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Abstract

Purpose To perform a large-scale gene profiling of the
liver in a mouse model of fatty liver induced by high
carbohydrate (sucrose) diet (HCD) to gain a deeper insight
into potential mechanisms of diet-induced hepatic steatosis.
Methods C57BL/6 male mice were fed either a purified,
control diet or a HCD for 16 weeks. HCD feeding led to
marked liver steatosis without inflammation or necrosis.
The expression of 42,500 genes/sequences was assessed.
Results A number of genes (471) underwent significant
expression changes in HCD- as compared to standard diet-
fed mice (n = 5/group; P < 0.01). Of these genes, 211 were
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down- and 260 up-regulated. The latter group includes 20
genes encoding enzymes involved in carbohydrate conver-
sion to fat. The genes that underwent expression changes
perform a large variety of molecular functions, and the vast
majority of these have never been tested before in non-
alcoholic fatty liver of nutritional origin. They reveal novel
aspects of the disease and allow identification of candidate
genes that may underlie the initiation of hepatic steatosis and
progression to non-alcoholic steatohepatitis.

Conclusions HCD-fed laboratory animals provide a
model of early non-alcoholic fatty liver disease resembling
the disease in humans. The genome wide gene profiling of
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the liver reveals the complexity of the disease, unravels
novel aspects of HCD-induced hepatic steatosis, and helps
elucidate its nature and mechanisms.

Keywords Fatty liver - Gene profiling -
High carbohydrate diet - Mouse

Abbreviations
ALT Alanine-2-oxoglutarate amino transferase (EC
2.6.1.2)

HCD High-carbohydrate diet

NAFLD Nonalcoholic fatty liver disease
NASH  Nonalcoholic steatohepatitis

TBARS Thiobarbituric acid reactive substances
Introduction

Nonalcoholic fatty liver disease (NAFLD) is a spectrum of
pathology ranging from simple steatosis to nonalcoholic
steatohepatitis (NASH), and in some instances progressing
to cirrhosis and even hepatocellular carcinoma [1]. NAFLD
is by far the most frequent cause of abnormal liver enzymes
in the United States. Therefore, there is great interest in the
potential pathogenesis, prevention, and/or treatment of this
disease. Multiple factors have been considered and iden-
tified as causes of hepatic steatosis, and they can be
classified in two major groups: exogenous and endogenous.
Among exogenous factors, hepatotoxic drugs, hepatitis C
infection, malnutrition, and, perhaps the most frequently
encountered factor, composition and amount of food, have
been confirmed as causes of nonalcoholic steatosis.
Because of its high prevalence, the disease has become a
focus of intensive research and, although some 1,000
studies dealing with the disease have been published in the
last 25 years, the mechanisms underlying its occurrence
and progression to NASH are not fully elucidated.
Experimental models based on voluntary food intake
have been developed to induce hepatic steatosis in labo-
ratory animals [2-8]. The nutritional models using
complete diets resemble the human condition in that they
contain amounts of lipids or carbohydrates that exceed the
energy needs of the body. As a consequence, the body
processes and deposits the excessive nutrients as fat
regardless of their original chemical nature. No matter the
source, the body deposits the fat preferentially in subcu-
taneous and visceral areas and, to a lesser extent, in the
liver. The biochemical pathways involved in fat processing
and deposition differ as a function of the origin of fat. The
deposition of the excessive dietary fat involves several
biochemical events, including digestion, reconstitution in the
intestinal epithelium, assembling, transport, and deposition
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[9]. However, excessive amounts of ingested carbohydrates,
mainly hexoses, can be stored only as glycogen and, in sig-
nificant amounts, only in skeletal muscle and the liver. The
glycogen content of these organs at the saturating levels is
around 5-6% of their mass. Therefore, after such levels are
attained, the excessive carbohydrates cannot be stored further
as glycogen; instead the body converts them into fat. The
metabolic pathways accomplishing carbohydrate conversion
into fat are well known and they were well characterized in
earlier studies [10, 11].

During the last 15 years it has become increasingly
apparent that macronutrients such as long-chain fatty acids
and glucose act as signaling molecules leading to changes
in gene expression. Therefore, gene profiling of organs as
affected by macronutrients may provide important infor-
mation on the mechanisms underlying disturbances such as
liver steatosis, overweight, obesity, insulin resistance, and
others. To our knowledge, no comprehensive, genome-
wide gene profiling of hepatic steatosis induced by a high-
carbohydrate diet (HCD), without the complications of
steatohepatitis, has been reported in either animals or
humans. Therefore, this study was undertaken to (i) gain a
deeper insight into the biochemical and cell physiological
mechanisms associated with HCD-induced liver steatosis
and (ii) identify potential “hidden” genes/pathways that
may contribute to the progression of liver steatosis to
NASH.

