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Abstract

Ethanol induces cumulative liver damage including steatosis, steatohepatitis and cirrhosis. The aim of this study is to investigate the global
intrahepatic gene expression profile in the mouse liver treated with ethanol. A single oral dose of 0.5 or 5 g/kg ethanol was administered to
male ICR mice, and liver samples were obtained after 6, 24 and 72 h. Histopathological evaluation showed typical fatty livers in the high-dose
group at 24 h. Microarray analysis identified 28 genes as being ethanol responsive (two-way ANOVA; pb0.05), after adjustment by the
Benjamini–Hochberg multiple testing correction; these genes displayed ≥2-fold induction or repression. The expression of genes that are
known to be involved in fatty acid synthesis was examined. The transcript for lipogenic transcription factor, sterol regulatory element (SRE)-
binding factor 1 (Srebf1), was upregulated by acute ethanol exposure. Of the genes known to contain SRE or SRE-like sequences and to be
regulated by SRE-binding protein 1 (SREBP1), those encoding malic enzyme (Mod1), ATP-citrate lyase (Acly), fatty acid synthase (Fasn) and
stearyl-CoA desaturase (Scd1) were induced by ethanol. Quantitative real-time PCR confirmed the changes in the expression levels of the
selected genes. The change in the Srebf1 mRNA level correlates well with that of the SREBP1 protein expression as well as its binding to the
promoters of the target genes. The present study identifies differentially expressed genes that can be applied to the biomarkers for alcohol-
binge-induced fatty liver. These results support the hypothesis by which ethanol-induced steatosis in mice is mediated by the fatty acid
synthetic pathway regulated by SREBP1.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

The liver is a primary site for xenobiotic metabolism and
is the most common target organ for chemically induced
injuries. The type of hepatobiliary injury is mostly determined
by the nature of the xenobiotic chemicals to which the
organism has been exposed. Some substances produce a very
specific type of damage, whereas other chemicals induce
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cumulative damage or a combination of damaging events
(Treinen-Moslen, 2001). A representative example of the
latter type of chemical is ethanol. Fatty infiltration, which is
the first manifestation of ethanol-induced liver injury, is
usually followed by inflammation, focal necrosis and terminal
venular sclerosis, that can ultimately develop into cirrhosis
(Diehl, 1997; Neuman, 2003).

The phenomenon of fatty liver, also known as steatosis,
refers to the abnormal accumulation of fat in hepatocytes.
Although many toxicants can cause lipid accumulation in the
liver, the mechanisms may be different. Lipid accumulation
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is related to one or more of the following events: an
oversupply of free fatty acids to the liver, interference with
the triglyceride cycle, increases in the synthesis or esterifica-
tion of fatty acids, decreased fatty acid oxidation, decreased
apoprotein synthesis and decreased synthesis or secretion of
very low density lipoprotein (Treinen-Moslen, 2001).
Although it was formerly considered a benign and fully
reversible condition, hepatic fatty infiltration is an important
pathogenic factor in the development of alcoholic liver
disease. Enhanced hepatic fatty acid synthesis and reduced
fatty acid oxidation act together in the development of an
alcohol-induced fatty liver (Feinman and Lieber, 1999; You
et al., 2002; You and Crabb, 2004).

Sterol regulatory element-binding proteins (SREBPs) are a
family of membrane-bound transcription factors that regulate
lipid homeostasis by controlling the expression of genes for
cholesterol and fatty acid metabolism. Three members of the
SREBP family have been described in mammalian species:
SREBP-1a and 1c are encoded by a single gene (Srebf1)
located on human chromosome 17p11.2 (Hua et al., 1995),
and SREBP-2 is encoded by a separate gene, Srebf2, which is
located on human chromosome 22q13 (Miserez et al., 1997).
SREBPs are synthesized as precursors that are bound to the
endoplasmic reticulum and nuclear envelope. Upon activation,
SREBPs are transported to the nucleus, where they bind to
sterol regulatory elements in the promoters of specific genes,
recruit co-activators to the promoters and stimulate gene
transcription (Nagoshi et al., 1999; Bennett et al., 2004).
Specific analysis of individual isoforms has suggested that
SREBP-1 is selectively involved in the activation of genes
associated with fatty acid metabolism and de novo lipogen-
esis, whereas SREBP-2 may be more selective for genes that
are involved directly in cholesterol homeostasis (Horton et al.,
1998; Pai et al., 1998). SREBP transcription factors are
regulated by many experimental and physiological conditions,
including insulin, activation of the liver X receptor, glucose
and steroids (reviewed by Eberlé et al., 2004). Recently, You
et al. (2002) have reported that chronic ethanol feeding
induces the fatty acid synthesis pathway by the activation of
SREBP-1, which contributes to the development of an
alcoholic fatty liver.

