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Abstract
A major pathway for chronic ethanol-induced liver injury is ethanol-induced oxidant stress.
Several pathways contribute to mechanisms by which ethanol induces oxidant stress. While some
studies support a role for cytochrome P450 2E1 (CYP2E1), others do not. Most previous studies
were conducted in the intragastric infusion model of ethanol administration. There is a need to
develop oral models of significant liver injury and to evaluate the possible role of CYP2E1 in
ethanol actions in such models. We evaluated chronic ethanol-induced liver injury, steatosis and
oxidant stress in wild type (WT) mice, CYP2E1 knockout (KO) mice and in humanized CYP2E1
knockin (KI) mice, where the human 2E1 was added back to mice deficient in the mouse 2E1. WT
mice and the CYP2E1 KO and KI mice (both provided by Dr F. Gonzalez, NCI) were fed a high
fat Lieber-DeCarli ethanol liquid diet for 3 weeks; pair-fed controls received dextrose. Ethanol
produced fatty liver and oxidant stress in WT mice but liver injury (transaminases, histopathology)
was minimal. Ethanol-induced steatosis and oxidant stress was blunted in the KO mice (no liver
injury) but restored in the KI mice. Signicant liver injury was produced in the ethanol-fed KI mice
with elevated transaminases, necrosis, and increased levels of collagen type 1 and smooth muscle
actin. This liver injury in the KI mice was associated with elevated oxidant stress and elevated
levels of the human CYP2E1 compared to levels of the mouse 2E1 in WT mice. Activation of
JNK and decreased levels of Bcl-2 and Bcl-XL were observed in the ethanol-fed KI mice
compared to the other groups. Fatty liver in the WT and the KI mice was associated with lower
levels of PPAR alpha and acyl CoA oxidase. No such changes were found in the ethanol-fed KO
mice. These results show that CYP2E1 plays a major role in ethanol-induced fatty liver and
oxidant stress. It is the absence of CYP2E1 in the KO mice responsible for the blunting of
steatosis and oxidant stress since restoring the CYP2E1 restores the fatty liver and oxidant stress.
Moreover, it is the human CYP2E1 which restores these effects of ethanol which suggests that
results on fatty liver and oxidant stress from rodent models of ethanol intake and mouse CYP2E1
can be extrapolated to human models of ethanol intake and to human CYP2E1.

Keywords
Chronic Alcohol; CYP2E1; Fatty Liver; Oxidative Stress; Hepatotoxcity

Please send correspondence to: Dr. Arthur I Cederbaum, Department of Pharmacology and Systems Therapeutics, Box 1603, Mount
Sinai School of Medicine, One Gustave L Levy Place, New York, NY 10029, 212-241-7285, (ph) 212-796-8214, (fax),
arthur.cederbaum@mssm.edu.

NIH Public Access
Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2011 November 15.

Published in final edited form as:
Free Radic Biol Med. 2010 November 15; 49(9): 1406–1416. doi:10.1016/j.freeradbiomed.2010.07.026.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
The mechanisms by which alcohol causes cell injury are still not clear. A major pathway
that is a focus of considerable research is the role of lipid peroxidation and oxidative stress
in alcohol toxicity [1–4]. Many pathways have been suggested to play a key role in how
alcohol induces oxidative stress including redox state changes, mitochondrial damage,
ethanol-induced increase in endotoxin levels and TNFα production, mobilization of iron,
ethanol modulation of antioxidant defense systems, and ethanol induction of CYP2E1[1–4].

While some studies support a role for CYP2E1 in the hepatotoxic actions of ethanol [5–9],
others do not [10–12].There is concern over the specificity of some of the inhibitors utilized
in these studies, e.g. gadolinium chloride may affect levels of cytochrome P450 enzymes
such as CYP2E1 beyond inactivation of Kuppfer cells [13,14] or diallyl sulfide may increase
levels of antioxidants such as heme-oxygenase-1 besides inhibiting CYP2E1 [15]. Bradford
et al [16] reported that CYP2E1 but not NADPH oxidase was required for ethanol-induced
oxidative DNA damage in rodent liver and may play a key role in ethanol-associated
hepatocarcinogenesis, whereas NADPH oxidase but not CYP2E1 played the major role in
ethanol-induced hepatotoxicity. Why CYP2E1 may be important for one mode of liver
injury, DNA damage, but not necrosis and pathological changes is not clear. Additional
study is needed in assessing the role of CYP2E1 in the actions of ethanol.