The model of HCD-induced liver steatosis used in this
study consists of long-term (16 weeks) feeding of an HCD
to mice, and resembles the disease in humans. Human
clinical investigations have demonstrated that a diet low in
fat and rich in carbohydrates (closely resembling the HCD
used in our mouse study), even when administered for short
periods of time, for example, 5 or 25 days, can lead to
occurrence of uncomplicated fatty liver [12—15]. Thus, this
mouse model is a highly relevant means of investigating
mechanisms of hepatic steatosis.

Comprehensive gene profiling of the liver was per-
formed using the microarray DNA technology, which
allows simultaneous assessment of the expression of
42,500 genes/sequences. A number of genes that under-
went significant changes were classified according to their
function and selected genes were analyzed from the
viewpoint of their potential participation in various cellular
processes related to nonalcoholic hepatic steatosis.

Materials and methods

Animals and their treatment

The animals were treated in accordance with the Guide for
the Care and Use of Laboratory Animals (National
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Research Council, USA, 1996) as approved by the Insti-
tutional Animal Care and Use Committee of the University
of Louisville (Louisville, KY). Male C57BL/6 mice (Har-
lan, Indianapolis, IN), weighing 23.5 + 0.8 g were
maintained under standard conditions for 7 days before
initiation of study diets. Thereafter, the mice were divided
in two groups of 10 individuals each and started on two
different diets: high-carbohydrate diet (HCD) and a puri-
fied, control diet named herein standard diet (SD; both
from Harlan Teklad, Madison, WI). The composition of the
HCD was identical to that used by Feldstein et al. [8], that
is (in g kgfl), 650 sucrose, 200 casein, 50 corn oil, 40
mineral mixture (AIN-93G-MX), 10 vitamin mixture
(AIN-93-VX), 2.5 choline bitartrate, 3.0 pL-methionine,
and 10 cellulose.

Animal killing and tissue sampling

After 16 weeks of feeding HCD or SD, the mice were
fasted from 2,200 to 8,000 h, anesthetized with urethane
(100 mg kg~' body weight, intraperitoneally) and the
abdominal cavity opened. Blood (0.5-0.7 mL) was drawn
from the inferior vena cava with citrate-containing syrin-
ges, immediately centrifuged, and the plasma was
collected. The liver was perfused through the portal vein
with 3-5 mL of ice-chilled phosphate-buffered saline
(pH 7.4), with the inferior vena cava severed to remove the
blood. The left one-third of the left lobe was immersed in
formalin while the rest was placed immediately in liquid
nitrogen.

Liver histology

Liver sections were stained with hematoxylin-eosin and
analyzed for the presence of fat, polymorphonuclear infil-
tration, and necrotic areas.

Biochemical assays

The following assays were performed using commercial
kits; in plasma: glucose, triacylglycerols (TAG), free fatty
acids, alanine-2-oxoglutarate aminotransferase (ALT)
(Infinity, Thermo Electron Corp., Melbourne, Australia),
adiponectin and TNF-« (R&D Systems, Minneapolis, MN),
and insulin (Crystal Chem. Inc., Downers Grove, IL); in
the liver: TBARS according to Quintanilha et al. [16] and
TAG as above. Total RNA was extracted from the liver
using a kit (Ambion, Austin, TX, Cat. No. 1924) and
purified with Qiagen minicolumns (Qiagen, Valencia, CA;
Cat. No. 74104). RNA quality was assessed using Agilent

2100 bioanalyzer and reagents supplied by the manufac-
turer (Agilent Technologies, Inc., Palo Alto, CA). About
10 pg of total RNA were processed for mRNA expression
using the Affymetrix GeneChip MGU 430 2.0 Array
(Affymetrix, Santa Clara, CA) and Affymetrix technology.
This chip allows testing 42,500 transcripts for their
expression.

Quantitative real-time PCR

The amount of mRNA for 10 randomly selected genes was
measured by quantitative real-time (RT) PCR for five mice
in each group. The Tagman Gold RT-PCR kit (Applied
Biosystems, Inc., Foster City, CA) was used for all of the
reactions and the manufacturer’s protocol for GAPDH
control was followed. For each mouse, 2ug of total RNA
and random hexamer primers were used in the initial
reverse transcription reaction. Each gene was detected by a
revalidated Tagman Gene Expression Assay probe set that
was labeled with 6FAM and the amplification step was
done in triplicate for each gene in two variants: (i) template
and reverse transcriptase present, (ii) no template present,
and (iii) no reverse transcriptase present. The PCR ampli-
fication was analyzed by an iCycler iQ Real-Time
Detection System (BioRad Laboratories, Inc., Hercules,
CA) and the resulting expression ratios were calculated by
the 2-2“" method as described in the Technical Bulletin of
Gene Expression (Applied Biosystems, 2002).