DNA microarray technology has been used in a number
of studies to identify the global gene expression pattern
and to elucidate the mechanisms of liver disease associated
with chronic ethanol administration (Tadic et al., 2002;
Deaciuc et al., 2004a,b; French et al., 2005). However, the
literature does not contain any investigation of changes in
hepatic gene expression following binge alcohol exposure.
To identify the gene expression changes that cause
hepatotoxicity and to characterize further the spectrum of
fatty liver-related transcripts, the temporal and dose-
dependent effects of acute ethanol intoxication on hepatic
gene expression were examined in the context of com-
plementary histological and clinical chemistry end-points.
The present study identifies differentially expressed genes
that can be applied to the biomarkers for alcohol-binge-
induced fatty liver.
Materials and methods

Animal treatments. Specific pathogen-free male ICR mice (20–25 g) were
obtained from Jung-Ang Laboratory Animal Co. (Seoul, Korea) and allowed
free access to standard chow and tap water. They were kept in temperature-
controlled and filter-sterilized animal quarters under a 12-h light:12-h dark
cycle. The use of animals was in compliance with the guidelines established by
the Animal Care Committee of this institute. A total of 27 mice (9 per group)
was given a single oral dose of either 0.5 g/kg (low-dose group, L), 5 g/kg
(high-dose group, H) or distilled water (control group, C) and three from each
group were subsequently killed at 6 (C6, L6 and H6), 24 (C24, L24 and H24)
or 72 h (C72, L72 and H72). A cross section of the left lateral lobe of the liver
was collected in 10% neutral buffered formalin for histopathology. The
remaining liver tissue was collected in RNase-free tubes and snap-frozen in
liquid nitrogen. Frozen tissues were stored at −70 °C until processed for RNA
extraction.

Clinical chemistry and histological analysis. Serum levels of alanine ami-
notransferase (ALT), alkaline phosphatase, blood urea nitrogen, creatinine, total
bilirubin, triglyceride and albumin were monitored by standard clinical
chemistry assays on an Automated Chemistry Analyzer (Prestige 24I; Tokyo
Boeki Medical System, Tokyo, Japan). Liver tissues collected in formalin were
dehydrated, embedded in paraffin, sectioned at 4 μm and stained with
hematoxylin and eosin (H&E). Histopathologic examinations of the liver
sections were conducted by a pathologist and were peer-reviewed.

RNA isolation. Total RNA was extracted using an Easy-Blue™ total RNA
extraction kit (Intron Biotech, Sungnam, Korea), purified using Qiagen
RNeasy® Mini Kits (Qiagen, Basel, Switzerland) and examined for integrity
using an Agilent 2100 Bioanalyzer (Ambion, Austin, TX).

Microarray analysis of differential gene expression. Applied Biosystems
(Foster City, CA) Mouse Genome Survey Microarrays were used to analyze
differential gene expression profiles. Microarray analysis was performed as
described in our previous report (Yin et al., 2006). Briefly, each microarray was
first prehybridized at 55 °C for 1 h in hybridization buffer with blocking reagent.
Ten micrograms of digoxigenin-UTP labeled cRNA targets were cut with
fragmentation buffer at 60 °C for 30 min and hybridized to each microarray in a
0.5-ml volume at 55 °C for 16 h. Images were auto-gridded and spots were
spatially normalized. Chemiluminescent signals were quantified, corrected for
background and the final images and feature data were processed using the
Applied Biosystems 1700 Chemiluminescent Microarray Analyzer v1.1.

