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Nonalcoholic steatohepatitis (NASH) and alcoholic liver disease have similar pathological features.
Because CYP2EI1 plays a key role in alcoholic liver disease with its ability to stimulate lipid peroxida-
tion, we tested the proposal that CYP2E1 could also be a factor in the development of NASH. In a
dietary model — mice fed a methionine- and choline-deficient (MCD) diet — liver injury was associat-
ed with both induction of CYP2E1 and a 100-fold increase in hepatic content of lipid peroxides. Micro-
somal NADPH-dependent lipid oxidases contributed to the formation of these lipid peroxides, and in
vitro inhibition studies demonstrated that CYP2E1 was the major catalyst. To further define the role
of CYP2E1 as an initiator of oxidative stress in NASH, Cyp2el--mice were administered the MCD diet.
CYP2EI1 deficiency neither prevented the development of NASH nor abrogated the increased micro-
somal NADPH-dependent lipid peroxidation, indicating the operation of a non-CYP2E1 peroxidase
pathway. In Cyp2el~- mice with NASH (but not in wild-type mice), CYP4A10 and CYP4A14 were upreg-
ulated. Furthermore, hepatic microsomal lipid peroxidation was substantially inhibited by anti-mouse
CYP4A10 antibody in vitro. These results show that experimental NASH is strongly associated with
hepatic microsomal lipid peroxidation. CYP2E1, the main enzyme associated with that process in wild-
type mice, is not unique among P450 proteins in catalyzing peroxidation of endogenous lipids. We

have now identified CYP4A enzymes as alternative initiators of oxidative stress in the liver.

J. Clin. Invest. 105:1067-1075 (2000).

Introduction
Nonalcoholic steatohepatitis (NASH) is a common liver
injury in which the histopathological abnormalities
mimic those of alcoholic steatohepatitis (1). The
histopathological features include steatosis, evidence of
liver cell injury, a mixed inflammatory lobular infiltrate,
and variable fibrosis (1-4). The pathophysiological
mechanisms leading to the development of NASH
remain unclear. The disorder is commonly associated
with obesity, type 2 diabetes, hyperlipidemia, and rapid
weight loss (5, 6). Hepatic steatosis has been proposed
to be an essential precursor of NASH, but the chronic
accumulation of fat, as seen in rodent models of genet-
ic obesity such as obese (0b/ob) mice and fatty (fa/fa)
Zucker rats, or in some obese humans, does not lead to
necroinflammatory lesions (7-9). Thus, triggering host
or environmental factors seem to be required to precip-
itate a cascade of events leading to cell necrosis, inflam-
mation, and fibrosis. Two proposed causes are toxic
lipid peroxidation and portal endotoxemia (9-15).

The similarity of hepatic lesions between NASH and
alcoholic steatohepatitis suggests the possibility of com-
mon elements of pathogenesis. Numerous studies have

emphasized the critical importance of oxidative stress as
part of the pathophysiological mechanism of alcoholic
steatohepatitis (16). For instance, antioxidants such as
polyenylphosphatidylcholine that correct oxidative stress
and lipid peroxidation prevent liver cirrhosis in baboons
chronically fed alcohol (17, 18). There is accumulating evi-
dence that alcohol-mediated upregulation of cytochrome
P450 2E1 (CYP2E1) may initiate lipid peroxidation by the
production of reactive oxygen species (16, 19, 20). In view
of the cytotoxic effect of reactive oxygen species and lipid
peroxides (21, 22) and the capacity of CYP2E1 to generate
such intermediates (19, 20, 23, 24), it is likely that this
enzyme plays a key role in the pathogenesis of liver injury.

Previous studies from this laboratory have demon-
strated that upregulation of hepatic CYP2E1 occurs in
patients with NASH (25). Interestingly, diabetes and
starvation — factors reported to be clinically associated
with more severe development of NASH (7, 9) — also
upregulate CYP2E1. Furthermore, rats fed a methionine-
and choline-deficient (MCD) diet develop NASH in
which the extent and lobular distribution of CYP2E1
expression are closely related to the distribution of
steatosis and inflammation (14).
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In this study, we tested the proposal that hepatic
CYP2E1 plays a central role in the development of
NASH by initiating lipid peroxidation. Establishment
of a murine model of NASH (mice fed the MCD diet)
confirmed that extensive liver injury was associated with
induction of CYP2E1 and high levels of liver lipoperox-
ides. We then demonstrated that in wild-type mice,
CYP2E1 was the main enzyme responsible for the
enhanced microsomal lipid peroxidation observed in
NASH. Finally, we tested whether CYP2E1 was essential
for the development of NASH by feeding the MCD diet
to Cyp2el~- mice. Surprisingly, the absence of CYP2E1
neither prevented the development of NASH nor abro-
gated the operation of microsomal lipid peroxidation.
However, we provide evidence that an alternative CYP-
mediated pathway is effective in generating microsomal
lipid peroxidation in Cyp2el-deficient mice.