Assay of protein abundance

The total liver protein extraction, gel electrophoresis,
immunoblotting and band visualization were performed
using reagents and technology provided by Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). The following
antibodies were used: GCK (H-88)—sc7908 (Santa Cruz),
EGFR (Cell Signaling Technology, Inc., Cat. No. 2232,
Danvers, MA), and cytochrome P450 reductase (Abcam,
Cat. No. ab13513, Cambridge, MA).

Gene data processing and statistics

Gene data were analyzed with the Affymetrix Microarray
Suite 5.0 algorithm to generate signal value and detection
label. Only genes that generated 5 present calls in each
group (n = 5, in each group, in a one chip—one animal
design) were taken into consideration for further statistics
and classification. Also, a false discovery rate was set at
10% and calculated for all probe sets. The genes whose
expression was changed 1.5-fold or greater in either

@ Springer



4

Hepatol Int (2008) 2:39-49

Fig. 1 Liver sections of
standard diet- (a) and high
carbohydrate diet- (b) fed mice.
Note the normal appearance of
the liver in A and fat
accumulation in B. Note that fat
accumulation in the hepatocyte
has the shape of macrovacuole
(arrows). Magnification: 200x

direction (up or down), in the HCD-fed mice as compared
to the SD-fed mice, were given priority in ascribing a
potential significance. Finally, the comparison between SD
and HCD-fed mice was made on the basis of a P-value of
0.01. A detailed presentation of the gene statistics proce-
dure used in this study was given in an earlier publication
from our laboratory [17].

Results
Body weight

At the end of the feeding period, the body weight of the
HCD-fed mice was 29% greater than that of the SD-fed
mice (P < 0.05). SD-fed mice gained 28% body weight
over the initial time point while the HCD-fed mice gained
65% (P < 0.05; Table 1).

Blood biochemistry
The data in Table 1 show that, at the time of killing, the

HCD-fed animals had increased levels of glucose, choles-
terol, and insulin in plasma. Free fatty acids in plasma were
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significantly lower than in control, SD-fed mice. No sig-
nificant changes were observed in plasma adiponectin,
TNF-a, TAG, and ALT levels.

Liver histology

The histological appearance of the livers was normal in
SD-fed mice while in HCD-fed mice the liver displayed fat
infiltration with no inflammation or necrosis. The fat
infiltration score was estimated to be 60% (3+, according to
the method of Jarveldinen et al. [18] (Fig. la and b).

Liver biochemistry

TAG content in the liver of HCD-fed mice was signifi-
cantly higher (P < 0.001) than in the livers of SD-fed
mice. TBARS were also increased (P < 0.01; Table 1).
All these changes demonstrate that the HCD used in
these experiments induced typical hepatic steatosis and, for
the feeding period employed, the liver did not display
markers of hepatitis (inflammation, necrosis, and others).
Some of these data resemble, in part, the results reported by
Feldstein et al. using HCD feeding [8]. Whether feeding

Table 1 Body weight and
biochemical parameters of the
plasma and liver in SD- and

HCD-fed mice at the end of the
feeding period

* Means + SEM were
calculated for 5 animals in each

group
** The initial body weight was

Parameter/marker Mean + SEM* P
Standard diet HCD
Body weight (g) 30.1 £ 0.3%* 38.8 £ 1.2%* <0.05
Glucose (mM) 9.3 + 0.25 14.0 £ 0.75 <0.001
ALT (mU mL™") 283 £ 3.0 312 £ 29 NS
Free fatty acids (plasma, mEq dL™h 0.50 &+ 0.02 0.33 + 0.021 <0.001
Cholesterol (plasma, mg dL™") 36.4 + 0.86 674 + 2.6 <0.001
Insulin (pg mL™") 582 + 54 2,037 £ 360 <0.001
Triacylglycerols (liver, mg g~ ') 60.2 £ 6.7 1594 £+ 14.6 <0.001
Triacylglycerols (plasma, mg dL.™") 101.0 £ 9.8 929 £ 8.3 NS
TBARS (nmol g~' wet weight) 90.4 £+ 14.5 170.9 £+ 16.8 <0.010
TNF-o (pg mL™") 403 + 134 37.6 + 18.7 NS
Adiponectin (ng mL™") 23.7 + 0.48 232+ 20 NS

2354+ 08 g (n = 10)
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this diet for longer periods of time may lead to NASH
remains to be established.