Data analysis. The quality of hybridization and overall chip performance
were monitored by visual inspection of both internal quality control checks and
the raw scanned data. For faultless results, instead of using raw data of bad spots,
we removed the bad spots and then imputed their values using KNN imputation
algorithm (Troyanskaya et al., 2001). The bad spots are identified according to
the manufacturer's recommendation: the value of quality flag is less than 100.
And we used “assay-normalized signals” feature as a measurement for mRNA
abundance according to the manufacturer's protocol. Next we performed log-
scale data transformation using the variance stabilizing normalization method to
attain more maneuverable value range and log-normal assumption. Then we
equalized the each array's value distribution for fair across-chip comparison
using quantile-normalization (Bolstad et al., 2003). The overall flow of data
analysis is illustrated in Fig. 1. Two-way analysis of variance (ANOVA) was
applied to determine both time and dose effects and differentially expressed sets
of genes. Since the ANOVA test is repeated for each gene, we did Benjamini–
Hochberg multiple-testing correction for FDR control of the result. Through
two-way ANOVA test, we identified genes with plausible biological interpreta-
tion according to the significance of the terms in ANOVA models. For further
analysis, these genes are divided into gene clusters according to their expression
profile using Cluster/TreeView analytic package, so that genes with similar
expression behavior are in same cluster (Eisen, Stanford University, CA).
Finally, we tried to understand the meaning of these expression clusters using
existing knowledge such as annotations in Panther database (www.pantherdb.
org) and the pathway information in ArrayXPath (www.snubi.org/software/
ArrayXPath/).

http://www.pantherdb.org
http://www.pantherdb.org
http://www.snubi.org/software/ArrayXPath/
http://www.snubi.org/software/ArrayXPath/


Fig. 1. Flow chart for data analysis. The microarray data were analyzed by
two-way ANOVA, adjusted by the Benjamini–Hochberg multiple testing
correction and subjected to a cutoff of 2-fold or greater induction or
repression. C, L and H indicate the control, low-dose group (0.5 g/kg) and
high-dose group (5 g/kg) and the numbers after the symbol indicate the time
point when the animals were sacrificed. Suppl. 1 and 2: Supplementary data 1
and 2, respectively.
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Quantitative real-time polymerase chain reaction (qRT-PCR). Total RNA
was prepared using the Easy-Blue™ Total RNA Extraction Kit (Intron Biotech,
Korea) and single-strand cDNA was synthesized from the RNA in a reaction
mixture containing random hexamers and Superscript II reverse transcriptase
(Invitrogen, Carlsbad, CA). Gene-specific primers designed using Oligo 6.0
software (Molecular Biology Insights, Cascade, CO) were used (Table 1). qRT-
PCR amplifications were performed using Fast Start DNA Master SYBR Green
I Mixture Kit (Roche Diagnostics, USA) in a Light Cycler system (Roche
Diagnostics, USA) following manufacturer's protocol. To determine the
specificity of amplification, melting curve analysis was applied to all final
PCR products.

Western blot analysis. Nuclear extracts from mouse livers were prepared as
described previously (You et al., 2002). Eighty micrograms of the protein was
separated by 10% SDS–polyacrylamide gel electrophoresis, transferred to a
nitrocellulose membrane and immunoblotted with rabbit polyclonal Srebf1
antibody (Abcam, Cambridge, MA). Detection was performed by using
enhanced chemiluminescence Western Blotting Detection Reagents (Amer-
sham, Piscataway, NJ).
Table 1
Gene-specific primers used in quantitative real-time PCR

Gene NCBI RefSeq Forward prime

Auh NM_016709 GCCATGTGT
Ctgf NM_010217 GGGCCTCTT
Gga1 NM_145929 GGAGGCACG
Helb NM_080446 CTGCACCCG
Rpp14 NM_025938 CCCCTCAGA
Rps6ka2 NM_011299 CCCTCCCAG
Zfhx1b NM_015753 AGCGACACG
Acly NM_134037 CAGCCAAGG
Fasn NM_007988 GGAGGTGGT
Mod1 NM_008615 TGGACCTGC
Scd1 NM_009127 TTCTTGCGAT
Srebf1 NM_011480 GATGTGCGA
6820449I-09Rik NM_177128 AACCCGAGC
Gapdh NM_001001303 CGGTGCTGA
Chromatin immunoprecipitation (ChIP) assay. ChIP assay was performed as
described elsewhere (Nelson et al., 2006a) with somemodifications. Briefly, liver
tissue homogenate was fixedwith 1% formaldehyde in PBS and the cross-linking
was stopped with 125 mM glycine at room temperature. Chromatin was sheared
by sonication and immunoprecipitated with anti-SREBP1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) or non-immune IgG antibody at 4 °C. Immune
complexes were collected with protein A-Sepharose beads (Amersham
Biosciences). Total DNA was purified by Chelex 100-based method (Nelson
et al., 2006b). Promoter-specific primer pairs used in qRT-PCR are as follows:
Acly-sense, 5′-TGCGCTCACATCCATCACT, Acly-antisense, 5′-
GAAGTTGCGTCAGGTCTCG; Fasn-sense, 5′-ACGTCCTTCCTCCCTGTCTT,
Fasn-antisense, 5′-GCCCTCCTGTTGCTTTGTC; Mod1-sense, 5′-CTC-
TGGCAAGCACTTTGTCCC, Mod-antisense, 5′-GAAATGGCATGGCGTACT-
CAC; Scd1-sense, 5′-GAGTACCAGACTAGGACCAATG, Scd1-antisense, 5′-
TGACCTGAAAGCCGAGAA.
Results

