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Abstract

Oxidative stress is a core abnormality responsible for disease progression in nonalcoholic steatohepatitis (NASH).
However, the relevant pathways that contribute to oxidative damage in vivo remain poorly understood. Here we
explore the gene-expression patterns related to oxidative stress, antioxidant defense, and reactive oxygen me-
tabolism in an established dietary murine model of NASH. C57BL/6 mice were placed on either a methionine- and
choline-deficient (MCD) or a control (CTL) diet for 6 weeks. Hepatic oxidative damage and the development of
NASH were monitored by biochemical and histologic indices. Analysis of 84 oxidative stress–related genes was
performed by real-time reverse transcription polymerase chain reaction (PCR) in the livers of the two groups of
mice. Mice on the MCD diet showed increased ALT, histologic features of NASH, and oxidative liver damage with
increases in 4-hydroxynonenal and 3-nitrotyrosine. Of the genes analyzed, the GPx family were most significantly
upregulated, whereas SCD1 was most significantly downregulated. Other genes that were significantly upregu-
lated included Fmo2 and peroxiredoxins, whereas genes downregulated included Catalase and Serpinb1b. Our
data demonstrate that oxidative stress–related genes are differentially expressed in the livers of mice with diet-
induced NASH. These findings have important implications for NASH pathogenesis and the development of
novel therapeutic strategies for patients with this condition. Antioxid. Redox Signal. 15, 437–445.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is cur-
rently the most common form of chronic liver disease

affecting both adults and children and is strongly associated
with obesity and insulin resistance (3, 32). One in three adults
and one in 10 children or adolescents in the United States have
hepatic steatosis, a stage within the spectrum of NAFLD that
is characterized by triglyceride accumulation in liver cells and
follows a benign nonprogressive clinical course (12). Non-
alcoholic steatohepatitis (NASH) is defined as lipid accumu-
lation with evidence of cellular damage, inflammation, and
varying degrees of scarring or fibrosis (6). NASH is a serious
condition, as approximately 25% of these patients progress to
cirrhosis and its feared complications of portal hypertension,
liver failure, and hepatocellular carcinoma (1, 2).

The precise mechanisms by which hepatic steatosis devel-
ops into the steatohepatitis phenotype remain incompletely
understood. Oxidative stress due to generation of reactive

oxygen species (ROS) or decreased antioxidant defenses or
both are thought to play a pivotal role in this process and has
been postulated to be a key component in the progression to
NASH (9, 31). Experimental and human studies have dem-
onstrated enhanced oxidative stress and lipid peroxidation
products in the circulation, and in the liver of different animal
models and patient cohorts with NASH (5, 16). The imbalance
between generated reactive oxygen metabolites and antioxi-
dant defense systems produces oxidative stress, with subse-
quent damage involving important cellular macromolecules
(lipids, proteins, carbohydrates, and nucleic acids). Despite
intense interest in the role of oxidation in the pathogenesis of
NASH, the pathways that contribute to oxidative damage
in vivo are poorly understood. In the present study, by using
quantitative real-time polymerase chain reaction (PCR) mi-
croarrays, we catalogued the gene-expression levels of a total
of 84 genes known to have pro- or antioxidative functions in
liver tissue from an established murine dietary model of
NASH.
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Methods

Animal studies

These experimental protocols were approved by the In-
stitutional Animal Care and Use Committee at Cleveland
Clinic. Male C57BL/6 mice, 20 to 25 g body weight ( Jackson
Laboratory, Bar Harbor, ME), were placed on either a me-
thionine and choline-deficient (MCD) diet (TD 90262; Teklad
Mills, Madison, WI), which has been extensively shown to
result in steatosis associated with significant inflammation
and progressive fibrosis pathologically, similar to human se-
vere steatohepatitis (23), or a control (CTL) diet for 6 weeks
(TD 2918; Teklad Mills) (n = 5–6 in each group). Total body
weight was measured weekly. Animals in each group were
killed after 6 weeks on the respective diets.