Liver genomics

A numerical account of the genomics data obtained in our
experiments is given in the self-explanatory diagram of
Fig. 2. Selected genes that underwent a change in expres-
sion of 1.5-fold or more in either direction are presented in
Tables 2 and 3. The genes in Table 2 were classified
according to Bulera et al. [19], with slight modifications
[20]. Also a group of genes was selected and tabulated,
comprising several glutathione S-transferases, because of
their potential participation in the progression of liver
steatosis to NASH (Table 4). Two Tables I and II are
presented in Microsoft Excel as supplementary material.
Table I presents all gene changed by HCD feeding while
Table I contains an expanded listing of genes involved in
carbohydrate and fat metabolism processed using the
DAVID Functional Annotation Chart for gene ontology
(GO) and Kegg.

The QRT-PCR data (Table 5) confirmed changes in
gene expression (for 10 genes in each experimental group)
obtained with microarray technology. Only minor quanti-
tative differences were observed between the two methods.
Such differences are routinely observed in many studies.

Protein abundance

The gel images in Fig. 3 show that three proteins randomly
selected to be tested for their abundance—glucokinase

42449 unique Gene bank IDs

on the chip
21,103 EST in | 64 Affymetrix
the liver 1 quality control sets
23934 transcripts
with known function
11818 transcripts 12116 transcripts
with > 4 P calls with < than 4P calls
in either In either group
1141 genes significant
between the groups at
(P<0.01)
S{1genes 211 genes DOWN-
260 genes UP-regulated | fold > 1.5 in either ?eg.llated
InHCD direction e

Fig. 2 Flow chart of numeric distribution of genes and sequences
detected in the liver. We propose that the number of genes in the dark
ovals should be taken into consideration for future analysis of the
genomics in the experimental model used in this study

(BCO11139.1), cytochrome-P450 oxidoreductase
(NM_008898.1), and Emr4 (AY032690.1; EGF-like mod-
ule containing mucin-like, hormone receptor-like sequence
4)—changed in the same direction as their transcriptome. A
fourth protein, MCP-1 (AF128196.1), tested using both the
Western blot method and ELISA, could not be detected.
This cytokine, however, was not assayed in plasma.
Interpretation of genomic data is mainly based on changes
in transcriptome expression rather than in protein abun-
dance. It is generally assumed that changes in protein
abundance parallels changes in gene expression. However,
if a gene or a set of genes are studied closely, the assess-
ment of their protein products must be performed before
functional significance is ascribed to expression changes.

Discussion

In this study, 471 genes (Fig. 2) were identified whose
expression was changed in the livers of HCD-fed animals.
These genes include the ones that encode the enzymes,
approximately 20, involved in glucose and fructose
metabolism and their conversion to fat [10, 12, 15]
(Table 3 and Table I of supplementary material, and
Fig. 4). The large number of genes that underwent changes
in expression, taken together with the direction of change,
and with the functional diversity they belong to, demon-
strate that fat accumulation in the hepatocyte in HCD-
induced liver steatosis is associated with alterations of a
much wider spectrum of biochemical and molecular pro-
cesses than expected on the basis of the data available thus
far. Such a conclusion could have emerged only from the
large-scale gene profiling data and supports the usefulness
of this tool in unraveling multifaceted mechanisms of
disease.

Importantly, a large number of genes involved in car-
bohydrate conversion to fat were upregulated by the HCD.
A group of genes that are of particular interest for under-
standing potential mechanisms of HCD-induced hepatic
steatosis are presented in Table 3. The data in this table
demonstrate that, as expected, HCD upregulates several
genes directly involved in carbohydrate conversion to fat
[11, 21, 22]. These genes have been displayed within the
context of the metabolic pathways to which they belong
(Fig. 4) in an attempt to facilitate understanding of their
role(s) in HCD-induced liver steatosis. In addition, one
gene, sterol regulatory element-binding protein (SREBP)-
1c, which controls the transcription of genes involved in
fatty acid synthesis [23], and whose transcription is regu-
lated by insulin [24], was upregulated. Another gene,
peroxisome proliferator-activated receptor (PPAR)-c, also
a transcription factor, but encoding enzymes involved in
fatty acid oxidation [25], was likewise upregulated.
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Table 2 Selected genes that underwent 2-fold or higher change in their expression in either direction (up or down) in the liver of HCD-fed mice