Methods

Animals. All protocols for animal experimentation and
maintenance were approved by the Westmead Hospital
Animal Ethics Committee and conformed to the high-
est international standards of humane care. C57BL6/]
mice were obtained from Monash University Animal Ser-
vice (Melbourne, Australia). Cyp2el- mice were provid-
ed by F.J. Gonzalez (National Cancer Institute, National
Institutes of Health, Bethesda, Maryland, USA). Het-
erozygous Cyp2el*- littermates acted as controls. Ani-
mals (4 per cage) were provided with unrestricted
amounts of food and water, housed in temperature- and
humidity-controlled rooms, and kept on a 12-hour
light/dark cycle. All experiments used female mice 8-10
weeks of age, weighing 20-25 g. At the end of the exper-
imental period (up to 10 weeks), livers were rapidly
excised and weighed. Aliquots were snap frozen and
stored at -70°C until analysis, or were fixed in 4%
buffered formaldehyde solution. Sections were stained
with hematoxylin and eosin (H&E) for routine histology
or Sirius red for collagen. Blood was obtained by cardiac
puncture at the time of sacrifice, and the resulting serum
was stored at -20°C until analysis.

Figure 1

Liver sections from female C57BL6/) mice fed the
MCD diet and the control diet for 10 weeks. (a) Con-
trol mouse, H&E staining (X100). (b) Control mouse,
Sirius red staining (X160). (c¢) MCD diet-fed mouse,
H&E staining (x100). In addition to the macrovesicu-
lar steatosis mainly localized in zone 2, large areas of
mixed inflammatory infiltrate with lymphocyte and
polymorphonuclear neutrophil necroinflammation
can be seen throughout the hepatic lobule. (d) MCD
diet-fed mouse, Sirius red staining (X160). The colla-
gen fiber deposits (stained red) confirm the discrete
perivenular and pericellular fibrosis.

Diet. Mice of each genotype were randomly divided
into 2 experimental groups and fed either a plain MCD
diet (14) or the MCD diet supplemented with choline
bitartrate (2 g/kg) and DL-methionine (3 g/kg); the lat-
ter was designated the control diet. MCD and control
diets were purchased from ICN Biomedicals Inc. (Syd-
ney, Australia). During the experimental period, indi-
vidual body weights and food intake (for the 4 mice per
cage) were recorded 3 times per week.

Biochemical analyses. Assays for serum alanine amino-
transferase (ALT), triglycerides, and cholesterol were
performed by the Department of Clinical Chemistry
at Westmead Hospital using automated procedures.
Serum concentrations of B-hydroxybutyrate were
measured using commercial reagents (Sigma Aldritch,
St. Louis, Missouri, USA).

Total liver lipids were extracted from 50 mg of liver
homogenate using methanol and chloroform (26), and
were quantitated using the vanillin-phosphoric acid
reaction (27). Total triglycerides were determined in the
same homogenate using the triglyceride GPO-Trinder
kit (Sigma-Aldritch).

For the determination of total lipoperoxides, a 50-mg
aliquot of liver was homogenized in a 1.14% KClI solu-
tion containing desferrioxamine (50 mM; total volume
500 pL) to prevent the endogenous peroxidation of
lipids during the procedure. Thiobarbituric acid-reac-
tive substances (TBARs) were measured in 100 YL liver
homogenate according to the technique described by
Ohkawa et al. (28).

Preparation of hepatic microsomes and determination of
microsomal proteins and enzyme activities. Microsomal
fractions were prepared from liver homogenate using
differential centrifugation (29). Pellets were resus-
pended in 50 mM potassium phosphate buffer (pH 7.4)
and snap frozen. These were kept at -70°C until fur-
ther analysis. EDTA was omitted from the preparation
and storage buffers because it acts as a potent inhibitor
of lipid peroxidation (19). Microsomal protein was
assayed by the method of Lowry et al. (30), using BSA
as a standard.
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Chlorzoxazone 6-hydroxylase activity was measured
as an indicator of microsomal CYP2E] activity; the
method has been previously described (31).

Levels of individual CYP proteins were determined by
Western immunoblot analysis, using either a rabbit
polyclonal anti-rat CYP2E1 antibody (kindly supplied
by M. Ingelman-Sundberg, Department of Physiologi-
cal Chemistry, Karolinska Institute, Stockholm, Swe-
den) or polyclonal goat anti-rat CYP3A1, CYP1AL, or
CYP4A1 antibodies (Gentest Corp., Woburn, Massa-
chusetts, USA). Secondary antibodies were anti-rabbit
or anti-goat peroxidase-conjugated antibodies (Sigma-
Aldritch), as required. Proteins were viewed using
enhanced chemiluminescence (ECL; Amersham Life
Sciences, Amersham, United Kingdom). The exposed
film was analyzed using a laser densitometer linked to
the ImageQuant analysis program (both from Molecu-
lar Dynamics Inc., Sunnyvale, California, USA).