Real-time PCR microarrays

Total RNA was isolated from liver tissue of mice on either
MCD or CTL diet by using RNeasy Mini kit (Qiagen, Valencia,
CA). cDNA was transcribed by using an RT2 Reaction Ready
First Strand Synthesis Kit (SuperArray Bioscience, Frederick,
MD) and was analyzed, by using the mouse oxidative stress
PCR array (Cat. no. PAMM-065, SuperArray Bioscience) fo-
cusing on gene families relevant to the induction and inhibi-
tion of ROS production and genes involved in ROS
metabolism. The assay used a RT2 SYBR Green/Rox PCR
master mix (Cat. no. PA-012, SuperArray Bioscience) on a
7300 Real-Time PCR System (Applied Biosystems, Foster
City, CA). Data were normalized by using multiple house-
keeping genes [b-actin, GAPDH (b-actin, GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase), HPRT1, HSP90AB1],
and analyzed by comparing 2DDCt of the normalized sample.
Five mice per group were used for this analysis.

Histopathology and serum assays

Blood samples and liver tissue were collected under deep
anesthesia, as previously described in detail (14). Liver tissue
was fixed in 4% paraformaldehyde and embedded in Tissue
Path (Fisher Scientific, Pittsburgh, PA). Tissue sections (4 lm)
were prepared, and hematoxylin-and-eosin, as well as Oil Red
O–stained liver specimens were evaluated by light micros-
copy. Individual features, including degree of steatosis, in-
flammation, and ballooning, were assessed in MCD- and
CTL-fed animals by an experienced pathologist in a blinded
fashion. Steatosis, inflammation, and ballooning were scored
based on NAFLD activity score (18). The presence of 4-
hydroxynonenal, a representative lipid peroxide, and nitro-
tyrosine adducts, products of oxidative stress, were assessed by
immunohistochemistry (4-HNE; Cayman Chemicals, Ann
Arbor, MI) and immunofluorescence (3-nitrotyrosine; Cam-
bridge, MA). Serum alanine aminotransferase (ALT) determi-
nations were performed by using a commercially available kit
(Sigma Diagnostics, St. Louis, MO).

Real-time PCR analysis

Total RNA was isolated from liver tissue by using RNeasy
Lipid Tissue Mini kit (Qiagen, Valencia, CA). Reverse tran-
script (the cDNA) was synthesized from 1 lg total RNA by
using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA).
Real-time PCR quantification was performed. In brief, 25 ll

reaction mix contained cDNA, Syber Green buffer, Gold Taq
polymerase, dNTPs, and primers at a final concentration of
200 lM. The sequences of the primers used for quantitative
PCR are as follows; Fmo2: 5¢-AGTGGCCTAATCTCTCT
GAAGT and 5¢-CATCGGGAAGTCACTGAAACAG, Scd1:
5¢-TTCTTGCGATACACTCTGGTGC and 5¢-CGGGATTGAA
TGTTCTTGTCGT, Gpx3: 5¢-TGGCTTGGTCATTCTGGGC
and 5¢-CCCACCTGGTCGAACATACTT, Gpx6: 5¢-GCCCAG
AAGTTGTGGGGTTC and 5¢-TCCATACTCATAGACGGT
GCC, 18S: 5¢-ACGGAAGGGCACCACCAGGA and 5¢-CAC
CACCACCCACGGAATCG. RT-PCR was performed in the
Mx3000P cycler (Stratagene): 95�C for 10 min, 40 cycles of
15 sec at 95�C, 30 sec at 60�C, 30 sec at 72�C, followed by 1 min
at 95�C, 30 sec at 55�C and 30 sec at 95�C. The fold change over
control samples was calculated by using CT, DCT, and DDCT

values by using MxPro software (Stratagene). 18S rRNA was
used as an endogenous control.

Sample preparation and Western blot analysis

Liver tissues were put in the RIPA buffer (Cell Signaling,
Danvers, MA) and homogenized by using zirconium oxide
beads (0.5 mm) in a Bullet Blender homogenizer (Next Ad-
vance Inc., Averill Park, NY). Tissues were incubated on ice
for 15 min and then at 13,000 rpm for 15 min at 4�C. The
cytosolic fractions (supernatants) were stored at - 20�C until
analysis. Then 30 lg of tissue lysate protein was separated by
SDS-PAGE and transferred to nitrocellulose membrane
(BioRad, Hercules, CA). The membrane was blocked with
5% BSA (Fisher Scientific, Pittsburgh, PA) in PBS buffer with
0.01% Tween20 for 1 h at room temperature. Blocking was
followed by the incubation with either SCD1 antibody (Cell
Signaling), Gpx3 antibody (Abcam, Cambridge, MA) or ac-
tin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) in
1% BSA. Membrane was then washed 3 times with PBS-T
buffer, incubated with horseradish peroxidase anti-mouse
secondary antibody (Cell Signaling) or anti-rabbit secondary
antibody (KPL, Gaithersburg, MD) for 1 h at room temper-
ature and washed 3 times with TBS-T buffer. The bands were
visualized by using chemiluminescence system (SuperSignal
West Pico Substrate; Thermo Scientific, Rockford, IL) and
quantified with densitometry by using Image Quant RT
ECL.