as compared to the liver of SD-fed mice

Functional group and gene name Gene bank Fold change Expression*
accession [ ——
code Up Down
Apoptosis
Phosphatidylserine receptor AKO017622.1 2.5 489 + 40
Cell motility
Eps8 (Epidermal growth factor receptor pathway substrate 8 NM_007945 2.0 67 + 12
or EGF receptor kinase substrate 8)
Cell proliferation
Cold inducible RNA binding protein NM_007705.1 2.5 328 £ 19
Channels/Transporters
Amiloride-sensitive cation channel 5, intestinal NM_021370.1 2.4 182 £ 6
Lipocalin 13 (precursor) (retinoid carrier protein) BC027556.1 2.4 256 £+ 24
Complex lipid metabolism
Galactocerebrosidase (galactosylceramidase; precursor) (EC 3.2.1.46). NM_008079.1 3.1 71 £ 6
Cytochromes P450
Cytochrome P450, family 17, subfamily a, polypeptide 1 NM_007809.1 2.6 326 + 23
(catalyzes 17-o hydroxylase and 17,20-lyase activities) (EC 1.14.99.9)
P450 (cytochrome) oxidoreductase (EC 1.6.2.4) NM_008898.1 26 4,896 + 306
Cytokines/Cytokine receptors
Emr4 (EGF-like module containing, mucin-like, hormone receptor like sequence 4) AY032690.1 29 85120
Chemokine (C—C) motif ligand 9 (CCL-9; small inducible cytokine A9; AF128196.1 2.2 2,034 + 130
macrophage inflammatory protein 1-gamma
Chemokine (C—C) motif ligand 2 AF065933.1 10.2 218 + 26
Macrophage inflammatory protein-related protein-2 (MRP-2) NM_011338 22 4,897 £+ 231
Glutathione metabolism
Glutathione S-transferase, u 3 (EC 2.5.1.18) JO3953.1 3.7 5,970 + 490
Glutathione S-transferase, alpha 2 (Yc2) (EC 2.5.1.18) NM_008182 8.3 9,268 + 966
Nucleic acid metabolism
Deoxyribonuclease II alpha (EC 3.1.22.1). A role in DNA degradation in apoptosis. NM_010062.1 34 8,015 + 529
Nucleotide metabolism
Cytidine deaminase (EC 3.5.4.5) AKO008793.1 2.2 475 + 41
Protein metabolism
Ubiquitin specific protease 18 NM_011909.1 2.5 332 £ 27
Serine (or cysteine) proteinase inhibitor, clade B, member la AB030426 3.4 520 + 122
Secretory products
Intestinal trefoil factor (TFF3 precursor) NM_011575.1 4.5 256 £ 36
Signaling/signal transduction
Membrane anchored glycoprotein RECK NM_016678.1 4.5 187 + 23
(inhibitor of tumour invasion, regulator of MMP-9)
Heat shock protein 1 NM_013560.1 2.1 5,538 + 995
Guanine nucleotide binding proptein, alpha 14 NM_008137.1 2.3 187 + 27
Macrophage expressed gene 1 (shares a distant ancestry to perforin) L20315.1 2.5 1,453 +£ 79
Calcium/calmodulin-dependent kinase II gamma (Camk2g) BC025597.1 2.1 133 £ 6
LIM homebox protein 2 (Lhx2) NM_010710.1 2.1 63 £5
Methyl-CpG binding domain protein 1 AKO007371.1 4.5 385 + 37
Retinoic acid early transcript 1, alpha (Rae-1 alpha) NM_009016. 1 35 2,613 £ 460
(early mammalian embryogenesis)
STAT-induced STAT inhibitor-2 mRNA BB244736 2.3 1545 + 87
DNAJ (Hsp40) homolog, subfamily B, member 1(Heat shock 40 kDa protein 1) NM_018808.1 3.7 8175 + 314
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Table 2 continued
Functional group and gene name Gene bank Fold change Expression*
accession e ——
code Up Down
SH3-binding kinase 1 (Sbk) BC025837.1 23 137 £ 9
Inhibin E (INHBE) NM_007945.1 2.7 67 £ 11
Xenobiotic metabolism
Sulfotransferase 1C1 (cytosolic) NM_026935.1 2.1 214 + 19

* Expressed in intensity reading units (Mean &= SEM, for five animals in each group), for the SD-fed mice. To find the absolute value for the high
carbohydrate-diet fed mice, the value given in this column will be multiplied by the value in the column Up or divided by the value in the column
Down. The difference between the two groups with regard to gene expression is significant at P < 0.01. A complete Table I) comprising all 451

genes that underwent changes of 1.5-fold or more is available as supplemental material to this article

Table 3 Selected genes that likely have direct relevance to the biochemical mechanisms underlying HCD-induced fatty liver in the mouse

