibitor of cytochrome 
P4502E1 expression in rat liver. J Pharmacol Exp Ther 
1994; 26: 1286-1291.
42. Gebhart A, Lucas D, Menez JF, Seitz HK. 
Chlormethiazole inhibition of cytochrome P4502E1 as 
assessed by chlorzoxazone hydroxylation in humans. 
Hepatology 1997; 26: 957-961.
43. Ernstgard L, Warholm M, Johanson G. Robustness 
of chlorzoxazone as an in vivo measure of cytochrome 
P4502E1 activity. Br J Clin Pharmacol 2004; 58: 190-200.
44. Dilger K, Metzler J, Bode JC, Klotz U. CYP2E1 
activity in patients with alcoholic liver disease. J Hepa-
tol 1997; 27: 1009-1014.
45. Hohmann N, Schröder F, Moreira B, Teng H, 
Burhenne J, Bruckner T, Mueller S, Haefeli WE, Seitz 
HK. Clomethiazole inhibits cytochrome P450 2E1 and 
improves alcoholic liver disease. Gut 2022; 71(4): 842-
844. Doi: 10.1136/gutjnl-2021-324727.
46. Seitz HK, Garro AJ, Lieber CS. Effect of chronic 
ethanol ingestion on intestinal metabolism and mu-
tagenicity of benzo(a)pyrene. Biochem Biophys Res 
Commun 1978; 85: 1061-1066.
47. Seitz HK, Garro AJ, Lieber CS. Effect of chronic 
ethanol consumption on microsomal enzymes: poten-
tial relationship to chemical mutagenesis and carcino-
genesis. In: Coon MJ et al (eds) Microsomes, drug oxi-
dation and chemical carcinogenesis, Vol. II. Academic, 
New York 1980; pp. 1173-1176.
48. Seitz HK, Garro AJ, Lieber CS. Enhanced pulmo-
nary and intestinal activation of procarcinogens and 
mutagens after chronic ethanol consumption in the rat. 
Eur J Clin Invest 1981; 11: 33-38.
49. Garro AJ, Seitz HK, Lieber CS. Enhancement of di-
methylnitrosamine metabolism and activation to a mu-
tagen following chronic ethanol consumption. Cancer 
Res 1981; 41: 120-124.
50. Lieber CS, Seitz HK, Garro A, Worner TM. Al-
cohol related disease and carcinogenesis. Cancer Res 
1979; 39: 2863-2886.
51. Wrighton SA, Thomas PE, Ryan DE, Lewin W. Pu-
rification and characterization of ethanol-inducible hu-
man hepatic cytochrome P450. Arch Biochem Biophys 
1987; 258: 292-297.
52. Yang CS, Tu YY, Koop DR, Coon MJ. Metabolism 