Data analysis

All data are expressed as the mean – SD unless otherwise
indicated. Differences between groups were compared with
an ANOVA analysis followed by a post hoc Bonferroni test to
correct for multiple comparisons. Differences were consid-
ered to be statistically significant at p < 0.05. The real-time PCR
microarrays were analyzed with the use of appropriate cutoff
criteria, a twofold induction or repression of expression, with
a p value of < 0.001, was considered to represent significantly
up- or downregulated gene expression.

Results

MCD feeding results in NASH
development and oxidative tissue damage

To investigate the role of oxidative stress in liver injury and
development of steatohepatitis, we initially placed C57BL/6
mice on an MCD or CTL diet. After 6 weeks on the respec-
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tive diets, we observed significant hepatic fat accumulation
induced by MCD feeding (Fig. 1A and B). These changes were
associated with significant increases in serum ALT levels (Fig.
1C), and increased histologic parameters of liver injury, in-
cluding hepatic inflammation, and hepatocyte ballooning
(Table 1). We further assessed the effects of the MCD diet on
lipid and protein markers of oxidative stress. MCD feeding
increased the hepatic presence of both 4-HNE and 3-
nitrotyrosine modifications (Fig. 2A and B).

Transcriptional profiles of genes involved in oxidative
stress, antioxidant defense, and reactive oxygen
metabolism are markedly affected in the livers
of MCD-fed mice

To explore the impact of the changes observed in the livers
of MCD-treated animals on the transcriptional profile of genes
involved in oxidative stress, antioxidant defense, and reactive
oxygen metabolism, we used quantitative real-time PCR mi-
croarrays to catalogue gene-expression levels of a total of 84
genes in liver tissue from mice on either the MCD or the CTL
diet (Fig. 3). Genes were considered to be expressed differ-
entially in NASH livers induced by MCD feeding if
greater than twofold difference was found in gene expression
with a threshold of a p value of 0.001 (Fig. 4). As detailed in
Table 2, of the 84 genes tested, 19 were uniquely differentially

expressed (12 overexpressed and seven underexpressed).
Genes that were significantly overexpressed included Glu-
tathione peroxidises 3 and 6 (Gpx3 and Gpx6), EH-domain-
containing 2 (Ehd2), peroxiredoxin 3 (Prdx3), cathepsin B
(Ctsb), prostaglandin-endoperoxide synthase 2 (Ptgs2), a
subunit of cytochrome b245 gene (Cyba), neutrophil cytosolic
factor 2 (Ncf2), flavin-containing monooxygenase 2 (Fmo2),
NAD(P)H dehydrogenase quinone 1 (Nqo1), thioredoxin-
interacting protein (Txnip), cytoglobin (Cygb), and vimentin
(Vim). Genes that were significantly underexpressed in
NASH livers included catalase (Cat), peroxiredoxin 5 (Prdx5),
serine peptidase inhibitor b1b (Serpinb1b), thyroid peroxi-
dase (Tpo), NADPH oxidase 4 (Nox4), stearoyl-CoA desa-
turase-1 (SCD1), thioredoxin reductase 2 (Txnrd2), and
Fanconi anemia complementation group C (Fancc).

FIG. 1. Liver steatosis and injury induced by MCD diet.
(A) Representative photomicrograph of liver H&E staining
(magnification, 40 · ) from mice on either control (CTL) or
MCD diets. (B) Oil red O staining of livers from mice from
the two groups. Plasma ALT levels used as a marker of liver
injury. Data are presented as mean – SEM. **p < 0.01 com-
pared with control mice. (C) Plasma ALT levels in mice fed
CTL and MCD diet. (To see this illustration in color the
reader is referred to the web version of this article at
www.liebertonline.com/ars).

Table 1. Histopathologic Analysis of Liver Tissue

from Mice Fed Chow and MCD Diet

Chow MCD

Steatosis 0.0 ( – 0.0) 2.3 ( – 0.5)
Inflammation 0.0 ( – 0.0) 1.0 ( – 0.0)
Ballooning 0.0 ( – 0.0) 0.8 ( – 0.0)
NAS 0.0 ( – 0.0) 4.0 ( – 0.8)

Hepatic histology was assessed by reviewing the H&E-stained
sections from mice on either the MCD or the CTL diet (n = 6 in each
group). Individual histologic features were scored by using the NAS
as detailed in the Methods section. Average ( – SD). NAS, NAFLD
activity score.