Functional group and gene name Gene bank Fold change Expression*
accession code Up
Carbohydrate metabolism
Solute carrier family 2 (facilitated glucose transporter, member 5) NM_019741.1 2.7 165 £ 8
Glucokinase (Hexokinase D, EC 2.7.1.1) BC011139.1 24 1,614 £ 202
Phosphoglucomutase 3 (EC 5.4.2.6) AKO013402.1 1.6 492 + 53
UDP-glucose pyrophosphorylase 2 (EC 2.7.7.9) AF424698.1 1.6 10,426 £ 455
Ketohexokinase (EC 2.7.1.3) BC013464.1 1.7 11,278 £ 326
Malic enzyme, supernatant (cytosolic) (EC 1.1.1.40) NM_008615.1 1.8 4,292 + 440
Glucose phosphate isomerase (EC 5.3.1.9) NM_008155.1 1.8 3,742 + 147
Pyruvate dehydrogenase kinase, isoenzyme 4 (EC 2.7.1.99) NM_013743.1 1.8 472 £ 24
Pyruvate dehydrogenase kinase, isoenzyme 1 (EC 2.7.1.99) BC027196.1 1.7 1,261 + 61
Glycerolphosphate dehydrogenase 2, mitochondrial (EC 1.1.1.8) NM_010274.1 1.6 2,412 £ 240
Dihydrolipoamide S-acetyltransferase (E2 component of pyruvate BC026680.1 1.6 1,815 £ 126
dehydrogenase complex) (EC 2.3.1.12)
Glucose 6-phosphate dehydrogenase X-linked (EC 1.1.1.49) NM_008062.1 1.8 265 + 38
Fatty acid and complex lipid metabolism
ATP citrate lyase (EC 4.1.3.8) BI456232 1.9 9,127 £ 1072
Fatty acid desaturase 2 (EC 1.14.99.6) BB430611 1.9 5,419 £ 390
Glycerol-3-phosphate acyltransferase, mitochondrial (EC 2.3.1.15) NM_008149.1 1.9 8,022 £ 395
Monoglyceride lipase (EC 3.1.1.23) NM_011844.2 1.6 2,362 + 128
Peroxisome proliferator-activated receptor alpha BC016892.1 1.7 6,062 £+ 714
Stearoyl-CoA desaturase (EC 1.14.99.5) NM_009127.1 1.9 9,793 £ 1,908
Fatty acid desaturase 2 (Delta-6 desaturase) (EC 1.14.99.5) NM_019699.1 2.5 6,486 + 270
Sterol regulatory element binding factor 1 (SREBP-1) Al326423 1.6 5,679 £ 257
Lipocalin 13 (precursor) (retinoid carrier protein) BC027556.1 2.4 256 + 24
Fatty acid binding protein 5, epidermal BC002008.1 25 3,714 £ 448
Adiponutrin (a triacylglycerol lipase and acylglycerol O-acyltransferase) NM_054088.1 5.6 144 £ 8
(EC 3.1.1.3, and EC 2.3.1.-)
ELOVL family member 6 (elongation of very long chain fatty acids; NM_130450.1 2.4 2,787 £ 185

a lipogenic enzyme regulated by SREBPs)

* Expressed in intensity reading units (Mean = SEM, for five animals in each group), for the SD-fed mice. To find the absolute value for the
high carbohydrate-diet fed mice, the value given in this column should be multiplied by the value in the column Up. The difference between the
two groups with regard to gene expression is significant at P < 0.01. An expanded list of genes involved in carbohydrate and fat metabolism is

given in Table I as supplementary material
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Table 4 Down-regulation of glutathione S-transferases in the liver of
mice fed a high carbohydrate diet

Gene name Access code Change (-fold)
in HCD group

Glutathione J03952.1 Down 1.8
S-transferase u 1

Glutathione BC003903.1 Down 2.0
S-transferase 0 3

Glutathione J03953.1 Down 3.7
S-transferase u 3

Glutathione NM_008182.1 Down 8.0
S-transferase, o 2 (Yc2)

Glutathione NM_010357.1 Down 3.4

S-transferase o 4

Of interest, the vast majority of genes identified in this
study (Tables 2 and 5, and Table I of supplementary
material) cannot be directly linked to the biochemical or
molecular processes leading to fatty liver. Changes in
expression of these genes likely reflect alterations in cel-
lular processes caused by, rather than leading to, hepatic
steatosis. Owing to space limitations, these genes will not
be discussed in any detail.