Determination of microsomal NADPH-dependent lipid per-
oxidation. The capability of microsomal protein to per-
oxidize endogenous lipids in the presence of NADPH
was determined using a technique described by
Ekstrom and Ingelman-Sundberg (19). Briefly, the reac-
tion mixture (100 L) containing 200 g protein in 50
mM potassium phosphate buffer (treated with Chelex-
100) was incubated in the presence of 0.5 mM NADPH
at 37°C for 10 minutes. The reaction was stopped by the
addition of 25% acetic acid. After centrifugation, an
aliquot of the supernatant was added to an equal vol-
ume of 7.3% thiobarbituric acid aqueous solution and
heated at 95°C for 15 minutes. TBARs were extracted
using 3 volumes of n-butanol. The absorbance of the
organic phase was monitored at 535 nm, and the con-
centration of TBARs was calculated by reference to a cal-
ibration curve using authentic malondialdehyde-
bis(dimethylacetal) (Sigma-Aldritch).

For pharmacological and immunological inhibition
studies, microsomal protein was preincubated for
10-30 minutes at room temperature in the presence of
either diethyldithiocarbamate (DETC; 10 M) or rabbit
polyclonal anti-rat CYP2E1 IgG, both of which are
CYP2EL1 inhibitors. Rabbit anti-rat CYP4A1 IgG (which
has previously been demonstrated to cross-react specif-
ically with mouse CYP4A10 [32] and is therefore
referred to as anti-mouse CYP4A10) and anti-mouse
CYP4A12 IgG (both provided by D.R. Bell, University of
Nottingham, United Kingdom) were also used for inhi-
bition studies. Control samples were incubated with
vehicle or preimmune serum, as appropriate. Results are
expressed as the percentage of inhibition; the maximal
activity (no inhibition) is the activity of the control.

Determination of mRNA levels. Total RNA was extracted
from pulverized frozen liver using TRIzol reagent
(GIBCO BRL, Gaithersburg, Maryland, USA). CYP2E1
mRNA levels were determined by Northern analysis
using a riboprobe derived from bp 815-516 of the
mouse CYP2E1 ¢cDNA (33). The membranes were sub-
sequently stripped and reprobed with an 18S rRNA
oligonucleotide probe as a standard for the equivalence

Table 1

Body weight and serum biochemical parameters in C57BL6/) mice fed
the methionine and choline deficient (MCD) or control diet for 10
weeks

Units  Controls? MCD PB
Body weight g 24 +1.1 12+0.1 <0.01
Change in body weight© g +2 -10 <0.01
Absolute liver weight g 1.01+0.08 0.5+0.01 <0.001
Relative liver weight® % 4.22+0.16 4.14+0.05 NS
Serum ALT IU/L 223 637 +128 <0.01
Serum triglycerides mmol/L  0.48 £+0.03 0.33+0.08 <0.05
Serum B-hydroxybutyrate mg/dL 35+33 43+04 NS

Data are mean + SD for 4 animals per group. AControl animals were fed the
methionine and choline supplemented diet (see Methods). BP values for MCD
group as compared with controls using the Student’s ¢ test. “Grams gained or
lost from day 0 to week 10. PRelative liver weight expressed as (g liver/g body
weight) X 100.

of loading and RNA integrity. For quantitation of indi-
vidual mouse CYP4A mRNA species, RNase protection
assays were performed using a standard technique (34).
Specific probes for mouse CYP4A10, CYP4A12, and
CYP4A14 have been described previously (32, 35) (Gen-
Bank accession numbers X71478,X71479,and Y11638,
respectively). A pTRI-f-actin mouse antisense control
template containing a 245-bp fragment of the mouse
cytoplasmic B-actin gene (nucleotides 739-989 of Gen-
Bank accession number X03672) was purchased from
Ambion Inc. (Austin, Texas, USA). The DNA templates
were used to synthesize probes labeled with [a-2P]CTP
(Amersham Life Science) in the presence of AGU-TP (0.5
UM each) using SP6 or T7 RNA polymerase (Promega
Corp., Madison, Wisconsin, USA). The probes were sub-
sequently purified using a NucTrap probe purification
column (Stratagene, La Jolla, California, USA). Total
RNA was cohybridized overnight at 48°C with either
CYP4A10, CYP4A14 and B-actin, or CYP4A12 and [3-
actin riboprobes. After treatment with RNase T1 (Roche
Molecular Biochemicals, Mannheim, Germany), pro-
tected fragments were separated on denaturing acry-
lamide-urea gels. Individual bands were made visible
with autoradiography and were quantified using the
PhosphorImager and ImageQuant analysis programs
from Molecular Dynamics Inc. The level of a given
CYP4A mRNA was expressed relative to B-actin mRNA.