FIG. 2. Oxidative stress caused by MCD feeding. (A) 4-
HNE staining of liver tissue sections from mice fed CTL and
MCD diets (magnification, 40 · ). (B) 3-Nitrotyrosine staining
of liver sections from two groups of mice (magnification,
40 · ). The nuclear-binding dye DAPI was used to determine
the total number of cells per 40 · field. (To see this illustration
in color the reader is referred to the web version of this article
at www.liebertonline.com/ars).
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Table 2. Microarray Analysis of 84 Genes Involved in Redox Signaling

Gene name
Fold up- and

downregulation p-Value

Glutathione peroxidases
Glutathione peroxidase 1 (Gpx1) - 1.48 0.002
Glutathione peroxidase 2 (Gpx2) 1.18 0.773
Glutathione peroxidase 3 (Gpx3) 5.34 5.214 3 1027

Glutathione peroxidase 4 (Gpx4) 1.54 4.959 3 1027

Glutathione peroxidase 5 (Gpx5) - 1.13 0.142
Glutathione peroxidase 6 (Gpx6) 38.06 1.829 3 1025

Glutathione peroxidase 7 (Gpx7) - 1.13 0.142
Glutathione S-transferase kappa 1 (Gstk1) - 1.69 0.002

Peroxiredoxins
EH-domain containing 2 (Ehd2) 3.39 0.0004
Peroxiredoxin 1 (Prdx1) 1.22 0.014
Peroxiredoxin 2 (Prdx2) 1.10 0.151
Peroxiredoxin 3 (Prdx3) 1.98 5.61 3 1026

Peroxiredoxin 4 (Prdx4) 1.04 0.662
Peroxiredoxin 5 (Prdx5) - 1.17 0.004
Peroxiredoxin 6 (Prdx6) 1.09 0.322

Other peroxidases
Aminoadipate-semialdehyde synthase (Aass) 1.12 0.372
Adenomatous polyposis coli (Apc) 1.10 0.246
Catalase (Cat) - 2.13 3.254 3 1026

Cathepsin B (Ctsb) 2.49 4.288 3 1025

Dual oxidase 1 (Duox1) 1.90 0.331
Eosinophil peroxidase (Epx) - 1.14 0.702
Kinesin family member 9 (Kif9) - 1.10 0.488
Lactoperoxidase (Lpo) - 1.13 0.142
Myeloperoxidase (Mpo) 2.53 0.074
Peroxiredoxin 6 related sequence 1 (Prdx6-rs1) 1.21 0.364
Prostaglandin-endoperoxide synthase 1 (Ptgs1) 1.09 0.532
Prostaglandin-endoperoxide synthase 2 (Ptgs2) 2.37 0.035
Recombination activating gene 2 (Rag2) - 1.13 0.142
Serine (or cysteine) peptidase inhibitor,

clade B, member 1b (Serpinb1b)
24.38 0.001

Solute carrier family 41, member 3 (Slc41a3) 1.19 0.335
Tropomodulin 1 (Tmod1) - 1.01 0.984
Thyroid peroxidase (Tpo) - 2.03 0.044

Other antioxidants
Glutathione reductase (Gsr) - 1.18 0.128
Nucleoredoxin (Nxn) 1.36 0.037
Superoxide dismutase 1 (Sod1) - 1.06 0.444
Superoxide dismutase 2 (Sod2) - 1.03 0.887
Sulfiredoxin 1 homolog (Srxn1) 1.09 0.601
Thioredoxin reductase 1 (Txnrd1) 21.93 0.001
Thioredoxin reductase 2 (Txnrd2) 22.88 5.914 3 1026

Thioredoxin reductase 3 (Txnrd3) - 1.19 0.343

Superoxide dismutases
Superoxide dismutase 1 (Sod1) - 1.06 0.444
Superoxide dismutase 2 (Sod2) - 1.03 0.887
Superoxide dismutase 3 (Sod3) 1.49 0.001

Genes involved in superoxide metabolism
Copper chaperone for superoxide dismutase (Ccs) - 1.17 0.320
Cytochrome b-245, alpha polypeptide (Cyba) 2.54 2.701 3 1024