Alcohol, cancer and cytochrome P4502E1

9

NEC
NUTRIMENTUM ET CURAE

of nitrosamines by purified rabbit liver cytochrome 
P450 isozymes. Cancer Res 1985; 45: 1140-1145.
53. Argus MF, Bryant GM, Pastor KM, Arcos JC. Ef-
fect of polychlorinated biphenyls (Aroclor 1254) on 
inducible and repressible microsomal N-demethylases 
in the mouse and rat. Cancer Res 1975; 35: 1574-1579.
54. Venkatesan N, Argus MF, Arcos JC. Mechanism of 
3-methylcholantrene-induced inhibition of dimethylni-
trosamine-demythelase in rat liver. Cancer Res 1970; 
30: 2556-2562.
55. Navasumrit P, Ward TH, O’Connor PJ, Nair J, 
Frank N, Bartsch H. Ethanol enhances he formation of 
endogenously and exogenously derived adducts in rat 
hepatic DNA. Mut Res 2001; 479: 81-104.
56. Amelizad S, Appel KE, Schoepke M, Rühl CS, 
Oesch F. Enhanced demethylation and denitrosation of 
N-nitrosodimethylamine by human liver microsomes 
from alcoholics. Cancer Lett 1975; 46: 43-49.
57. Seitz HK, Osswald B. Effect of ethanol on procar-
cinogen activation. In: Watson RR (ed) Alcohol and 
cancer. CRC Press, Boca Raton 1992; pp. 55-72.
58. Seitz HK, Wang XD. The role of Cytochrome 
P4502E1 in ethanol mediated carcinogenesis. In: Cy-
tochrome P4502E1: its role in disease a d drub metab-
olism (ed.) A Dey Springer Dordrechts, Heidelberg, 
New York, London 2013; pp. 131-144.
59. Neis JM, te Brömmelstroet BW, van Gemert PJ, Ro-
elofs HM, Henderson PT. Influence of ethanol induction 
on the metabolic activation of genotoxic agents by iso-
lated rat hepatocytes. Arch Toxicol 1985; 57: 217-222.
60. Farinati F, Zhou Z, Bellah J, Lieber CS, Garro AJ. 
Effect of chronic ethanol consumption on activation of 
nitrosopyrolidine to a mutagen by rat upper alimenta-
ry tract, lung and hepatic tissues. Drug Metab Dispos 
1985; 132: 210-214.
61. Valentine JL, Lee SS, Seaton MJ, Asgharian B, Far-
ris G, Corton JC, Gonzales FJ, Medinsky MA. Reduc-
tion of benzene metabolism and toxicity in mice lack 
CYP2E1 expression. Toxicol Apppl Pharmacol 1996; 
141: 205-213.
62. Lotan R. Retinoids in cancer prevention. FASEB J 
1996; 10: 1031-1039.
63. Leo MA, Lieber CS. Hepatic vitamin A depletion in 
alcoholic liver injury. N Engl J Med 1982; 307: 597-601.
64. Liu C, Russell RM, Seitz HK, Wang XD. Ethanol 
enhances retinoic acid metabolism into polar metabo-
lites in rat liver via induction of cytochrome P4502E1. 
Gastroenterology 2001; 120: 179-189.
65. Liu C, Chung J, Seitz HK, Russell RM, Wang XD. 
Chlormethiazole treatment prevents reduced hepatic 
vitamin A levels in ethanol fed rats. Alcohol Clin Exp 
Res 2002; 26: 1703-1709.
66. Chung J, Liu C, Smith DE, Seitz HK, Russell RM, 

Wang XD. Restoration of retinoic acid concentration 
suppresses ethanol induced c-jun overexpression and 
hepatocyte hyperproliferation in rat liver. Carcinogen-
esis 2001; 22: 1213-1219.
67. Seitz HK. Alcohol and retinoid metabolism (Edito-
rial). GUT 2000; 47: 748-750.
68. Wang XD, Liu C, Chung J, Stickel F, Seitz HK, 
Russell RM. Chronic alcohol intake induces retinoic 
acid concentration and enhances AP-1 (c-jun and c-fos) 
expression in rat liver. Hepatology 1998; 28: 744-750.
69. Dan Z, Popov Y, Patsenker E, Preimel D, Liu C, 
Wang XD, Seitz HK, Schuppan D, Stickel F. Hepato-
toxicity of alcohol-induced polar retinol metabolites 
involves apoptosis via loss of mitochondrial membrane 
potential. FASEB J 2005; 19: 845-847.
70. Leo MA, Lieber CS. Hepatic fibrosis after long-
term administration of ethanol and moderate vitamin A 
supplementation in the rat. Hepatology 1983; 3: 1-11.
71. Veeramachaneni S, Ausman LM, Choi SW, Russell 
RM, Wang XD. High dose lycopene supplementation 
increases hepatic CYP2E1 protein and inflammation in 
alcohol fed rats. J Nutr 2008; 138: 1329-1335.
72. Albanes D, Heinonen OP, Taylor PR, Virtamo J, 
Edwards BK, Rautalahti M, Hartman AM, Palmgren 
J, Freedman LS, Haapakoski J, Barrett MJ, Pietinen P, 
Malila N, Tala E, Liippo K, Salomaa ER, Tangrea JA, 
Teppo L, Askin FB, Taskinen E, Erozan Y, Greenwald 
P, Huttunen JK. Alpha-Tocopherol and beta-carotene 
supplements and lung cancer incidence in the alpha-to-
copherol, beta-carotene cancer prevention study: ef-
fects of base-line characteristics and study compliance. 
J Natl Cancer Inst 1996; 334: 1560-1570.
73. Omenn GS, Goodman GE, Thornquist MD, Balmes 
J, Cullen MR, Glass A, Keogh JP, Meyskens FL, Val-
anis B, Williams JH, Barnhart S, Hammar S. Effects 
of a combination of beta carotene and vitamin A on 
lung cancer and cardiovascular disease. N Engl J Med. 
1996; 334: 1150-1155.
74. Albano E. Alcohol, oxidative stress, and free radi-
cal damage. Proc Nutr Soc 2006; 65: 278-290.
75. Harjumäki R, Pridgeion CS, Ingelman-Sundberg 
M. CYP2E1 in alcoholic and non-alcoholic liver injury. 
Roles of ROS, reactive intermediates and lipid over-
load. Int J Mol Sci 2021 Aug; 22(15): 8221.
76. Seitz HK, Bataller R, Cortez-Pinto H, Gao B, Gual 
A, Lackner C, Mathurin P, Mueller S, Szabo G, Tsu-
kamoto H. Alcoholic liver disease. Nat Rev Dis Prim-
ers. 2018 Aug 16; 4(1): 16. Doi: 10.1038/s41572-018-
0014-7. Erratum in: Nat Rev Dis Primers. 2018 Aug 
28; 4(1): 18.
77. Cederbaum AL. Nrf2 and antioxidant defense 
against CYP2E1 toxicity. In: Cytochrome P4502E1: 
its role in disease and drug metabolism (ed.) A Dey 