Statistics. All measurements were performed on blood
samples, liver samples, protein, or RNA from individ-
ual animals. The results are presented as mean + SD of
4 animals per genotype, treatment, and time point,
unless otherwise indicated in the figure legends. The
effects of dietary regimen and genotype on the differ-
ent parameters were analyzed by 2-way ANOVA. If F
was found to be significant, the Student’s ¢ test was
used to test individual differences. A value of P < 0.05
was considered to be statistically significant.

Results

Effects of MCD diet on C57BL6/] mice. Despite a higher
food intake relative to body weight, C57BL6/J mice fed
the MCD diet lost weight compared with animals fed
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Figure 2

Characteristics of Cyp2e*~ mice (diamonds) and Cyp2e1~/~ (squares) mice fed
the MCD diet (filled symbols) or the control diet (open symbols) for up to 10
weeks. Changes in (a) body weight, (b) total hepatic lipids, (c) serum ALT lev-
els, and (d) total hepatic lipid peroxides. AP < 0.05 and 8P < 0.01 for MCD
diet-fed Cyp2e1~/~ mice compared with MCD diet-fed Cyp2e7*/~ mice.

red O confirmed the lipid content of these
vacuoles (not shown). Consistent with
these morphological changes, total hepat-
iclipid content was increased by a factor of
2, and the triacylglycerol fraction increased
3-fold, compared with controls (Table 2).
In addition to hepatic steatosis, there were
large areas of mixed inflammatory cell
infiltration and hepatocyte necrosis dis-
secting the liver parenchyma (Figure 1c),
together with discrete perivenular and
pericellular fibrosis (Figure 1d).

Effect of MCD diet on hepatic CYP2E1 expres-
sion. To characterize hepatic CYP2E1
expression in C57BL6/J mice fed the MCD
or control diet, we determined the levels of
liver CYP2E1 mRNA, microsomal protein,
and enzyme activity. As shown in Table 2,
intake of the MCD diet was associated with
pretranslational upregulation of CYP2EI,
and the resultant increased level of CYP2E1
protein was catalytically active.

To establish the specificity of upregula-
tion of CYP2E], the expression of other
major cytochromes P450 was examined.
The levels of CYP1A and CYP3A proteins
were slightly decreased in mice adminis-
tered the MCD diet, whereas there was no
significant change in mRNA levels of the 3

the control diet (Table 1). This weight loss was apparent
immediately after starting the diet, and stabilized after
S weeks. Despite the extent of weight loss, the general
condition of the animals remained good and their
behavior appeared normal throughout the experimen-
tal period. Furthermore, whereas serum triglyceride lev-
els were decreased, levels of 3-hydroxybutyrate remained
unchanged in MCD diet-fed mice (Table 1), indicating
that the reduction in body weight was not associated
with a biochemical effect of fasting.

Feeding the MCD diet resulted in a major increase in
serum ALT levels compared with controls, reaching 637
+ 128 IU/L after 10 weeks of the dietary regimen (Table
1). At this time, livers revealed lipid droplets as clear
macrovacuoles affecting all but zone 1 hepatocytes
(periportal hepatocytes) (Figure 1¢). Staining with oil

Table 2

members of the mouse CYP4A subfamily
(CYP4A10, CYP4A12, and CYP4A14) (data not shown).

Evidence of lipid peroxidation in C57BL6/] mice with NASH.
As indicated by the accumulation of TBARs, total lipid
peroxides were dramatically increased (about 100-fold)
in the livers of mice fed the MCD diet (Table 2). The pos-
sibility that microsomal proteins contributed to this
increase was examined by determining NADPH-depend-
ent lipid peroxidation in microsomal fractions. This
activity was increased 3-fold in microsomal fractions pre-
pared from MCD diet-fed mice compared with controls
(1.52+0.23 pmol and 0.45 + 0.07 pmol TBARs/mg pro-
tein per min, respectively; P < 0.001).