Almost all the studies evaluating a possible role for CYP2E1 in ethanol hepatotoxicity have
employed the intragastric infusion model of liver injury, since significant injury occurs in
this model [5–8,10–12,16,17]. Most oral models of ethanol administration e.g. the typical
Lieber-DeCarli model do not show the presence of significant liver injury beyond steatosis
or small elevations in transaminase levels. There is clearly a need for oral models of ethanol
treatment which result in the development of significant liver injury. There is also a need to
evaluate the role of CYP2E1 in the actions of ethanol in oral models of ethanol
administration. In the Lieber-DeCarli model, fatty liver and oxidative stress develops. These
events are associated with induction of CYP2E1. However, direct evidence that CYP2E1
plays a role in the ethanol-induced fatty liver or oxidative stress in this oral model of ethanol
administration is needed. Morgan and collaborators reported that in a transgenic mouse
overexpressing CYP2E1, ethanol administration produced liver injury [18,19}. We recently
reported that CYP2E1 plays a role in experimental fatty liver in an oral, Lieber-DeCarli
ethanol feeding model [20]. Fatty liver was observed in wild type mice but not in CYP2E1
knockout mice fed ethanol chronically. The goal of the current report was to extend this
previous study to humanized CYP2E1 knockin mice. Because of concerns of extrapolating
results with mouse enzymes to human enzymes and to overcome species differences in P450
expression, and specificity between rodents and humans, transgenic humanized mouse
models expressing major P450 enzymes were developed by Gonzalez and colleagues [21].
The human P450 transgene was introduced onto the corresponding null mouse background
[22] to create a humanized P450 mouse in the absence of the corresponding mouse P450
[23]. Therefore, functional activities and differences between human and mouse CYPs can
be directly compared with this model. In the humanized CYP2E1 knockin mouse [23], some
differences were observed compared to the wild type mice expressing mouse CYP2E1 such
as rates of p-nitrophenol (but not chlorzoxazone) oxidation and sensitivity to toxicity by
acetaminophen. A major goal of the current report was to validate that the decreased fatty
liver produced by chronic ethanol feeding in CYP2E1 knockout mice and the decreased
ethanol-induced oxidative stress was indeed due to the deficiency in CYP2E1 by evaluating
whether such actions by ethanol are restored when CYP2E1 is restored in the knockout
mice. Another important goal was to study whether human CYP2E1 could effectively mimic
mouse CYP2E1 in contributing to ethanol-induced fatty liver, oxidant stress and liver injury
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and thus allow assessment of the human CYP2E1 to modulate actions of chronic ethanol
administration in a whole animal model system.

Materials and Methods
Animals and Ethanol Treatment

SV/129-background CYP2E1-knockout [22] and humanized CYP2E1 transgenic mice [23]
were kindly provided by Dr. Frank J. Gonzalez (Laboratory of Metabolism, National Cancer
Institute, Bethesda, MD), and breeding colonies established at Mount Sinai. Female SV129
wild type mice were purchased from Charles River Laboratory. All mice were housed in
temperature-controlled animal facilities with 12-hour light/12-hour dark cycles and were
permitted consumption of tap water and Purina standard chow ad libitum until being fed the
liquid diets. The mice received humane care, and experiments were carried out according to
the criteria outlined in the Guide for the Care and Use of Laboratory Animals and with
approval of the Mount Sinai Animal Care and Use Committee.

Female WT, KO, and KI mice were initially fed the control liquid dextrose diet (Bio-Serv,
Frenchtown, NJ) for 3 days to acclimate them to the liquid diet. Afterward, the mice were
fed either the liquid ethanol diet (Bio-Serv, Frenchtown, NJ) or the control liquid dextrose
diet, as described by Lieber and DeCarli [24] for 3 weeks. The content of ethanol was
gradually increased every 3–4 days from 10% (1.77% [vol/vol]) of total calories to 20%
(3.54% [vol/vol]), 25% (4.42% [vol/vol]), 30% (5.31% [vol/vol]), and finally 35% of total
calories (6.2% [vol/vol]). The control mice were pair-fed the control dextrose diet on an
isoenergetic basis. The ethanol-fed mice had access to their rations ad libitum, and the
conditions of wild-type, knockout, and humanized transgenic mice were comparable. The
amount of food consumed by CYP2E1-knockout mice, the knockin mice and the wild-type
mice was approximately the same.

No mice died in any group after 3 weeks of feeding with the control or ethanol-containing
diet. Before being sacrificed, the mice were fasted overnight and body weight was
measured. Blood was collected and serum was separated. Whole liver was removed and
liver weight measured; the liver was rapidly excised into fragments and washed with cold
saline, and one aliquot of tissue was placed in 10% formalin solution for paraffin blocking.
Another piece was placed in Tissue-Tek O.C.T Compound, and then was frozen and cut into
10-micron frozen sections for oil red O staining. and for DHE fluorescence assays. The
remaining aliquots were stored at −80°C for further assays. Liver homogenates were
prepared in ice-cold 0.15 M KCl. All samples were stored at −80°C in aliquots.

Liver Histology and Immunohistochemistry
Liver sections were stained with H&E for pathological evaluation. Steatosis was quantified
as the percentage of cells containing fatty droplets. Necroinflammation was quantified as the
number of clusters of 5 or more inflammatory cells per square millimeter. Five 200× fields
per liver were examined (one 200× field area = 0.95 mm2). Histopathology was performed
on a fee for service basis by the Mount Sinai Pathology Core. The pathologist (S.C.W) was
unaware of the treatment groups when evaluating the slides.