Neutrophil cytosolic factor 2 (Ncf2) 2.16 0.001
Nitric oxide synthase 2 (Nos2) 1.15 0.693
NADPH oxidase 1 (Nox1) 2.34 0.082
NADPH oxidase 4 (Nox4) 23.84 1.595 3 1027

NADPH oxidase activator 1 (Noxa1) - 1.27 0.509
NADPH oxidase organizer 1 (Noxo1) - 1.42 0.197
RecQ protein-like 4 (Recql4) - 1.49 0.101

(continued)
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Validation of differentially expressed
genes detected on microarrays

Changes of the most significantly differentially ex-
pressed genes observed in the microarrays were validated
by using real-time RT-PCR for individual transcripts and
Western blot analysis for the protein expression of the
gene products. The data confirmed the significant upre-
gulation of Gpx3 (6.8-fold increase), Gpx6 (19-fold in-
crease), Fmo2 (7.3-fold increase), and the downregulation
of SCD1 (10-fold decrease) in the livers of the MCD diet–
fed animals (Fig. 5). Finally, Western blot analysis showed
a markedly decreased expression of SCD1 and increased
levels of Gpx3 in the mice fed MCD compared with CTL
(Fig. 6A and B).

Discussion

Altered redox signaling due to overgeneration of reactive
oxygen species (ROS) or decreased antioxidant defenses is
thought to play a pivotal role in NASH development (10).
Experimental and human studies have demonstrated en-
hanced oxidative stress and lipid peroxidation products in the
circulation and in the liver of several different animal models
and in patients with NASH (5, 16, 24, 26). The imbalance
between generated reactive oxygen metabolites and antioxi-
dant defense systems produces oxidative stress, with subse-
quent damage involving important cellular macromolecules
(lipids, proteins, carbohydrates, and nucleic acids). Despite
intense interest in the role of oxidation in the pathogenesis of
NASH, the pathways that contribute to oxidative damage

Table 2. (Continued)

Gene name
Fold up- and

downregulation p-Value

Stearoyl-coenzyme A desaturase 1 (Scd1) 221.94 1.537 3 1026

Genes involved in ROS metabolism
Flavin containing monooxygenase 2 (Fmo2) 6.75 9.629 3 1026

Interleukin 19 (Il19) 1.06 0.816
Interleukin 22 (Il22) - 1.13 0.142

Other oxidative stress responsive genes
Amyotrophic lateral sclerosis 2 (Als2) - 1.07 0.346
Apolipoprotein E (Apoe) - 1.04 0.595
Catalase (Cat) 22.13 3.254 3 1026

Dual oxidase 1 (Duox1) 1.90 0.331
Eosinophil peroxidase (Epx) - 1.14 0.702
Excision repair cross-complementing rodent repair

deficiency, complementation group 2 (Ercc2)
21.38 0.012

Excision repair cross-complementing rodent repair
deficiency, complementation group 6 (Ercc6)

1.24 0.054

GRB2-associated binding protein 1 (Gab1) 1.13 0.113
Isocitrate dehydrogenase 1 (Idh1) 21.63 0.007
Myeloperoxidase (Mpo) 2.53 0.074
Membrane protein, palmitoylated 4 (Mpp4) 1.61 0.195
NAD(P)H dehydrogenase, quinone 1 (Nqo1) 2.31 2.207 3 1024

Nudix (nucleoside diphosphate linked
moiety X)-type motif 15 (Nudt15)

- 1.15 0.448

Parkinson disease 7 (Park7) - 1.06 0.541
Protein phosphatase 1, regulatory subunit 15B (Ppp1r15b) - 1.02 0.870
Prion protein (Prnp) - 1.75 0.017
Proteasome subunit, beta type, 5 (Psmb5) 1.06 0.230
Superoxide dismutase 1 (Sod1) - 1.06 0.444
Thioredoxin interacting protein (Txnip) 3.13 0.001
Uncoupling protein 3 (Ucp3) 2.01 0.208
Xeroderma pigmentosum, complementation group A (Xpa) 21.36 0.016

Oxygen transporters
Aquarius homolog (Aqr) 1.02 0.746
Ataxia telangiectasia and Rad3 related (Atr) 1.20 0.453
Cytoglobin (Cygb) 2.96 8.030 3 1026

Dynamin 2 (Dnm2) 1.10 0.011
Fanconi anemia, complementation group C (Fancc) 22.29 0.001
Hemoglobin, theta 1 (Hbq1) 1.64 0.419
Intraflagellar transport 172 homolog (Ift172) 21.97 5.873 3 1025