To determine the extent to which CYP2E1 contributed
to microsomal NADPH-dependent lipid peroxidation,
the effects of chemical and immunological inhibitors of
CYP2E1 were studied. DETC was added to microsomal

Effects of the methionine and choline deficient (MCD) diet on hepatic lipids and lipid peroxides, and CYP2E1 expression and activity in

C57BL6/) mice

Units
Total lipids mg/g wet liver
Triglycerides mg/g wet liver
Total lipid peroxides pmol TBARs/g wet liver
CYP2ET mRNA Arbitrary units

CYP2ET protein Arbitrary units
Chlorzoxazone 6-hydroxylase activity nmol product/mg protein/min

Control?A MCD P8
56+8 100 £ 19 <0.05
24 +9 79+6 <0.05
0.35+0.25 29+6.4 <0.001
42+23 8.7+2.4 <0.01

57+18 167 £16 <0.01
117 £0.14 1.89+£0.12 <0.01

Data are mean + SD for 4 animals per group. AControl animals were fed the methionine and choline supplemented diet (see Methods). BP values for MCD

group as compared with controls using the Student’s ¢ test.
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Table 3

2a). Cyp2el~- mice subjected to the MCD

Effects of DETC, anti-rat CYP2E1 IgG, anti-mouse CYP4A10 IgG, and anti-mouse  djet also developed histological evidence

CYP4A12 IgG on NADPH-dependent lipid peroxidation in microsomes from
C57BL6/) mice fed the methionine and choline deficient (MCD) or the control diet

for 10 weeks

of gross hepatic steatosis, focal hepatocel-
lular necrosis, and mixed inflammatory

infiltrate (Figure 3). The extent and sever-

% Inhibition® ity of necroinflammatory changes were

Addition Ratio mg IgG:mg microsomal protein Controls MCD

DETC (10 ™M) 85+6 75+£10
45+ 15 33+5 . .
89+9 69+4  (Figure 2b). Correspondingly, serum ALT

Anti-rat CYP2ET 1gG

100 £
7+1
3+3

Anti-mouse CYP4A10 IgG
Anti-mouse CYP4A12 1gG

W wWuv W=

similar in Cyp2el - and Cyp2el*- mice, but
Cyp2el~- mice exhibited more fat accu-
mulation than did their genetic controls

L 992++35 levels were significantly higher (P < 0.001)
s+o  inthe MCD diet-fed mice of both geno-
types relative to their respective controls

APercentage of inhibition refers to the effect of chemical or immune IgG relative to vehicle or (Figure 2¢).

preimmune IgG, respectively. Each value represents the mean + SD of individual
in duplicate from 4 animals per group. DETC, diethyl dithiocarbamate.

proteins at a concentration (10 UM) that inhibits chlor-
zoxazone 6-hydroxylase activity by 72% (data not shown),
and that has been shown to specifically block CYP2E1-
dependent activity (23, 36). DETC significantly inhibited
NADPH-dependent lipid peroxidation in microsomes
from MCD and control diet-fed mice by 75% and 85%,
respectively. Furthermore, addition of anti-rat CYP2E1
antibody inhibited this activity in a dose-dependent man-
ner in both groups (Table 3). In contrast, mouse-specific
CYP4A10 and CYP4A12 antibodies failed to modify the
rate of formation of lipid peroxides in hepatic micro-
somes from C57BL6/] mice (Table 3).

Effects of MCD diet in Cyp2el /- mice. The previous results
indicate that CYP2EL1 is responsible for the enhanced
lipid peroxidation observed in hepatic microsomes from
mice fed the MCD diet. To test the hypothesis that
increased expression of this enzyme is involved in the
pathogenesis of NASH through the generation of oxida-
tive stress, Cyp2el~- mice lacking expression of func-
tional CYP2E1 protein were fed the MCD diet. The
results were compared with Cyp2el”- mice challenged
with the same dietary regimen. Compared with their
respective controls, both Cyp2el*/~ and Cyp2el~~ mice
fed the MCD diet lost weight to the same extent (Figure

Figure 3

Liver sections from Cyp2e1*/~ mice and Cyp2e1~/~ mice
fed the MCD diet or the control diet for 10 weeks. (a)
Cyp2e1*/~ mouse and (b) Cyp2e1~~ mouse fed the
control diet. The appearance of the hepatic
parenchyma is similar in both genotypes. (c)
Cyp2e1*/~ mouse and (d) Cyp2el~~ mouse fed the
MCD diet. Administration of the MCD diet to both
genotypes produced a severe macrovesicular, pan-
lobular steatosis, hepatic necrosis, and mixed inflam-
matory infiltrate. H&E staining; x160.

data obtained

In both Cyp2el+- and Cyp2el”- mice fed
the MCD diet, there was a major increase of
lipid peroxides in the liver (Figure 2d). Like-
wise, despite the absence of CYP2E1 expression (con-
firmed by Northern and Western analyses; Figure 4), the
basal level of microsomal NADPH-dependent lipid per-
oxidase activity appeared similar in Cyp2el /- and Cyp2el*-
mice fed the control diet (Table 4). Moreover, administra-
tion of the MCD diet significantly increased this activity
in both genotypes by a factor of 4.5 (Table 4). As observed
in wild-type C57BL6/J mice, addition of DETC or CYP2E1
antiserum to the reaction mixture abrogated NADPH-
dependent lipid peroxidation in Cyp2el”- mice. However,
these reagents had no significant effect in microsomes
prepared from Cyp2el-- mice (Table 4).