Clinical chemistry and histological end-points

ICR mice were treated with 0.5 or 5 g/kg ethanol, and acute
hepatotoxicity was evaluated by measuring plasma ALT and
histology. No significant changes in hepatic enzyme activity
were observed between the control and ethanol-treated mice
(Fig. 2A). In the histological analysis, no biologically significant
liver damage was noted, except in the high-dose ethanol group at
24 h, which presented with a diffuse, mild fatty liver (Fig. 2B).
The other serum biomarkers tested in this study were not
significantly changed by the ethanol treatment (data not shown).

Global gene expression analysis following ethanol treatment

To identify global gene expression changes associated with
acute ethanol-induced hepatotoxicity, two-way ANOVA was
conducted on the dose- and time-response data. From a total of
32,381 probe sets, 6286 genes were identified as being ethanol-
modulated in a statistically significant manner (pb0.05,
Supplementary data 1). Functional categorization of the data
was performed using the annotation information in the
PANTHER database for ontology. The ethanol-induced changes
in expression included genes that are involved in a variety of
biological processes. The largest group of genes comprised
r (5′-3′) Reverse primer (5′-3′)

TAGAACAGAACCA TCTGAGCATAGCAGGCTTCTT
CTGCGATTTC ATCCAGGCAAGTGCATTGGTA
AATCAACAGAG CACGTCTCCAGAACCGTCAAG
TACAAGAGCG TCATCAGGGATAGACACTCGC
GTATCACTACATGA TCGTAGGTGAGAACATCCACAG
TTCGAGCTACTA CTCGCACTTTCAAGGTGGCT
GCCATTATTTAC GTTGGGCAAAAGCATCTGGAG
CAATTTCAGAGC CTCGACGTTTGATTAACTGGTCT
GATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
AAGACAGAAATG AACTGAAGCAATGTGCCCTTT
ACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT
ACTGGACACAG CATAGGGGGCGTCAAACAG
AATTCCTAAGTAGA GAGGTTTGGTTCCACCGATAAA
GTATGTCG TTCTGGGTGGCAGTGAT



Fig. 2. Biochemical and pathological analyses of the sera and livers obtained from ICRmice after oral exposure to ethanol. (A) The levels of serumALTwere measured
at each time point in the vehicle (□), low-dose ethanol (■) and high-dose ethanol (⊠) treatment groups. The normal range of ALT in ICR mice is indicated in gray. The
results shown are the mean±SD of three mice. (B) Histopathological analysis of hematoxylin and eosin-stained paraffin sections (×400).

228 H.-Q. Yin et al. / Toxicology and Applied Pharmacology 223 (2007) 225–233
those genes associated with signal transduction, while genes
involved in nucleic acid metabolism, protein metabolism and
developmental processes were the next most abundant annota-
tion groups. Tree analysis of the genes classified the patterns of
responses for all the treatment conditions relative to the
controls. The greatest distance between nodes was between
the low-dose 6-h (L6) group and the high-dose 72-h (H72)
group. The low- and high-dose groups at each time point were
in the same node, and the distances between the nodes increased
relative to the duration of treatment, which indicates a stronger
influence of time than dose in our experimental regimen.

Adjustment of the data by the Benjamini–Hochberg
multiple testing correction (Benjamini and Hochberg, 1995)
reduced the number of affected genes to 133 (Supplementary
data 2). After removal of the unidentified probe sets, 66
known genes were selected. When the data were filtered on
the basis of 2-fold up- or downward changes in expression
level, 28 genes were extracted, which were considered to be
ethanol-responsive genes in the liver. Functional categoriza-
tion of the genes using the PANTHER database for ontology
is presented in Table 2. In a broader sense, ethanol-responsive
genes are not limited to these 28 genes, but include all of the
6286 genes selected by the two-way ANOVA.