Myoglobin (Mb) 1.14 0.367
Neuroglobin (Ngb) - 1.79 0.078
Solute carrier family 38, member 1 (Slc38a1) 1.56 0.091
Vimentin (Vim) 3.51 3.121 3 1026

Values in bold are statistically significant.
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in vivo are poorly understood. The principal findings of this
study relate to the identification of the transcriptional profile
of genes associated with redox biochemistry in an established
murine model of NASH. The results demonstrate that NASH
induced by MCD feeding is characterized by altered expres-
sion in the liver of several key genes and gene families in-
volved in oxidative stress, antioxidant defense, and reactive
oxygen metabolism. Of the 84 genes examined by using the
quantitative real-time PCR microarrays, 12 were significantly

upregulated, and seven were significantly downregulated in
the livers of MCD-fed animals.

Members of the glutathione peroxidase (GPx) family, GPx3
and GPx6, were the most significantly upregulated. GPxs are
thought to be among the major components of human anti-
oxidant defense. GPxs catalyze the reduction of hydrogen
peroxide and organic hydroperoxides by using reduced glu-
tathione. Increased expression of GPx3 and GPx6 suggests a
compensatory mechanism that is triggered by enhanced ROS
formation in the livers of mice fed an MCD diet. Thus, the
genes involved in antioxidant defense systems are activated
(11). The expression and role of both GPx3 and GPx6 in the
liver, and particularly in the context of NASH, has not been
previously explored and warrants further investigation. In
contrast, MCD feeding led to a decrease in expression of two
very important genes involved in the antioxidant defences:
GPx1 and catalase. GPx1 is the most extensively characterized
of the GPx family and is found in the cytosol and mitochon-
dria (13, 15). It is thought to be the major enzyme inactivating
hydrogen peroxide (27). One explanation for the variation
found in GPxs expression levels that merits future investiga-
tion is that when the ability of GPx1 to deal with the burden of
ROS is exceeded, the other members of the family, the ex-
pression of which is not usually associated with the liver, are
upregulated as a secondary compensatory measure to deal
with the increased production of peroxides and hydroperox-
ides. In keeping with this hypothesis, it is noteworthy that
catalase was also downregulated. Catalase is regarded as one
of the most efficient enzyme systems displaying zero-order
kinetics (33). This enzyme regulates the breakdown of hy-
drogen peroxide and hydroperoxides. Decreased hepatic
catalase expression suggests further abolished antioxidant
defences in the liver. Our data are consistent with those
of Bujanda et al. (7), who showed that, in the rat model
of NAFLD, liver GPx1 and catalase expression also was
decreased.

In addition to changes in the expression of catalase and
Gpxs, we observed an upregulation of several peroxiredoxins,
such as the EH domain containing 2 (Edh2), peroxiredoxin 3
(Prdx3), and reduced expression of peroxiredoxin 5 (Prdx5).
Prdx3 and Prdx5 are mitochondrial peroxiredoxins that de-
compose hydrogen peroxide and become oxidized. They are
reduced back to the native form by thioredoxin 2, which is
reduced by thioredoxin reductase 2 (Txnrd2) (8). Upregula-
tion of Prdx3 is another indicator of increase oxidative stress
in the livers of mice fed the MCD diet. Downregulation of
Prdx5 can suggest that the expression of these peroxiredoxins
is regulated differentially. The other important observation
we made is that Txnrd2 expression is significantly reduced in
livers of MCD-fed mice. This can lead to impaired reduction
of Prdx3 and Prdx5 because Txnrd2 is the main reductant of
these two peroxireductases. These changes can lead to the
accumulation of hydrogen peroxide, prolonged oxidative
stress in the mitochondria causing mitochondrial damage,
and liver injury.

Flavin-containing monooxygenase 2 (Fmo2) was the sec-
ond most upregulated of the genes identified by microarray
analysis. This monooxygenase is involved in the oxidative
metabolism of various xenobiotics by adding oxygen to sul-
fur-, nitrogen-, phosphorus-, and selenium-containing com-
pounds. In yeast, it catalyzes the oxidation of reduced
glutathione to glutathione disulfide (25). It is possible that

FIG. 3. Three-dimensional plot representing real-time
RT-PCR microarray analysis. The 84 genes in the livers of
mice associated with oxidative stress were analyzed. Data are
presented as the fold difference from mice on the CTL diet,
calculated from average DCT normalized to housekeeping
genes [b-actin, GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase), HPRT1, HSP90AB1]. Columns pointing up (with
z-axis values > 1) indicate an upregulation of gene expres-
sion, and columns pointing down (with z-axis values < 1)
indicate a downregulation of gene expression in the test
sample relative to the control sample.