Helmut K. Seitz, Bernardo Moreira, Manuela Neuman

10

NEC
NUTRIMENTUM ET CURAE

Springer, Dordrechts, Heidelberg, New York, London 
2013; pp. 105-130.
78. Moriya M, Zhang W, Johnson F, Grollman AP. Mu-
tagenic potency of exocyclic DNA adducts: marked 
differences between Escherichia coli and simian kidney 
cells. Proc Natl Acad Sci USA 1994; 91: 11899-11903.
79. Frank A, Seitz HK, Bartsch H, Frank N, Nair J. 
Immunohistochemical detection of 1,N6-ethenodeoxy-
adenosine in nuclei of human liver affected by diseases 
predisposing to hepato-carcinogenesis. Carcinogenesis 
2004; 25: 1027-1031.
80. Linhart K, Bartsch HU, Seitz HK. The role of reac-
tive oxygen species (ROS) and cytochrome P4502E1 
in the generation of carcinogenic DANN adducts. Re-
dox Biol 2014; 3: 56-62.
81. Wang Y, Millonig G, Nair J, Patsenker E, Stickel F, 
Mueller S, Bartsch H, Seitz HK. Ethanol-induced cy-
tochrome P4502E1 causes carcinogenic etheno-DNA 
lesions in alcoholic liver disease. Hepatology 2009; 
50(2): 453-446.
82. Bradford BU, Kono H, Isayama F, Kosyk O, Wheel-
er MD, Akiyama TE, Bleye L, Krausz KW, Gonzalez 
FJ, Koop DR, Rusyn I. Cytochrome P450 CYP2E1, but 
not nicotinamide adenine dinucleotide phosphate ox-
idase, is required for ethanol-induced oxidative DNA 
damage in rodent liver. Hepatology 2005; 41: 336-344.
83. Lu Y, Wu D, Wang X, Ward SC, Cederbaum AI. 
Chronic ethanol induced liver injury and oxidant stress 
in decreased in cytochrome P4502E1 knockout mice and 
restored in humanized cytochrome P4502E1 knocking 
mice. Free Radic Biol Med 2010; 15: 1406-1416.
84. Lu Y, Zhuge J, Wang X, Bai J, Cederbaum AI. Cy-
tochrome P450 2E1 contributes to ethanol-induced fat-
ty liver in mice. Hepatology 2008; 47: 1483-1494.
85. Gouillon Z, Lucas D, Li J, Hagbjork AL, French BA, 
Fu P, Fang C, Ingelman-Sundberg M, Donohue TM Jr, 
French SW. Inhibition of ethanol-induced liver disease 
in the intragstic feeding rat model by chlormethiazole. 
Proc Soc Exp Bio Med 2000; 224: 302-308.
86. Morgan K, French SW, Morgan TR. Production 
of a cytochrome P4502E1 transgenic mouse and ini-
tial evaluation of alcoholic liver damage. Hepatology 
2002; 36: 122-134.
87. Butura A, Nilsson K, Morgan K, Morgan TR, 
French SW, Johansson I, Schuppe-Koistinen I, Ingel-
man-Sundberg M. The impact of CYP2E1 on the de-
velopment of alcoholic liver disease as studied in a 
transgenic mouse model. J Hepatol 2009; 50: 572-83.
88. Ye Q, Lian F, Chavez PR, Chung J, Ling W, Qin H, 