Immunohistochemical staining for CYP2E1, 3-nitrotyrosine (3-NT) protein adducts, 4-HNE
protein adducts, collagen α type 1 and smooth muscle actin proteins was performed by using
anti-CYP2E1 antibody (a gift from Dr. Jerome Lasker, Hackensack Biomedical Research
Institute, Hackensack, NJ), anti-3-NT adducts IgG (Upstate, Lake Placid, NY), anti-4-HNE
adducts IgG (Calbiochem, LaJolla CA), anti-collagen α1, and anti-α-smooth muscle actin
(SMA, Millipore) IgGs followed by a Broad Spectrum (AEC) Histostain Plus Kit
(Invitrogen). DHE fluorescence was assayed by incubating frozen tissue sections of liver
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with 40 uM DHE (Molecular Probes, Eugene OR) plus 1 mM NADPH applied to the tissue
surface for 30 min in a light-protected humid chamber. After rinsing, fluoresecence of the
liver section was detected by a fluoresecence microscope. Control sections were incubated
with DHE but without NADPH.

Biochemical Assays
Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST) and ethanol were
assayed using Infinity kits (Thermo Electron, Melbourne, Australia) and an ethanol assay kit
(Biovision, Mountain View, CA), respectively as previously described [20]. Liver tumor
necrosis factor α (TNFα) was assayed using a TNFα ELISA kit (Biosource, Camarillo, CA).
Liver triglyceride (TG) was determined using an Infinity kit (Thermo Electron, Melbourne,
Australia). Hepatic levels of GSH and TBARs were determined as previously described
[20,25]. CYP2E1 activity was measured by the rate of oxidation of p-nitrophenol to p-
nitrocatechol by isolated hepatic microsomes [26]. Immunoblots for β-actin, CYP2E1,
peroxisome proliferator-activated receptor α (PPARα), acyl CoA oxidase (AOX), stearoyl
CoA desaturase-1 (SCD-1), Bcl-2, Bcl XL, pJNK, JNK and antioxidant enzymes were
carried out as previously described [20,25]. The antibody against acyl-CoA oxidase was a
gift from Professor Paul Van Veldhoven, (K.U. Leuven, Belgium). Polyclonal antibody
against SCD was from Cell Signaling Technology, Inc (Danvers MA). Antibodies against
PPARα, Bcl 2, Bcl-XL, pJNK, JNK, catalase, GPx-4, thioredoxin, SOD-1 and SOD-2 were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).Blots were quantified using the
Image J (version 1.37v) software program from NIH. Ratios were expressed as protein/actin
or pJNK/JNK.

Statistics
Results are expressed as means ± SEMs. Statistical evaluation was carried out by one-way
ANOVA followed by the Student-Newman-Keuls post hoc test.

Results
Levels of CYP2E1 and TNFα after Chronic Ethanol Feeding

Female wild type SV129 mice, CYP2E1 knockout mice (KO) and CYP2E1 knockin mice
(KI) in which the human CYP2E1 was added to replace the knocked out mouse CYP2E1
were fed ethanol for three weeks. Pair-fed controls received isocaloric dextrose. All mice
were killed after an overnight fast. Serum ethanol levels were similar between the 3 groups
of ethanol-fed mice at sacrifice. Ethanol elevated mouse CYP2E1 levels (Fig 1A) and
CYP2E1 catalytic activity (oxidation of p-nitrophenol) (Fig 1B) about two-fold in wild type
mice. Levels of CYP2E1 and oxidation of PNP were either very low or not detectable in the
dextrose or ethanol-fed KO mice (Fig. 1A, 1B). Levels and activity of human CYP2E1 were
elevated in the ethanol-fed KI mice to an even greater extent than that found for mouse
CYP2E1 in the ethanol-fed WT mice (Fig. 1A,1B). Immunohistochemistry showed that
chronic ethanol feeding elevated CYP2E1 in WT mice and more strikingly in KI mice in the
pericentral zone of the liver acinus. No CYP2E1 was observed in the ethanol- or dextrose-
fed KO mice (Fig. 1C).. Hepatic levels of TNFα were not significantly different between the
ethanol and dextrose fed mice and between the three genotypes (Fig. 1D).

Ethanol-induced Hepatotoxicity
Serum ALT and AST levels were elevated less than two-fold by ethanol in the WT mice and
a similar increase was found with the KO mice (Fig. 2A,2B). Serum ALT and AST levels
were increased about four- five-fold by ethanol in the KI mice, an increase greater than the
increase by ethanol in the WT or KO mice. Histopathology observation revealed the
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expected presence of steatosis in the ethanol-fed WT mice but little or no indication for
necrosis (Fig. 3A,3B). Steatosis was much lower and necrosis was not observed in the
ethanol-fed KO mice. However, both necrosis and steatosis were found with the ethanol-fed
KI mice; areas with cell swelling, focus necrosis and inflammatory infiltration were
observed (Fig. 3A,3B). Necroinflammation scores were elevated only for the ethanol-fed KI
mice (Fig. 2C). No changes in the activity of caspases 3 or 9 nor TUNEL staining were
found in the ethanol-fed KI mice compared to dextrose controls (data not shown) suggesting
necrotic but not apoptotic liver injury was occurring under these conditions.