NASH is thought to evolve through a 2-hit process in
which the first hit is steatosis. The second hit or hits include
multiple factors such as oxidative stress, proinflammatory
cytokines, mitochondrial dysfunction, insulin resistance,
and even industrial exposures [1]. An important issue is
whether the data reported herein provide insights into
genes that may predispose the liver to a “second hit,” thus
leading to NASH. Since no changes in transcriptome
expression of proinflammatory or profibrotic cytokines
(e.g., TNF-o, IL-18, IL-18, TGF-p, and others), classically
thought to mediate liver injury including fibrosis, were
identified in the HCD-fed mouse liver, it seems that these

classic proinflammatory cytokines, at least those secreted
in the liver, may not be critically involved in the early
aspects of this disease. The lack of TNF-o participation in
dietary-induced NASH was recently suggested by Deng
et al. [7], who demonstrated that knocking out the TNF-a
receptor 1 does not prevent NASH induced by force-
feeding a fat-enriched diet. Similar studies by Dela Pena
et al. [26] showed that TNFR1 knockout mice still develop
hepatic steatosis when fed a methionine-restricted, choline-
deficient diet. Moreover, studies in children with NAFLD
demonstrate normal serum TNF but decreased adiponectin
as early events [27]. Our study does show that the tran-
scriptome of two macrophage inflammatory proteins,
MCP-1 and MCP-2 (Table 2), were upregulated, which
may predict potential facilitation of extrahepatic cell
infiltration into the liver and the initiation of inflammation.
Several genes, other than proinflammatory cytokines, may
be considered as plausible candidates for a potential role in
the progression to NASH. One of these is the macrophage-
expressed gene 1 (L20315.1), a relative of perforin (gran-
zyme B), which was upregulated 2.5-fold (Table 2).
Another gene is methyl-CpG-binding domain protein 1
(AK007371.1, known as MBDI), a member of a family of
five mammalian methyl-CpG-recognizing proteins, which
plays a key role in maintaining a transcriptionally inactive
state of methylated promoters [28, 29]. This gene was
downregulated 4.5-fold. Its downregulation may facilitate
expression of genes that otherwise would be in a state of
restricted transcription.

Another group of genes of interest for potential pro-
gression of the steatotic liver to NASH is represented by
glutathione S-transferases (Table 5), which were down-
regulated in the steatotic liver. Downregulation of these
enzymes may lead to a decreased capacity of the liver to
detoxify xenobiotics, thereby increasing the susceptibility

Table 5 Comparison of gene expression changes for control and HCD-fed mice as determined by quantitative RT-PCR and cDNA microarray

Gene code Applied Biosystems Gene name Change in expression
assay identification -
Microarray Q-RT-PCR
AKO003441.1 Mm00614943_m1 Ankyrin repeat and KH Domain containing 1 257 2617
AW489168 Mm00519268_ml Bcl-2 binding component 3 2,17 2.817
AF065933.1 Mm00441242_ml Chemokine (C-C motif) ligand 2 10.2] 2.7]
NM_009998.1 MmO00456591_ml Cytochrome P450, family 2, subfamily b, poly-peptide 10 20.0] ND*
NM_010062.1 Mm00438463_m1 Deoxyribonuclease II alpha 34| 2.1]
NM_018808.1 Mm00444519._m1 DnalJ (HSP40) Homolog, subfamily b, member 1 3.7] 5.8]
NM_007945 MmO00514752_m1 Eps8 (Epidermal growth factor receptor pathway substrate 8) 2.0) 1.8]
NM_008182 MmO00833353_ml Glutathione S-transferase o 2 8.3] 12.5]
U72881.1 MmO00803317_m1 Regulator of G protein signaling 16 737 727
NM_008898.1 Mm00435876_m1 P450 Cytochrome oxidoreductase 26.0) ND#*

* ND, not detected. The relative expression for Q-RT-PCR was normalized to the 18S rRNA copy level. Arrows indicate the direction of change
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Fig. 3 Gel images illustrating the Western blot assay of protein
abundance. The following genes were tested for their protein
abundance: GCK, glucokinase; EGFR, epidermal growth factor-like
module containing mucine-like, hormone receptor-like receptor
sequence 4 (or Emrd); Cyp450 reducatse, and f-actin. Other
abbreviations: SD, standard diet; HCD, high carbohydrate diet. The
following values apply for the HCD-to-SD ratio: GCK, 2.00 £ 0.18;
Cyp450 reductase, 0.16 £ 0.08; EGFR, 1.23 £ 0.28

of the liver to undergo pathologic changes including
necrosis. Such changes may be triggered by chemical
agents from the environment, and there are well-docu-
mented examples of industrial NASH, such as that caused
by petrochemical exposure [30, 31].