These observations indicated that CYP2E1 is the
major enzyme responsible for microsomal lipid peroxi-
dation in mice expressing CYP2E1 protein (Cyp2el*~
and wild-type C57BL6/J). However, the absence of
CYP2E1 in microsomes from Cyp2el~- mice did not cor-
relate with a decrease in lipid peroxidase activity. Fur-
thermore, such activity was inducible in the Cyp2el
mice to the same extent as in Cyp2el* mice by feeding
the MCD diet. We interpret these data as indicating that
in the absence of CYP2E1, an alternative, inducible bio-
chemical pathway operates to mediate microsomal
NADPH-dependent lipid peroxidase activity.
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Effects of MCD diet on cytochromes P450 in Cyp2el -/ mice.
To test the above assertion, further studies were con-
ducted to characterize MCD-induced changes in hepat-
ic microsomal proteins in Cyp2el/ mice. Levels of
CYP1A and CYP3A proteins were similar in Cyp2el /-
mice and Cyp2el”- mice fed the control diet, whereas
feeding the MCD diet produced an apparent slight (not
significant) decrease in both proteins (not shown). The
2 major members of the mouse Cyp4a subfamily are
Cyp4al10 and Cyp4al4; expression of Cyp4al2 is barely
detectable in female mice. There were no differences in
the RNA levels of these 3 genes between Cyp2el~/ mice
and Cyp2el” mice fed the control diet (Figure Sc).
However, feeding the MCD diet significantly increased
hepatic CYP4A10 and CYP4A14 expression in Cyp2el /-
mice, by 150% (P =0.001) and 300% (P < 0.001), respec-
tively (Figure 5, a and c). There was no change in
CYP4A12 transcripts (Figure 5, b and c). In contrast, in
Cyp2el+- mice, the MCD diet produced no significant
change in the major forms of CYP4A (CYP4A10 and
CYP4A14), although CYP4A12, a minor form, was
decreased (Figure 5).

To establish whether CYP4A enzymes might be
involved in the generation of lipid peroxides in Cyp2el /-
mice, we analyzed the effects of anti-mouse CYP4A10
and CYP4A12 antibodies on NADPH-dependent lipid
peroxidase activity in microsomal fractions. Significant
and substantial immunoinhibition of TBARs produc-
tion was observed using the anti-CYP4A10 antibody

ed

(Table 4). This antibody had only minor effects in
microsomes from Cyp2el*- mice. No significant effect
was noted using the CYP4A12 antiserum (Table 4).
Given the lack of information regarding the specificity
of immunoinhibition by the antibody, this observation
is not conclusive, but is consistent with the low expres-
sion level of this isoform and the finding that it was not
upregulated by dietary manipulation (Figure 5).

Discussion

The purpose of this study was to determine whether
hepatic CYP2E1 is responsible for catalyzing injurious
peroxidative pathways involved in the pathogenesis of
NASH, and if so, to establish whether upregulation of
CYP2E1 associated with NASH is an essential step in the
development of this disease. With use of the MCD
dietary model, mice rapidly and consistently developed
a severe form of steatohepatitis. The characteristic
pathology of steatosis, mixed cell inflammatory infil-
trate, hepatocellular necrosis, and eventual pericellular
fibrosis mimics that found in humans with NASH. In
addition, the elevated serum ALT concentrations indi-
cate that the hepatic inflammatory process observed his-
tologically in the MCD diet-fed mice was associated
with hepatocellular injury.

The first important finding was that this form of
NASH was associated with a dramatic increase in total
lipid peroxides in the liver. This was consistent with the
hypothesis that the necroinflammatory lesions might
result from (or cause) oxidative stress. Several studies have
indicated that lipid peroxidation products are important
factors in the development of alcoholic liver disease, a
condition that histologically resembles NASH (1, 15, 36,
37). Furthermore, there is increasing evidence that
CYP2E1, a microsomal enzyme that is highly inducible
by ethanol, plays a key role in the pathogenesis of alco-
holic liver disease with its ability to initiate oxidative
stress (19, 20, 24, 38-40). It was therefore interesting that,
as previously described in rats (14) and in humans with
NASH (25), hepatic CYP2E1 was upregulated in the
murine model of NASH. This induction occurred
through a pretranslational mechanism and resulted in
the overexpression of catalytically active CYP2E1 protein,
as assessed by chlorzoxazone 6-hydroxylase activity.

lipid peroxidation in Cyp2e1+/- and Cyp2e1-/- mice fed the methionine and choline deficient (MCD) or the control diet