Ethanol Induced Fatty Liver
As mentioned above, ethanol induced steatosis in WT and KI mice but to a much lesser
extent in KO mice. Further evaluation showed elevated oil red staining in WT and KI mice
to a greater extent than in KO mice (Fig. 3E). The oil red staining, similar to the
histopathology suggested a more elevated steatosis in the WT mice as compared to the KI
mice. Hepatic triglycerides were elevated by ethanol about two-fold in the KO mice, about
seven-fold in the KI mice and about three-fold in the WT mice (Fig. 2D). Triglyceride levels
were higher in both the dextrose-fed and ethanol-fed WT mice than the corresponding KO
and KI mice, likely accounting for the “only” three fold increase by ethanol in WT mice
compared to the 7-fold increase in KI mice. The steatosis score confirmed that ethanol
produced fatty liver in the WT and KI mice, but not the KO mice (Fig. 2F). Interestingly,
while the steatosis score was highest in the ethanol-fed WT mice, the necroinflammatory
score was highest in the ethanol-fed KI mice. Both scores were lowest in the ethanol KO
mice.

The liver to body wt ratio was elevated by about 35% by ethanol in WT mice (Fig. 2E). A
similar increase by ethanol was found with the KO mice, despite only a modest increase in
triglycerides as compared to the WT mice. A near two-fold increase in the liver to body wt
ratio was found with the ethanol-fed KI mice even though triglycerides were elevated by
ethanol in these mice to a lesser extent than the WT mice. This suggests that other
macromolecules besides fat contribute to elevated liver/body wt ratio in the ethanol-fed KO
and KI mice.

Ethanol-Induced Fibrosis
In general, ethanol-induced liver injury is modest in the typical Lieber-DeCarli diet, and
fibrosis is not typically observed. This is confirmed by the lack of an increase in
immunohistochemical detection of smooth muscle actin (SMA), a marker of hepatic stellate
cell activation in liver from ethanol-fed WT mice, as well as the KO mice (Fig. 3C).
However, some staining for SMA was observed in livers from the ethanol-fed KI mice (Fig.
3C). Immunohistochemical staining for collagen revealed thick bands of collagen
throughout the liver of the ethanol-fed KI mice while in the WT and the KO mice, no
positive staining for collagen in the liver itself was observed except for blood vessels (Fig
3D).

Ethanol-Induced Oxidant Stress
There are many possible pathways and mechanisms by which chronic ethanol feeding can
elevate oxidant stress, and induction of CYP2E1 is one of these [27]. Lipid peroxidation, as
assayed by formation of thiobarbituric acid-reactive substances (TBARs) in the liver, was
increased 2-fold by ethanol in WT mice and 3-fold in KI mice (Fig. 4A). No increase by
ethanol was found in livers from the KO mice. GSH levels were lowered about 50% by
ethanol in livers from WT mice and about 70% in livers from the KI mice (Fig. 4B)..
Ethanol had no effect on GSH levels in livers from KO mice. Formation of 3-nitrotyrosine
protein adducts is one assay for detection of peroxynitrite formation [28]. Low levels of 3-
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NT staining were observed in livers from the ethanol-fed WT and KO mice, but a more
intense staining was observed in livers from the ethanol-fed KI mice (Fig. 4C). 4- HNE
protein adducts as detected by immunohistochemistry were elevated in WT mice and to a
greater extent in KI mice as compared to dextrose controls(4D). Ethanol did not elevate 4-
HNE adducts in the KO mice. In situ detection of ROS using the superoxide sensitive probe
DHE showed that ethanol elevated DHE fluorescence in WT and to a greater extent in KI
mice but not in the KO mice (Fig 4E). Thus, levels of oxidant stress induced by ethanol
appeared to follow a similar pattern of induction of CYP2E1 by ethanol, being highest in the
CYP2E1 KI mice, intermediate in the WT mice, and lowest in the CYP2E1 KO mice.

Levels of some antioxidant enzymes were assayed by immunoblot analysis. Ethanol had
little or no effect on the levels of catalase, thioredoxin (Trx), SOD-1 or SOD-2 in any group
(data not shown). Ethanol lowered the levels of GPx-4 55%, 58% and 39% in the WT, KO
and KI mice, respectively as compared to their appropriate dextrose-fed control (data not
shown). This decline in GPx-4 levels by ethanol, unlike the 5 parameters of oxidant stress
discussed above (increase in TBARs, decrease in GSH, increase in 3-NT and 4-HNE
staining, increase in DHE fluorescence) appears to be independent of CYP2E1 since a
comparable decline was found in CYP2E1 KO mice as with the WT mice.