Validation of the microarray data

The microarray results were confirmed for a subset of genes
using qRT-PCR. In the one-point validation, the expression
levels of eight genes with various degrees of up- or down-
regulation were verified in the H6 group (Table 3). In the kinetic
validation, the expression levels of Srebf1 and four target genes
were evaluated at each time point (Fig. 3). In general, the results
obtained from the microarray experiments correlated well with
the qRT-PCR data. Of all the genes quantified, only the results
for qRT-PCR of Ctgf differed from the microarray results.
Although the Ctgf transcript showed slight upregulation in the
qRT-PCR analysis, it showed significant downregulation in the
microarray analysis.

Expression of genes associated with fatty acid synthesis

The effects of ethanol on the expression of genes associated
with fatty acid synthesis were investigated. In general, the
expression of several genes involved in fatty acid synthesis was
upregulated in the H6 group. The expression of Srebf1 was
increased 2.7-fold in the H6 group and was decreased to the
level of the control in the H24 and H72 groups (Figs. 3 and 4).
Of the genes known to contain a sterol regulatory element in
their promoters and to be regulated by SREBP1, the genes for
ATP-citrate lyase (Acly), fatty acid synthase (Fasn), malic
enzyme (Mod1) and for stearyl-CoA desaturase (Scd1) were all
upregulated. In the elongation process, the expression levels of
Hadhsc and Ehhadh, which have 3-hydroxyacyl-CoA dehy-
drogenase activities, were increased by ethanol treatment. As
shown in Fig. 4, the overall net effect of altered gene expression
associated with fatty acid synthesis was to increase fatty acid



Table 2
Genes altered more than 2-fold (pb0.05) in the liver of mice treated with ethanol

Gene symbol Grip query L6 L24 L72 H6 H24 H72 Biological process

Trpc1 NM_011643 −0.72 0.45 0.48 0.37 1.02 0.69 SP, ST
Auh NM_016709 −0.92 0.96 −0.46 −0.10 0.89 −1.19 CM, LM
Whsc1l1 NM_001001735 −1.64 −0.40 0.08 −0.75 0.26 −1.03 NM
Csf1 M21149 −1.26 −0.45 0.29 −0.55 −0.40 0.51 DP, ID, ST
Hpse NM_152803 −0.05 −0.18 −0.78 −0.45 0.13 −1.54 DP
Srd5a2l NM_020611 0.04 −0.10 0.85 0.03 1.04 1.16 DP
Olfr976 NM_146367 0.14 −0.60 0.96 0.04 −0.15 1.11 SP, ST
Kif2c NM_134471 1.12 0.56 1.02 −0.23 0.48 1.12 DP
Hlf NA 0.57 −0.47 −1.07 0.25 −0.70 −1.04 DP, NM
Fbxo16 NM_015795 1.49 0.45 −0.72 −0.19 0.72 −0.60 OM
Man1b NM_010763 −0.69 1.25 1.83 −0.29 0.88 0.25 CM, PM
9430095K15Rik AK035166 1.00 1.35 −0.43 0.45 0.72 −0.54 DP, ST
Pla2g7 NM_013737 −1.32 −0.02 −0.40 0.07 1.11 0.54 ID, LM
Rpl23 AK002579 0.07 0.15 −1.34 −0.25 −0.72 −1.17 PM
Gga1 NM_145929 −0.97 1.36 0.09 −0.47 1.03 1.20 PM, PT
Rps6ka2 NM_011299 0.67 0.74 0.02 0.44 0.88 −1.26 CC, DP, PM, ST
Ctgf NM_010217 −0.73 −0.69 0.35 −0.64 −1.29 −0.13 ST
2810037C14Rik AK015272 0.34 −0.14 −0.51 −0.78 −0.08 −1.09 ON
2310007F12Rik NM_175146 −0.64 0.35 −0.96 −0.06 −0.10 −1.05 Unclassified
2810032G03Rik NM_028318 0.29 −1.55 0.63 0.13 −1.57 0.21 Unclassified
6820449I09Rik NM_177128 0.90 −1.10 0.19 0.82 0.59 −0.36 Unclassified
A930016D02Rik NM_176920 0.53 −0.44 1.66 0.26 −0.17 0.70 Unclassified
Helb NM_080446 −1.10 −0.68 −0.18 0.25 −1.20 −0.30 Unclassified
MGC86136 NM_207245 0.15 −0.39 0.99 −0.14 −0.66 1.13 Unclassified
Olfr1038 NM_147013 −0.73 0.10 0.60 −0.07 0.11 1.13 Unclassified
Rpp14 NM_025938 −0.70 0.31 −1.05 −0.89 −0.39 −0.73 Unclassified
Taf1a NM_021466 −0.73 −0.30 −1.02 −0.81 0.08 −0.37 Unclassified
Zfhx1b NM_015753 −1.02 0.88 0.07 0.01 1.04 0.50 Unclassified