FIG. 4. Volcano plot representing real-time RT-PCR mi-
croarray analysis. The 84 genes in the livers of mice associated
with oxidative stress were analyzed. This graph summarizes
fold-change and t test criteria. The X axis represents fold dif-
ference from mice on the CTL diet. The Y axis represents the
p value. The vertical line in the middle indicates a fold-change
in gene expression of 1. The other two vertical lines indicate a
threshold of two fold-changes in gene expression. The hori-
zontal line indicates a threshold of p = 0.001.
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upregulation of Fmo2 may disturb the GSSG/GSH balance in
murine liver. However, this hypothesis requires further in-
vestigation. The expression of glutathione reductase (Gsr), an
enzyme that converts GSSG to GSH, was slightly down-
regulated, which suggests the depleted pull of reduced glu-
tathione. An unbalanced GSSG/GSH ratio can in turn

interrupt the function of GPxs that also use reduced gluta-
thione to inactivate peroxides.

The most significantly downregulated of the genes iden-
tified by the microarray was stearoyl-CoA desaturase-1
(SCD1), with a 22-fold reduction in expression in the livers of
MCD-fed mice. SCD1 is a key regulator of intracellular fatty
acid composition. This enzyme facilitates the channeling of
free fatty acids (FFAs) into triglyceride storage, phospho-
lipids, and cholesterol ester synthesis (22). We and others
previously demonstrated that MCD feeding results in a
significant decrease in hepatic SCD1 protein expression and
activity. Moreover, when we placed SCD1-knockout mice on
the MCD diet, the mice accumulated less triglyceride in the
liver compared with the wild-type animals on the same diet.
However, the SCD1-knockout animals showed a pro-
nounced decrease in the desaturation index of fatty acids
that was accompanied by an increase in hepatocellular ap-
optosis, liver injury, and fibrosis (20). The current study ex-
tends these findings by demonstrating a marked reduction of
SCD1 gene expression with real-time PCR in the livers of
MCD-fed mice. Decreased hepatic SCD1 in this context
would result in enhanced delivery of fatty acids to mito-
chondria and increased fatty acid oxidation, and in conse-
quence, an overproduction of mitochondrial ROS. The
molecular mechanism responsible for MCD-diet–induced
downregulation of SCD1 as well as changes in SCD1 ex-
pression in human NAFLD, and its relation to liver damage
and disease progression remain unknown and will require
further investigation.

NADPH oxidase 4 (Nox4) expression was decreased in the
livers of MCD-fed mice. Nox enzymes reduce molecular ox-
ygen to superoxide that can be further converted to various
secondary ROS (28). Reduction of Nox4 expression leads to
reduced superoxide production by this enzyme. However,
MCD feeding caused an increase of liver Cyba and Ncf2. Cyba
encodes the subunit p22phox, which is required for function
and stabilization of almost all Nox enzymes, including Nox4
(19, 30). Ncf2 encodes neutrophil cytosolic factor 2, a cytosolic
subunit of the multiprotein NADPH oxidase complex found
in neutrophils. Its role in the liver requires further investiga-
tion. Elevated expression of Cyba and Ncf2 and decreased
expression of Nox4 indicate the different response of Nox
genes to the MCD diet. It is possible that increased expression
of Cyba could contribute to the upregulation of other Nox
genes, which could therefore compensate for the reduced
expression of Nox4. Further investigation is required to test
this hypothesis.

The expression of one enzyme that may contribute to the
inflammatory process is Ptgs2, also known as cycloox-
ygenase-2 (COX-2), was upregulated. The expression of
COX-2 is induced by cell stressors, such as proinflammatory
cytokines and oxidative stress (21). It has been shown that
HNE, a lipid peroxidation product, can induce COX-2 (29).
Prolonged increased COX-2 expression in the liver may lead
to chronic inflammation and carcinogenesis. It has also been
shown that, in livers of patients with chronic hepatitis and
cirrhosis, COX-2 is upregulated, and inhibition of COX-2
ameliorates the severity of hepatitis in murine models of
steatohepatitis. COX-2 can have both proinflammatory
and antiinflammatory effects, depending on the duration of
COX-2 activity and the site and nature of the inflamma-
tory response. Proinflammatory products of COX-2 activity,

FIG. 5. Real-time PCR data confirming microarray anal-
ysis for the most differentially expressed genes. RT-PCR
measurements for individual transcripts were performed to
validate the results observed on the microarrays. RT-PCR
measurements are shown of the mRNA expression of the
four mostly altered genes in the livers of mice on either the
MCD or CTL diets. Data are presented as mean – SEM, n = 5
mice per group. **p < 0.005. ***p < 0.001.