Activation of JNK
Activation of JNK has been shown to be important in many models of hepatotoxicity [29–
32], including CYP2E1 potentiation of LPS or TNF liver injury [33,34]. There are few
studies evaluating the role of JNK, if any, in ethanol-induced hepatotoxicity and steatosis.
Fig. 5 shows that JNK2 (54KDa) was elevated 50% (0.6 to 0.9 pJNK2/JNK2 ratio) in wild
type mice chronically fed ethanol as compared to pair-fed controls. This modest activation
of JNK2 did not occur in the CYP2E1 knockout mice fed ethanol. However activation of
JNK2 was restored, and even magnified (3-fold) in the CYP2E1 knockin mice fed ethanol
(Fig. 5). JNK1 (46 KDa), which was not activated in the ethanol-fed wild type or CYP2E1
knockout mice, was activated 5-fold in the ethanol fed CYP2E1 knockin mice (Fig. 5). We
did not observe any activation of p38MAPK by ethanol in any group (data not shown).

Levels of Bcl-2 and Bcl-XL
Bcl-2 and Bcl-XL are antiapoptotic members of the Bcl-2 family and can protect against
certain models of cell/tissue injury, including alcohol toxicity [35,36]. Levels of Bcl-2 were
lowered by about 50% in the ethanol-fed KI mice (Fig 6A,6B). Levels of Bcl-XL were
significantly lowered about 40% by ethanol in livers of WT mice and by 30 % in the KI
mice (Fig. 6B,6C). Ethanol had no effect on the levels of Bcl-2 and Bcl-XL in the KO mice.

Levels of Lipogenic and Lipolytic Factors
The master regulator of lipogenesis SREBP, was shown to be elevated by ethanol in some
models e.g. low fat intake with a subsequent increase in lipogenic enzymes such as
acetylCoA carboxylase [37–41]. A master regulator of lipolysis, PPARα, was shown to be
decreased by ethanol in those models, with a subsequent decrease in lipolytic enzymes such
as acyl CoA oxidase [37–41]. Such changes play a key role in the overall mechanism by
which ethanol induces a fatty liver. We did not observe any changes in levels of SREBP or
ACC by ethanol in any of the groups of mice (data not shown). Levels of SCD-1 were
increased by ethanol in all the groups of mice, although the levels were lower in both the
dextrose and ethanol fed KO mice (Fig. 7A). Levels of PPARα were decreased by ethanol in
both the WT and the KI mice, but ethanol had no effect on PPARα levels in the KO mice
(Fig. 7B). A downstream target of PPARα, peroxisomal acyl CoA oxidase, responded in a
similar manner, being decreased by ethanol in WT and KI mice but no effect was found with
KO mice (Fig. 7C). Previously [20], we found that levels of PPARα mRNA but not protein

Lu et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were decreased by ethanol in WT mice while levels of AOX mRNA and protein were
decreased. In the current study, levels of AOX as well as PPARα protein were decreased by
ethanol in the WT mice. The only difference between the two studies was the time of
ethanol feeding, three (current study) versus four weeks [20] so it is not clear why the effect
of ethanol on PPARα protein but not AOX protein levels differ between the 2 studies.

Discussion
Fatty liver is a uniform and early response of the liver to ethanol consumption. Previously,
fatty liver was considered benign, however, it is now known that fatty liver can increase
sensitivity to hepatotoxins such as lipopolysaccharide (LPS) and high levels of fatty acids
promote lipotoxicity [42–44]. Hence, there is a need to understand the mechanisms
responsible for fatty liver production by ethanol. Early hypotheses for mechanisms
responsible for fatty liver production by ethanol included redox state changes (elevated
NADH) when ethanol was metabolized by alcohol dehydrogenase, elevated formation of
acetyl CoA from ethanol/acetaldehyde oxidation and impairment of β-oxidation of fatty
acids [37]. Recent studies by Crabb, You and colleagues have identified new mechanisms
which regulate the synthesis and the oxidation of fatty acids as being central to how ethanol
produces fatty liver. Ethanol has been shown to elevate levels of SREBP-1c, a master
transcriptional regulator of lipogenic enzymes, but to lower levels of PPARα, a master
transcriptional regulator of lipolytic enzymes. Decreased activation of AMPK by ethanol
plays a role in these effects [38–41]. What remains unclear is how ethanol is upregulating or
activating lipogenic enzymes while downregulating lipolytic enzymes. Possible mechanisms
may involve acetaldehyde, homocysteine-induced ER stress, and oxidant stress [38–
41,45,46].

Is there a role for CYP2E1 in ethanol-induced fatty liver? In the IG infusion model, Kono et
al [11] reported that after feeding ethanol for 4 weeks, there was no difference in ethanol-
induced steatosis between CYP2E1 knockout mice and wild type mice. Similarly, in this
model, Wan et al [47] reported that ethanol infusion for 21 days promoted fat accumulation
in CYP2E1 knockout mice but, surprisingly, not in the wild type mice. In contrast, the
CYP2E1 inhibitor chlormethiazole (CMZ) was reported to blunt ethanol-induced fatty liver
in the IG model [9].