Values represent fold-changes in log2 scale compared to corresponding vehicle control.
CC, cell cycle; CM, carbohydrate metabolism; DP, developmental process; ID, immunity and defense; LM, lipid metabolism; NM, nucleic acid metabolism; OM, other
metabolism; ON, oncogenes; PM, protein metabolism and modification; PT, protein traffic; SP, sensory perception; ST, signal transduction.
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biosynthesis, which may contribute to the induction of acute
alcoholic fatty liver. Interestingly, the kinetic changes in the
expression of Srebf1 and the SREBP target genes correlated
well in the microarray and qRT-PCR analyses (Fig. 3). The
change in the Srebf1 mRNA level correlates well with that of
the SREBP1 protein expression as well as its binding to the
promoters of the target genes (Fig. 5). The increases in
expression of these genes (H6) preceded ethanol-induced
development of a fatty liver (H24). These results suggest the
potential use of these genes as predictive biomarkers of alcohol
binge-induced steatogenic hepatotoxicity.
Table 3
Quantitative real-time PCR validation of selected genes from microarray data in
H6 group

Gene Microarray qRT-PCR

Auh −0.10±0.12 0.16±0.07
Ctgf −0.64±0.20 0.30±0.07
Gga1 −0.47±0.08 −0.69±0.14
Helb 0.25±0.08 0.41±0.04
Rpp14 −0.89±0.09 −1.18±0.09
Rps6ka2 0.44±0.14 0.30±0.05
Zfhx1b 0.01±0.10 −0.17±0.08
6820449I09Rik 0.82±0.62 0.94±0.05

Data are mean±SEM of three independent measurements, which represent fold
change on log2 scale compared to data obtained from C6 group.
Discussion

Chemical-induced hepatotoxicity is manifested by various
types of injury, depending on the nature and dose of the
chemical. Ethanol is categorized as a mixed-type hepatotoxicant
that induces cumulative damage, starting from mild steatosis
and ending in irreversible end-stage liver lesions. Despite the
enormous amount of information in the literature on the
properties and mechanism of ethanol-induced hepatic steatosis,
it is still difficult to discern what exactly happens in binge
drinkers and how the steatotic hepatotoxicity associated with
this type of alcohol consumption can be predicted. The analysis
of short-term toxicogenomic data to predict the results of long-
duration studies requires the development of a database of
compounds with known chronic toxicities. Although many
technical problems currently limit the usefulness of this
concept, pattern recognition experiments appear to hold
considerable promise (Hamadeh et al., 2002). For this purpose,
the Korean Toxicogenomic Research Consortium has embarked
on a project to construct a toxicogenomic database of known
hepatotoxicants, including tetracycline (Yin et al., 2006),
diclofenac (Chung et al., 2006a), D-galactosamine (Chung et
al., 2006b), valproic acid, methotrexate, α-naphthylisothiocya-
nate, 4,4′-methylene dianiline, 6-mercaptopurine, phenylbuta-
zone and ethanol.