FIG. 6. Measurement of protein levels of the most-altered
genes analyzed by microarray. (A) Western blot analysis.
(B) Densitometry of the protein bands measured with Image
Quant RT ECL. Data are presented as mean – SEM, n = 3–4
mice per group. ***p < 0.001.
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leukotrienes and prostaglandin E2, are released early in the
inflammatory response, causing hepatitis. Conversely, anti-
inflammatory products, lipoxins, and prostaglandins PGJ2

and PGD2, produced later during inflammation, can play a
protective role (17). Thus, increased COX-2 expression in
livers of MCD-fed mice is a marker of stress and, depending
on the setting, can lead to steatohepatitis and liver damage or
have a protective function.

SERPIN1B1 is a gene that encodes for a monocyte neutro-
phil elastase inhibitor (MNEI), a highly efficient protease in-
hibitor in humans, whereas in mice, it encodes EIA, which
inhibits pancreatic and neutrophil elastases, cathepsin G,
proteinase-3, and chymotrypsin (4). Downregulation of this
protein seen in our model may be of direct relevance in terms
of the pathogenesis of lipid-mediated hepatic damage, as
without this potent protease inhibitor, the actions of mono-
cyte and neutrophil proteases would not be regulated.

In summary, feeding mice an MCD diet for 6 weeks results
in marked steatohepatitis and oxidative liver damage. The
gene changes in this study show the imbalance between ROS
production and antioxidant defence in livers of mice fed the
MCD diet. We have shown that some antioxidant genes were
upregulated (Gpx3, Gpx6, Prdx3), which suggests the pres-
ence of oxidative stress, and some were downregulated
(Gpx1, Cat, Prdx5, Txnrd2), which leads to the impairment of
antioxidant defense and thus to increased oxidative stress
causing liver damage. We acknowledge the limitation of
current experimental models of NASH. The MCD diet, al-
though widely used as a model of fibrosing steatohepatitis, is
not associated with obesity or other features of the metabolic
syndrome characteristic of patients with NAFLD. We believe,
however, that this model is particularly useful to investigate
mechanisms of liver injury, fibrogenesis, and disease pro-
gression in NAFLD, as the liver histopathology closely re-
sembles that of human NASH. Our findings provide novel
evidence for the potential involvement of specific genes in-
volved in redox homeostasis in NASH pathogenesis. Further
studies are required to determine the mechanisms and path-
ophysiologic relevance of our findings in human NASH.
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Abbreviations Used

ALT¼ alanine aminotransferase
Cat¼ catalase

COX-2¼ cyclooxygenase-2
Ctsb¼ cathepsin B

Cyba¼ alpha subunit of cytochrome b-245 gene
Cygb¼ cytoglobin
Ehd2¼EH-domain containing 2
Fancc¼ Fanconi anemia complementation group C
Fmo2¼flavin-containing monooxygenase 2

GAPDH¼ glyceraldehyde-3-phosphate dehydrogenase
Gpx¼ glutathione peroxidase

HNE¼ 4-hydroxynonenal
HPRT1¼hypoxanthine phosphoribosyltransferase 1

HSP90AB1¼heat-shock protein 90-kDa alpha
MCD¼methionine and choline deficient

MNEI¼monocyte neutrophil elastase inhibitor
Ncf2¼neutrophil cytosolic factor 2

Nox4¼NADPH oxidase 4
Nqo¼NAD(P)H dehydrogenase quinone 1

PGD2¼prostaglandin D2

PGJ2¼prostaglandin J2

Prdx¼peroxiredoxin
Ptgs2¼prostaglandin-endoperoxide synthase 2
Scd1¼ stearoyl-CoA desaturase-1

Serpin1b¼ serine peptidase inhibitor b1b
Tpo¼ thyroid peroxidase

Txnip¼ thioredoxin-interacting protein
Txnrd2¼ thioredoxin reductase 2

Vim¼vimentin
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