We previously showed that ethanol-induced fatty liver using the high fat Lieber-DeCarli
model was blunted in CYP2E1 KO mice as compared to WT mice [20]. These results were
confirmed in the current report as evident by histopathology, oil-red staining and
biochemical assay of hepatic triglyceride levels in livers from WT mice fed ethanol
compared to CYP2E1 KO mice fed ethanol. We believe two important new points arise
from results of Fig. 2 and 3. First, it is the absence of CYP2E1 in the KO mice and not
secondary effects associated with the knockout that plays a major role in the blunting of the
ethanol-induced fatty liver in the KO mice since restoring the presence of CYP2E1 in these
mice restores the fatty liver. Second, human CYP2E1 was the CYP2E1 which restores the
ethanol-induced steatosis, which indicates that human CYP2E1 can potentiate development
of fatty liver in an oral model of chronic ethanol administration. This suggests that results on
fatty liver extrapolated from rodent models of ethanol intake can be extrapolated to human
models of ethanol intake with respect to effects of CYP2E1.

Associated with the fatty liver induced by ethanol was an increase in oxidative/nitrosative
stress as reflected by the increase in TBARS, 3-NT and 4-HNE staining, and DHE
fluorescence and the decrease in GSH levels in the WT mice fed ethanol. CYP2E1 is
suggested be a major contributor to ethanol-induced oxidant stress. Results in Fig. 4 show
that ethanol caused oxidative stress in WT mice, but the ethanol-induced oxidative stress
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was decreased in CYP2E1 KO mice. It is the absence of CYP2E1 in the CYP2E1 KO mice
that plays a major role in blunting of the ethanol-induced oxidant stress since restoring
CYP2E1 restores oxidative/nitrosative stress. As discussed above for fatty liver, human
CYP2E1 was the CYP2E1 which restores the oxidative/nitrosative stress indicating that
human CYP2E1 can potentiate development of oxidative/nitrosative stress in an oral model
of chronic ethanol administration, and that results on oxidative/nitrosative stress
extrapolated from rodent models of ethanol intake can be extrapolated to human models of
ethanol intake.

It appears that ethanol-induced steatosis may be related to oxidative stress as shown by
Diluzio [48] who reported that antioxidants can prevent the ethanol-induced fatty liver, and
studies showing that overexpression of the copper-zinc superoxide dismutase-1 can partially
reduce the ethanol steatosis [49]. CYP2E1-generated ROS contributes to the ethanol-
induced oxidant stress which may explain its role in the ethanol-induced steatosis. However,
mechanisms for ethanol-induced steatosis are likely to be more complex than increases in
CYP2E1/cytokines/oxidant stress e.g ethanol did not induce fatty liver in C1q knockout
mice despite elevating CYP2E1, TNFα, IL-6 and oxidant stress and the authors suggested a
role for the classical complement pathway in contributing to the pathogenesis of ethanol-
induced liver injury [50]. Blockade of PPARα function by chronic ethanol administration
plays a key role in the mechanism of ethanol-induced steatosis [51] as PPARα knockout
mice fed ethanol develop extensive fatty liver and liver injury [52] whereas PPARα
activating ligands such as clofibrate [53] or WY14643 [51] decrease the ethanol fatty liver.
Levels of PPARα, and a downstream target of PPARα, AOX, were decreased more than
50% by ethanol administration to WT mice and CYP2E1 KI mice, but no effect was found
with the CYP2E1 KO mice. This suggests the ethanol-induced decline in PPARα may be
due, at least in part to CYP2E1, or more likely, CYP2E1-derived ROS. These results differ
from Wan et al [47] who using the intragastric infusion model of ethanol administration,
found that ethanol decreased PPARα levels and induced fatty liver to a greater extent in
CYP2E1 KO mice than WT mice. We believe these differences may relate, in part, to
differences in endotoxemia and TNFα levels in the intragastric versus oral models of ethanol
administration, i.e. ROS may be produced in CYP2E1 KO mice fed ethanol intragastrically
largely via TNFα generated by endotoxemia. In our oral model of ethanol administration,
TNFα levels were not elevated (Fig. 1D), leading us to speculate that CYP2E1, not TNFα, is
a major mechanism for ethanol-induced oxidant stress followed by steatosis.