Fig. 4. The pathway for fatty acid synthesis and the relative induction or repression of
(two-way ANOVA). The numbers in parenthesis represent the fold-changes in H6 com
natural numbers (not in a log2 scale). Scp2, sterol carrier protein 2; Ehhadh, enoyl-co
regulatory element-binding factor 1; Mod1, malic enzyme; Acly, ATP citrate lyase; F

Fig. 3. Temporal changes in the expression levels (A, microarray; B, qRT-PCR)
of Srebf1 and four target genes in the high-dose group, expressed as fold-
changes compared to the corresponding control groups.
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Ethanol-induced changes in global gene expression

When the microarray data from the nine experimental groups
were analyzed by two-way ANOVA, the expression levels of
about 19% (6286 of 32,381) of the whole genes showed
statistically significant changes. To control the increased chance
of discovering false-positives by applying false discovery rate
(FDR), we applied the Benjamini–Hochberg multiple testing
correction method (FDR b0.05). Among the 133 genes called
significant, about less than seven were expected to be false-
positive. The 26 genes having ethanol-specific gene expression
pattern can be functionally categorized into critical cellular
processes, like the metabolic processes of lipids, carbohydrates,
nucleic acids and proteins, as well as developmental processes.

Transient receptor potential canonical 1 (Trpc1), an exten-
sive family of mammalian transient receptor potential channels,
has been found to possess sensing capabilities for a range of
factors including redox status, arachidonic acid metabolites and
growth factors (Clapham, 2003). Upregulated TRPC1 is a
general feature of smooth muscle cells in occlusive vascular
disease and that TRPC1 inhibitors have potential as protective
agents against human vascular failure (Kumar et al., 2006). In
the liver cells, Trpc1 mediates the inflow of Na+ and Ca2+ to the
cytoplasmic space and hence modulates the intracellular
concentrations of Ca2+ and Na+, which may regulate cell
volume directly or indirectly (Chen and Barritt, 2003). AU
RNA-binding protein/enoyl-coenzyme A hydratase (Auh)
protein binds to the AU-rich element of RNA, which has a
role in directing RNA to rapid degradation and deadenylation.
Auh is also homologous to enoyl-CoA hydratase, an enzyme
genes with statistically significant differences (pb0.05) from the vehicle control
pared to the C6 group. To make the data more intelligible, they are presented in
enzyme A hydratase/3-hydroxyacyl coenzyme A dehydrogenase; Srebf1, sterol
asn, fatty acid synthase; Scd1, stearyl-coenzyme A desaturase 1.



Fig. 5. Kinetic changes of the expression of SREBP1 protein and the binding to the promoters of the target genes. (A) Representative Western blots show the kinetic
changes of SREBP1 expression following ethanol treatment. Each bar represents the mean intensity with standard deviation obtained from 3 mice. A single dose of
ethanol (5 g/kg) was administrated to the ICR mice and nuclear fraction of liver sample was separated on a 10% SDS–polyacrylamide gel, transferred to a
nitrocellulose membrane and immunoblotted with the rabbit polyclonal SREBP1 antibody. (B) ChIP assays were performed using liver samples from ICR mice after
oral exposure to ethanol. Following immunoprecipitation, DNAwas extracted and analyzed for the presence of the SREBP1-binding region of each target gene by real-
time PCR. Each bar represents the mean intensity with standard deviation obtained from 3 mice (∗pb0.05;∗∗pb0.01).
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involved in fatty acid degradation, and has been shown to have
intrinsic hydratase enzyme activity (Nakagawa et al., 1995).
Ribosomal protein S6 kinase, polypeptide 2 (Rps6ka2), also
known as MAPKAPK1C, p90rsk, pp90rsk, Rps6ka-rs1, Rsk3,
RSK-3 or S6K-alpha 2, encodes a member of the ribosomal S6
kinase family of serine/threonine kinases. This kinase contains
2 nonidentical kinase catalytic domains and phosphorylates
various substrates, including members of the mitogen-
activated kinase (MAPK) signalling pathway. The activity of
this protein has been implicated in controlling cell growth and
differentiation (Blenis, 1993; Bonni et al., 1999). Considering
these results, the global gene expression profile of mouse liver
after acute ethanol exposure may serve as early biomarker for
ethanol-induced liver injury.

Ethanol-induced changes in gene expression associated with
fatty acid synthesis

The animal model for acute ethanol-induced hepatotoxicity
in human binge drinkers was developed by Carson and Pruett
(1996) and modified by Song et al. (2003). In the present study,
we administered ICR mice with a single oral dose of 0.5 or
5 g/kg ethanol. A typical fatty liver change was noted in the
H24 group, which recovered by 72 h. Therefore, our model is
appropriate for studies of the global and temporal changes in
gene expression associated with acute ethanol-induced hepa-
totoxicity. Many studies of hepatic gene expression profiling
have been performed with chronic ethanol treatment models
that use intragastric alcohol infusion or the administration of
alcohol-containing liquid diets (Tadic et al., 2002; Deaciuc et
al., 2004a,b; French et al., 2005). However, a hepatic genome-
wide analysis following the acute administration of ethanol has
not been performed previously.