Experimental groups TBARs % Inhibition?
Cyp2el Diet HUmol/mg DETC® Anti-rat 2E1¢ Anti-mouse Anti-mouse
genotype protein/min CYP4A10¢ CYP4A12¢
+/- ControlP 0.53 £ 0.14F 79 +12 90+5 8+3 15+3
MCD 2.81+0.40 82+ 10 66+ 12 18+9 5
-/- Control 0.89+0.39 18+4 0 45+ 6 5
MCD 3.96 £ 0.65 16+3 5 65+17 15£1

AResults are expressed as the percentage of inhibition obtained with the chemical or the antiserum relative to the vehicle or preimmune IgG, respectively. BDETC,
diethyldithiocarbamate, 10 UM final concentration. “The ratio of IgG to microsomal protein was 3 to 1. PControl animals were fed the methionine and choline

supplemented diet (see Methods). EEach value represents the mean + SD of individual data obtained in triplicate from 4 animals per group.
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Figure 5

Hepatic levels of CYP4A10, CYP4A12, and CYP4AT4 mRNA in Cyp2eT1*/~ mice and Cyp2e1~/~ mice fed the MCD diet or the control diet for
10 weeks. (a) Representative autoradiograph of an RNase protection assay showing the levels of B-actin, CYP4A14, and CYP4A10 mRNA in
2 Cyp2e1+/~ and Cyp2e1~/~ mice fed the control diet or the MCD diet. (b) Representative autoradiograph of an RNase protection assay show-
ing the levels of B-actin and CYP4A12 mRNA in Cyp2eT1*/~ mice and Cyp2e1~/~ mice fed the control diet or the MCD diet. (c¢) mRNA levels
(mean = SD; n = 4 in each group) of the 3 mouse CYP4A genes in Cyp2e1*/~ mice and Cyp2e1~/~ mice fed the control diet (open bars) or the
MCD diet (filled bars). Bands were quantified using the Phosphorlmager and ImageQuant analysis programs from Molecular Dynamics
Inc., with normalization to the -actin signal (see Methods). Note the different scale used for CYP4A12, which is expressed at very low lev-
els compared with CYP4A10 and CYP4A14. AP <0.001 and B8P < 0.05 compared with controls. Cont, control.

To determine whether the increased expression of
CYP2E1 could be involved in generating the oxidative
stress observed in the murine model of NASH, we meas-
ured microsomal NADPH-dependent lipid peroxida-
tion. This activity was dramatically increased in animals
with NASH compared with controls. Furthermore, lipid
peroxidation was substantially inhibited by DETC (ata
concentration that significantly inhibits CYP2E1-relat-
ed chlorzoxazone activity). The use of specific CYP2E1
antiserum confirmed the predominant participation of
CYP2E1 in this process. The anti-CYP2E1 antibody
abolished 89% of NADPH-dependent lipid peroxidase
activity in microsomes from C57BL6/J mice fed the
MCD diet, and 66% in the Cyp2el- strain. These find-
ings implicate CYP2EL1 as a catalyst for hepatic lipid per-
oxidation in these animals, and link the increased
microsomal lipid peroxidation seen in this model of
NASH with the upregulation of CYP2E1. It is important
to note that like NASH in humans, this dietary mouse
model is associated not only with increased CYP2E1
expression but also with increased hepatic storage of
triglycerides, which provides a reservoir of substrate for
lipid peroxidation. Interestingly, in humans, more

severe NASH is observed in the context of rapid weight
loss and noninsulin-dependent diabetes mellitus, both
conditions that are characterized by increased CYP2E1
expression and increased mobilization of FFAs within
the liver (8). Thus, the constellation of findings noted
in C57BL6/] mice fed the MCD diet includes florid
steatohepatitis, increased total hepatic triglycerides,
high levels of lipoperoxides, overexpression of CYP2E1,
and enhanced CYP2E1-catalyzed production of lipid
peroxides by hepatic microsomes.

Clearly, all these observations are consistent with a
mechanism whereby CYP2E1, induced by the dietary
regimen, can act as an initiator of oxidative stress in a
steatotic liver. However, it does not prove that this
enzyme is an essential requirement for the production of
this pattern of liver injury. We therefore used Cyp2Zel /-
mice to further investigate the involvement of CYP2E1
in the pathogenesis of NASH. Despite the lack of
CYP2E1 protein, when Cyp2el /- mice were fed the MCD
diet they also developed severe steatohepatitis that was
histologically similar to that observed in heterozygous
control mice expressing 1 allele of the Cyp2el gene. Con-
sistent with the histological findings, we also observed
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increased serum ALT levels and a dramatic increase in
total hepatic lipid peroxides in MCD diet-fed Cyp2el-
mice, just as in Cyp2el”- mice fed the same diet. More-
over, microsomal NADPH-dependent lipid peroxidation
was increased to a similar extent in both strains of mice.
These results show unequivocally that CYP2E1 is not the
only catalyst of microsomal lipid peroxidation during
the development of steatohepatitis.