The decrease in PPAR-α produced by ethanol in WT and KI mice may contribute to the
development of fatty liver by decreasing fatty acid oxidation. This remains to be evaluated.
With respect to fatty acid synthesis, we could not detect increases in SREBP, acetyl CoA
carboxylase or fatty acyl synthase levels in the ethanol-fed WT or KI mice. However, as
found by other [54,55] levels of stearoyl CoA desaturase-1 were increased by ethanol in the
WT mice as well as the KO and the KI mice. SCD-1 has been shown to promote hepatic
steatosis as SCD-1 deficiency prevents liver steatosis in various mouse models [56,57].
Oleate, the product of the SCD-1 catalyzed desaturation of stearic acid normalized the
decreased hepatic lipogenesis of the SCD -1 KO mice, and it has been suggested that
endogenous oleate synthesis catalyzed by SCD-1 acts as a metabolic switch which
influences the balance of energy (fat) storage versus energy (fat) oxidation [57]. SCD-1
deficiency increases the phosphorylation state of AMPK and hepatic AMPK activity [58],
hence, elevating SCD-1 would inactivate AMPK, thereby promoting lipogenesis. However,
we did not find an increase in the pAMPK/AMPK ratio in the ethanol-fed WT or KI mice
(data not shown). In addition, ethanol increased levels of SCD-1 in the CYP2E1 KO mice in
which no increase in steatosis was observed suggesting that the increase in SCD-1 is not a
major explanation for the CYP2E1-stimulation of steatosis.
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Significant liver injury generally does not occur in most oral models of ethanol intake, and
there is a need to develop such models for mechanistic and preventive/therapeutic designs.
A modified low carbohydrate ethanol liquid diet caused mild liver injury in rats [59,60]. A
two-fold elevation in ALT levels and mild liver injury occurred in female rats fed fish oil
plus ethanol orally [61]. Although CYP2E1 was elevated in these models, whether the
elevated CYP2E1 played a role in the liver injury was not directly evaluated. ALT, AST and
necroinflammatory scores were higher in ethanol-fed CYP2E1 KI mice compared to WT
and CYP2E1 KO mice. Increases in smooth muscle actin and collagen type 1 protein were
observed in the ethanol-fed KI mice which may be suggestive of an initiation of fibrosis.
Perhaps longer periods of ethanol feeding in the KI mice may provide a valuable model of
ethanol-induced fibrosis and stellate cell activation. CYP2E1 levels and activity were about
two-fold higher in the CYP2E1 KI mice compared to the wild type mice after the ethanol
feeding suggesting the elevated liver injury may be due to the elevated content of CYP2E1
although the possibility that the human CYP2E1 is more reactive than the mouse CYP2E1 in
promoting this injury remains to be evaluated. The elevated liver injury is associated with an
elevated oxidative/nitrosative stress in the ethanol-fed CYP2E1 KI mice and we speculate
that the latter plays a key role in the former. This will be evaluated in future studies
examining the effects of antioxidants such as N-acetylcysteine, vitamins E and C and
inhibitors of the inducible nitric oxide synthase e.g.1400W. The elevated liver injury is also
associated with an increase in activation of the JNK mitogen activated protein kinase.
Activation of JNK has been shown to be important in many models of hepatotoxicity [30–
33], including CYP2E1 potentiation of LPS or TNF-α liver injury [34,35]. Activated JNK
can phosphorylate and thereby inactivate Bcl-2 and Bcl-XL [62]. Levels of these two anti-
apoptotic proteins were lowered by chronic ethanol feeding in CYP2E1 KI mice in
association with activation of JNK, but not in the CYP2E1 KO mice in which JNK was not
activated by the ethanol feeding. Despite this decline in levels of Bcl-2 and Bcl-XL, the
ethanol injury was necrotic not apoptotic. While chronic ethanol-induced liver injury was
usually considered to be necrotic [4,5,8], ethanol-induced apoptosis has also been observed
[36,50]. Most likely whether liver injury induced by ethanol is necrotic or apoptotic or
necroapoptotic may reflect amount of and time of ethanol feeding, mode of ethanol
administration, whether significant endotoxemia occurs, the severity of mitochondrial injury
and ATP depletion, the mouse strain and other factors such as pro and anti inflammatory
cytokine elevation, fat content, type of fat. We have not yet assayed levels of proapoptotic
members of the Bcl-2 family or ATP levels which may regulate a possible switch between
apoptosis and necrosis in the CYP2E1 KI mice, nor conducted time courses of ethanol
feeding to assess if an early apoptosis switches to necrosis. Future experiments will evaluate
the ability of an inhibitor of JNK activation such as SP600125 to prevent the chronic
ethanol-induced liver injury in the CYP2E1 KI mice. SP600125 was effective in preventing
the CYP2E1 potentiation of LPS or TNF-α liver injury [33]. We speculate the elevated
oxidative/nitrosative stress in ethanol-fed KI mice may play a role in the activation of JNK
e.g. the upstream MAPKKK ASK-1 is activated when its inhibitor thioredoxin-1 is oxidized
by ROS, and dissociates off ASK-1, which then allows ASK-1 to activate downstream
MAPKKs and subsequently JNK [63,64]. ROS also inactivate MAPK phosphatases which
dephosphorylate activated MAPK such as JNK [65]. The activation status of JNK will be
assessed in the above proposed experiments evaluating the effects of antioxidants on the
ethanol-induced liver injury in KI mice. Although other models of hepatotoxicity produced
by overexpression of CYP2E1 have been reported e.g. a transgenic model of CYP2E1
overexpression [18,19], or administration of an adenovirus expressing CYP2E1 to mice
[66], the advantage of the CYP2E1 KI model is that the actions of the human CYP2E1 can
be studied in the total absence of the mouse CYP2E1 thus allowing assessment of the role of
human CYP2E1 in ethanol-induced oxidative stress and liver injury. Another point to
consider is that the ethanol-induced liver toxicity observed in the intragastric infusion model
of ethanol administration is typically associated with endotoxemia and activation of Kupffer
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cells with the subsequent production of TNF-α [67–70]. Alcohol-induced liver injury in this
model is deceased when gram negative bacteria are deleted from the gut by treatment with
lactobacillus or antibiotics [71] or when anti-TNF-α antibodies are administered [72] or
when TNF-α receptor 1 knockout mice were treated with ethanol [73]. We did not observe
any elevation of TNF-α in livers of any of the ethanol-treated mice (Fig. 1), therefore the
liver injury in the ethanol-fed KI mice is not associated with an elevation of TNF-α.
Whether the injury is TNF-α-independent or requires basal levels of TNF-α will require
further studies, e.g. use of clodronate liposomes to deplete Kupffer cells [74]or anti- TNF-α
antibodies [72].
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AOX acyl CoA oxidase