Although the mechanisms by which ethanol induces hepatic
steatosis are complex and not yet fully understood, the following
factors have been proposed as potential mechanisms: an
accelerated supply of free fatty acids (Lieber et al., 1966);
impaired β-oxidation of fatty acids (Rabinowitz et al., 1991);
and inhibition of lipoprotein secretion from the liver (Venkatesan
et al., 1988). Recently, You et al. (2002) have reported that the
metabolism of ethanol increased hepatic lipogenesis by activat-
ing SREBP-1, and that this effect of ethanol may contribute to
the development of an alcoholic fatty liver. These authors also
identified the AMP-activated protein kinase (AMPK) as a key
regulator of SREBP-1 activation (You et al., 2004). The role of
AMPK in the expression of hepatic SREBP-1, fatty acid
synthesis and steatogenesis was further verified using the
AMPK activator, 5-aminoimidazole-4-carboxamide-1-β-D-
ribofuranoside (AICAR) (Tomita et al., 2005).

Several studies of animals treated chronically with ethanol
have revealed a significant increase in hepatic lipogenesis
(Lieber et al., 1966; Carrasco et al., 2001), which is closely
associated with an increase in many lipogenic enzymes, such as
fatty acid synthase (Fasn), malic enzyme (Mod1), acetyl-CoA
carboxylase (Acc), ATP citrate lyase (Acly) and 6-phosphoglu-
conate dehydrogenase (Joly et al., 1973; Arakawa et al., 1975;
Muramatsu et al., 1981). Although there exist some contro-
versies over the changes in lipogenic enzyme activities by
ethanol, such as ATP citrate lyase and malic enzyme, most of
the discrepancies are due to the different treatment conditions
and animal models that have been used (Simpson et al., 1994;
Oyama et al., 2000). The most notable change in gene
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expression associated with an ethanol-induced fatty liver in the
present study was the upregulation of the Srebf1 gene in the L6
and H6 groups. This is the first report that the expression of
Srebf1 is increased in an acute ethanol-induced hepatic steatosis
animal model. Consequently, the known target genes of
SREBP1, which include Mod1, Acly, Fasn and Scd1, were
also upregulated. Dynamic changes in the expression of these
genes preceded the pathologic changes manifested by ethanol
(Fig. 3), which suggests the potential use of these genes as
biomarkers for acute ethanol-induced steatosis.

Evidence exists that other steatogenic chemicals, such as
orotic acid and conjugated linoleic acid, exert their actions by
inducing lipogenesis through the transactivation of SREBP-1
and the subsequent expression of genes associated with fatty
acid synthesis (Clement et al., 2002; Buang et al., 2005).
Transgenic mice that overexpress the NH2-terminal domain of
SREBP-1a, which does not need to be cleaved proteolytically to
activate transcription, develop massive enlargement of the liver
owing to the increased expression of the gene for lipogenesis
(Shimano et al., 1996a,b). In contrast, mice that are deficient for
leptin and SREBP-1 [ob/ob×Srebp-1(−/−)] have been found to
have a markedly attenuated fatty liver, as found for ob/ob mice,
with a concurrent decrease in the level of mRNA for fatty liver
synthase (Yahagi et al., 2002). Similar results have been found
in many experiments in which dietary components or the fat-
derived hormone adiponectin reduce the fatty liver via the
downregulation of SREBP-1 in normal, ob/ob or chronic
alcohol-fed mice (Sekiya et al., 2003; Xu et al., 2003; Ascencio
et al., 2004).

In summary, we document a global gene expression profile
for the ICR mouse liver following acute ethanol treatment, as
determined using oligonucleotide microarrays. We identify 26
ethanol-responsive genes that are significantly up- or down-
regulated more than 2-fold. We also show that acute ethanol
affects the expression levels of Srebf1 and many other SREBP
target genes, thereby increasing fatty acid synthesis.

These results support the hypothesis by which ethanol-
induced steatosis in mice is mediated by the fatty acid synthetic
pathway regulated by SREBP1. These results contribute to the
production of a database that can be used for the prediction of
toxicity through pattern recognition.
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