In hepatic microsomes, NADPH-dependent reduction
of oxygen leading to lipid peroxidation is catalyzed pre-
dominantly by CYP2E1, but other forms of P450 can
also act as catalysts to a certain extent (23, 24, 40). It is
also possible that P450 enzymes produce TBARs by
direct peroxidase activity (19). We therefore considered
the possibility that another microsomal enzyme was
responsible for the initiation of lipid peroxidation in
Cyp2el~- mice. In Cyp2el~/- mice, but not in Cyp2el-
mice, feeding the MCD diet increased expression of the
2 major CYP4A isoforms, CYP4A10 and CYP4A14. In
contrast, the protein levels of CYP1A and CYP3A were
not altered. Like CYP2E1, CYP4A enzymes are fatty acid
hydroxylases. Together with CYP2EI1, they play an
important role in the metabolism of various endogenous
lipid substrates such as fatty acids and arachidonic acid
(20, 41). It has been suggested that CYP4A enzymes
could catalyze the production of active oxygen and lipid
peroxides during peroxisome proliferation (42). More-
over, CYP4A genes are coregulated with other genes that
encode proteins involved in fatty acid B-oxidation (e.g.,
acetyl CoA oxidase and ketothiolase) and transport (liver
fatty acid-binding protein and acyl-CoA-binding pro-
tein). It is therefore clear that CYP4A proteins are key
intermediaries in an adaptive response to perturbation
of hepatic lipid metabolism (43-46). Consequently, the
upregulation of CYP4A we have observed in MCD
diet-fed Cyp2el~- mice could be a physiological response
in the unusual context of aberrant lipid accumulation
and absence of CYP2E1 activity. Therefore, we conduct-
ed additional experiments to establish whether these
CYP4A proteins could also mediate NADPH-dependent
lipid peroxidation. The specific anti-mouse CYP4A10
antibody significantly inhibited NADPH-dependent
lipid peroxidation both in microsomes prepared from
Cyp2el-- mice fed the control diet (45% inhibition), and
to a greater extent in microsomes from animals fed the
MCD diet (65% inhibition). The difference in the
immunoinhibition levels between these groups is con-
sistent with the higher expression of CYP4A10 in MCD
diet-fed mice. However, this antibody had only a minor
effect in microsomes from mice expressing CYP2EL.
These results demonstrate that, in this in vitro system,
CYP4A10 can effectively mediate NADPH-dependent
lipid peroxidation, but only as an alternative pathway
that is recruited in the absence of CYP2EL.

Taken together, the results of this study conclusively
demonstrate that the dietary model of NASH is associ-
ated with oxidative stress and lipid peroxidation in the
liver. This process can lead to membrane damage and
cellular injury (47). In addition, the end-products of

lipid peroxidation are potent chemoattractants for
inflammatory cells (21); they can also activate hepatic
stellate cells and hence stimulate hepatic fibrosis (22).
Our data provide the first direct evidence that CYP2E1
is the major enzyme responsible for microsomal lipid
peroxidation in NASH. This further strengthens the
potential mechanistic link between upregulation of
CYP2E1 and steatohepatitis. Nevertheless, we have
shown that CYP2E1 is not an absolute requirement for
the development of NASH, because in its absence, the
MCD diet still provoked microsomal lipid peroxidation
and led to the development of NASH.

The most interesting novel finding of this work is the
identification, on the basis of in vitro studies, of CYP4A
enzymes as alternative catalysts for the microsomal
oxidative stress that is operative in the absence of
CYP2EL. This pathway is not effective in generating
lipoperoxides when CYP2E1 is expressed, probably
because of the relative abundance and prominent
capacity of this enzyme for lipid peroxidation. Similar
observations regarding CYP2E1 in the context of early
alcohol-induced liver injury have been recently report-
ed by Kono et al. (48), suggesting a replacement of
CYP2E1 function, although CYP4A proteins were not
studied in this work. The role of CYP4A enzymes in
mediating deleterious lipid peroxidation in vivo
remains to be established.

One implication of the redundancy in expression of
microsomal enzymes involved in the management of
lipid stores during increased load of hepatic triglyc-
erides is that targeting individual enzymes may not
ablate lipoperoxide production in NASH. Further stud-
ies are required to clarify the role of the intrahepatic
pool of peroxidizable lipids and the cellular defense
mechanisms against oxidative stress in the initiation
and evolution of NASH, particularly because this infor-
mation may provide the basis for designing rational
strategies for therapy in this common disorder.
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