CYP2E1 cytochrome P4502E1

DHE dihydroethidine
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GSH reduced glutathione
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KI knockin

3-NT 3-nitrotyrosine

PPARα peroxisome proliferator receptor α

ROS reactive oxygen species

SCD-1 stearoyl CoA desaturase -1
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TNFα tumor necrosis factor α
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Figure 1. CYP2E1 activities and expression in WT, CYP2E1 knockout and humanized CYP2E1
knockin mice fed dextrose or ethanol diets
A. Western blotting analysis for CYP2E1 expression. A typical immunoblot is shown and
CYP2E1/actin ratios from 3–6 pairs of mice in each group are indicated. * P <0.05
compared with dextrose group.
B. Microsomal PNP activities. ** P<0.01, compared with WT dextrose (WD) group; ##
P<0.01, compared with KI dextrose (KID) group; && P<0.01, compared with WT ethanol
(WE) group. KOD, CYP2E1 knockout mice fed dextrose diet; KOE, CYP2E1 knockout
mice fed ethanol diet; KIE, humanized CYP2E1 knockin mice fed ethanol diet. (n= 3–6
pairs of mice in each group).
C. Immunohistochemistry staining to determine CYP2E1 in the liver.
D. TNFα levels in liver lysates were analyzed by an ELISA method. (n= 3–6 pairs of mice
in each group).
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Figure 2. Ethanol-induced hepatotoxicity in WT, CYP2E1 knockout and humanized CYP2E1
knockin mice. Results are from 3 to 6 pairs of mice in each group
A. Serum ALT. B. Serum AST. * P<0.05 and ** P<0.01, compared with dextrose group; #
P<0.05, compared with WT ethanol group; & P<0.05, compared with KO ethanol group.
C. Necroinflammation scores from H&E staining. * P<0.05, compared with dextrose group;
# P<0.05, compared with WT ethanol group; & P<0.05, compared with KO ethanol group.
D.Hepatic triglycerides. *P<0.05 and **P<0.01 compared with dextrose group; ## P< 0.01
compared with ethanol KO group; & P< 0.05 compared with KI ethanol group; $$ P < 0.01
compared with KO ethanol group.
E. Liver to body wt ratio. * P< 0.05 compared with dextrose group; # P< 0.05 compared
with WT ethanol group; $ P< 0.05 compared with KO ethanol group.
F. Steatosis scores from H&E staining. ** P< 0.01 compared with dextrose group; ## P<
0.01 compared with KO ethanol group; & P< 0.05 compared with KI ethanol group; $$ P
<0.01 compared with KO ethanol group.
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Figure 3. Ethanol-induced steatosis and hepatotoxicity
A.. H&E staining (low power). Arrows show lipid droplets, arrow heads show
necroinflammation.
B. H&E staining (high power). Arrows show single cell death, arrow heads show
inflammation. Results from 2 WT and 2 KI mice are shown.
C. Immunohistochemistry staining for α-smooth muscle actin. Arrows show positive
staining.
D. Immunohistochemistry staining for collagen αI. Arrows show positive staining.
E. Oil Red O staining for lipid.
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Figure 4. Ethanol-induced oxidative stress
Chronic ethanol induced oxidative stress was determined by measuring levels of TBARS
(A), or GSH (B) in liver lysates. *, **, P<0.05 compared with their dextrose control groups
respectively (n=3–6). C. Immunohistochemistry staining for 3-NT protein adducts in mouse
liver. D. Immunohistochemistry staining for 4-HNE protein adducts. E. ROS detection by
DHE fluorescence.
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Figure 5. The activation of JNK MAP kinase
The phosphorylation of JNK1 or JNK2 was determined by immunoblot analysis of liver
lysates. The activity was determined by the ratios of pJNK/JNK which are listed under the
blots and are from 3–6 pairs of mice. *, **, P<0.05 compared with dextrose fed groups
respectively.
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Figure 6. Levels of Bcl-2 and Bcl-XL
Levels of Bcl-2 (A) and Bcl-XL (C) were determined by immunoblots. Ratios with β-actin
are shown in the bar graphs (B, D) and are from 3–6 pairs of mice. *, P<0.05 compared with
dextrose fed groups.
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Figure 7. Effects of chronic ethanol on liver lipogenic and lipolytic proteins
Immunoblots were carried out to determine the levels of SCD-1 (A,), PPARα (C) and
CYP2E1 plus AOX (E) proteins. *, **, P<0.05 compared with their dextrose groups
respectively. The bar graphs (B, D, F, G) show the protein/actin ratios from 3–6 pairs of
mice
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