[Cro] [one ]

Lastly, the increased circulating levels of both glucose
and insulin recorded in this study suggest the existence of a
certain degree of insulin resistance. These findings raise the
question of whether the steatotic liver induced by HCD
feeding is insulin resistant. The concept of an obligatory
association of the steatotic liver with insulin resistance
has been challenged by experimental and clinical data.
Thus, it has been demonstrated that NASH can occur in the
absence of overt insulin resistance [32—-36]. On the basis of
the data presented in this and other studies, we surmise
that, in the model of hepatic steatosis used in this study,
and at the moment of animal killing, the liver is not insulin
resistant. Thus, (i) the insulin response element-binding
protein (IREBP-1) [37, 38], a target of insulin signal
transduction downstream of the PI-3K/protein kinase B
(Akt) pathway, regulates the expression of many enzymes
involved in carbohydrate conversion to fat; this factor can
only be active in the presence of an intact insulin signaling
cascade, (ii) the enzymes involved in carbohydrate con-
version to fat, including glucokinase (EC 2.7.1.1),
ketohexokinase (EC 2.7.1.3), glucose-6-phosphate dehy-
drogenase (EC 1.1.1.49), and others, were upregulated in
the liver of the mouse model used in our study (Table 3);

llular space

/

¥
Pyruvate

Acetg#-cm RO 3
OxAc*

Mitochondrion

Plasma membrane

Malate
[ NAIDPH
NADP‘H
OxAc
Mal-CoA 6-P-Gluc
Citr & I (PPP)
Acetyl-CoA

Gluc-5P

Cytoplasm

The hepatocyte

Fig. 4 Schematic representation of the metabolic pathways involved
in carbohydrate conversion to fat in the liver. Represented are
glycolysis, part of the citric acid cycle, citrate cleavage enzyme, fatty
acid synthase, fatty acyl-CoA desaturase, pentosephosphate pathway
and triacylglycerol synthesis. The following nonstandard abbrevia-
tions are used: Fru, fructose; Gluc, glucose; Fru-1P, fructose 1-
phosphate; Gluc-6-P, glucose 6-phosphate; TrP, triosephosphates;
OxAc, oxaloacetate; Citr, citrate; Mal, malonyl-; CAC, citric acid
cycle; Facyl-, fatty acyl; -(C=C)—, monounsaturated, long-chain fatty
acid; TAG, triacylglycerol, PPP, pentosephosphate pathway. Red
triangles denote enzymes or other proteins whose gene expression
was upregulated at least 1.5-fold, and they are as follows: I, glucose
transporter 5; 2, ketohexokinase; 3, glucokinase; 4, components of

pyruvate dehydrogenase complex (pyruvate dehydrogenase kinase
isoenzymes); 5, citrate cleavage enzyme; 6, glucose 6-phosphate
dehydrogenase; 7, stearoyl (fatty acyl)-CoA desaturase; 8, acylglyc-
erol O-acyltransferase; 9, malic enzyme (cytosolic and NADP-
dependent). The pentosephosphate pathway (PPP) is represented here
at the lower right side of the figure by the reaction catalyzed by
glucose 6-phosphate dehydrogenase, which was upregulated in HCD-
fed animals. Genes encoding enzymes involved in fatty acid f-
oxidation, a pathway that may contribute to triacylglycerol accumu-
lation in the liver, were not found to be changed. Also, some of the
genes listed in Table 4 are not represented in the figure in order to
keep a certain degree of simplicity. Enzyme classification (EC) for the
enzymes in the map is given in Table 3
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such an upregulation could not be accomplished otherwise
than through an adequate response of the liver cells to
insulin, (iii) nonenzymatic factors involved in lipid syn-
thesis, such as SREBP-1, are also under the control of
insulin [24, 39]; the expression of this factor that, in turn,
controls several major enzymes involved in fatty acid
synthesis [40], was upregulated 1.6-fold (Table 3). Taken
together, the gene expression data of this and of cited
studies are not compatible with an insulin-resistant liver
during the phase of NAFLD in which our animals were
killed. Further research is required to study the evolution of
the fatty liver, including potential progression to steato-
hepatitis, in the model used in this study.

In conclusion, our study (i) demonstrates the usefulness
of the mouse model of HCD-induced hepatic steatosis for
the study of the fatty liver of nutritional origin, (ii)
emphasizes the importance of using large-scale gene pro-
filing of the liver in identifying potential causes and
understanding the mechanisms underlying the disease, and
(iii) offers a database for further investigation of the
mechanisms underlying the hepatic steatosis of dietary
origin and its potential progression to NASH.
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