Seitz HK, Wang XD. Cytochrome P450 2E1 inhibition 
prevents hepatic carcinogenesis induced by diethylni-
trosamine in alcohol-fed rats. Hepatobiliary Surg Nutr 
2012; 1: 5-18.
89. Chavez PR, Lian F, Chung J, Liu C, Paiva SA, Seitz 
HK, Wang XD. Long term ethanol consumption pro-
motes hepatic tumorigenesis but impairs normal hepato-
cyte proliferation in rats. J Nutr 2001; 141: 1049-1055.
90. Mueller S, Peccerella T, Qin H, Glassen K, Wald-
herr R, Flechtenmacher C, Straub BK, Millonig G, 
Stickel F, Bruckner T, Bartsch H, Seitz HK. Carcino-
genic etheno DN adducts in alcoholic liver disease: 
correlation with cytochrome P4502E1 and fibrosis. Al-
coholism Clin Exp Res 2018; 42: 252-259.
91. Nieto N, Friedman SL, Cederbaum AL. Cyto-
chrome P 4502E1 derived reactive oxygen species me-
diate paracrine stimulation of collagen I protein syn-
thesis by hepatic stellate cells. J Biol Chem 2002; 277: 
9853-9864.
92. Nieto N, Friedman SL, Cederbaum AI. Stimulation 
and proliferation of primary rat hepatic stellate cells by 
cytochrome P4502E1 derived reactive oxigen species. 
Hepatology 2002; 35: 62-73.
93. Lu Y, Cederbaum AI. Enhancement of pyrazole of 
lipopolysaccharide induced liver injury in mice: Role 
of cytochrome P4502E1 and 2A5. Hepatology 2006; 
44: 263-274
94. Wu D, Cederbaum AL. Cytochrome P4502E1 sen-
sitizes to tumor necrosis factor alpha-induced liver in-
jury through activation of mitogen-activated protein 
kinases in mice. Hepatology 2008; 47: 1005-1017.
95. Mahli A, Thasler WE, Patsenker E, Müller S, Stick-
el F, Müller M, Seitz HK, Cederbaum AI, Hellerbrand 
C. Identification of cytochrome CYP2E1 as critical 
mediator of synergistic effects of alcohol and cellular 
lipid accumulation in hepatocytes in vitro. Oncotarget 
2015 Dec 8; 6(39): 41464-41478.
96. Mercer KE, Hennings L, Sharma N, Lai K, Cleves 
MA, Wynne RA, Badger TM, Ronis MJ. Alcohol con-
sumption promotes diethylnitrosamine-induced hepa-
tocarcinogenesis in male mice through activation of 
the Wnt/ß-catenin signaling pathway. Cancer Prev Res 
2014; 7: 675-685.
97. Groll N, Petrikat T, Vetter S, Colnot S, Weiss F, Po-
etz O, Joos TO, Rothbauer U, Schwarz M, Braeuning 
A. Coordinate regulation of Cyp2e1 by β-catenin- and 
hepatocyte nuclear factor 1α-dependent signaling. Tox-
icology 2016; 350: 40-48. 


