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Abstract

Objectives We have attempted to upgrade and validate an
in-house cDNA microarray system developed by our group
for the evaluation of chemical toxicity.

Methods To establish an in-house microarray, we selec-
ted genes that play pivotal roles in detoxifying exogenous
substances and maintaining homeostasis in the liver. To
validate the system, we examined gene expression profiles
in mouse liver following treatment with different doses of
carbon tetrachloride (CCly). The data were also analyzed
by pathway analysis tools.

Results We upgraded our array system by collecting
genes that are responsive to xenobiotic receptors, apopto-
sis-related genes, and stress-responsive genes. The acute
toxicity of CCl, was confirmed by elevated levels of serum
transaminase and histopathological findings. The micro-
array data showed the CCl, treatment induced significant
changes in gene expression in the mouse liver, and the
ingenuity pathways analysis revealed alterations in gene
expression in inflammation-related networks.

Conclusions We have established a focused microarray
system that may be useful for use in toxicogenomics
studies. Using this array system, we gained insight into the
mechanisms by which CCl, exerts its toxic effects. The
results of our study also indicate that the combination of
focused arrays and bioinformatics tools is helpful in the
mechanistic analysis of chemical toxicity.
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Abbreviations

AhR Aryl hydrocarbon receptor

CAR  Constitutive androstane receptor

PPAR  Peroxisome proliferator-activated receptor
PXR Pregnane X receptor

SAGE Serial analysis of gene expression
Introduction

A considerable body of evidence supports the ability of
DNA microarrays to monitor simultaneously the expres-
sion of thousands of genes [1]. One of the advantages of
microarrays is that they enable a comprehensive analysis of
gene responses under specific conditions, thereby revealing
gene networks and providing useful clues on their mech-
anisms of interest [2]. Although large-scale and whole
transcriptome analyses are initially necessary to identify
the diagnostic gene set, once these diagnostic sets of
indicator transcripts have been identified, focused array
systems may enable detailed analyses [3]. Thus, gene
expression analysis using focused microarrays is attracting
increasing attention in the toxicology field.

Carbon tetrachloride (CCly) is a highly toxic chemical
agent, and the hepatotoxicity of CCl, has been a long-term
focus of toxicological studies [4, 5]. Acute toxicity by CCly
results in liver steatosis and centrilobular necrosis, while
the chronic effects of CCl; exposure include cirrhosis,
fibrosis, and carcinogenicity [6, 7]. To date, CCls-induced
hepatotoxicity has been extensively studied in animal
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models, and changes in biochemical pathways and gene
expression analysis during toxic insults have been explored
[8, 9].

The liver is the first significant site of chemical exposure
and the major site of xenobiotic metabolism. In an earlier
publication, we reported our development of a customized
DNA microarray of 355 transcripts, which we designated
the mouse Liver Stress Array ver. 1.0 [10]. To establish this
array system, we selected liver-related genes based on the
liver transcriptome as revealed by serial analysis of gene
expression (SAGE) in order to eliminate liver-unrelated
genes and facilitate the efficient detection of the signals
[10, 11]. In the study reported here, we upgraded this array
system by including genes important in detoxifying exog-
enous substances and sensing homeostasis in the liver.
Using our upgraded focused array system, we have inves-
tigated the mechanism by which CCl; may exert its toxic
effects. In particular, using bioinformatics tools, our aim
was to clarify the biochemical networks that are affected by
CCl, intoxication.

Materials and methods
Reagents

CCl, was purchased from Wako Pure Chemicals (Osaka,
Japan). The RNAlater solution, Oligotex-dT30 mRNA
Purification kit, and SYBR Green PCR Master Mix were
obtained from Takara (Osaka, Japan). The Trizol reagent
was purchased from Invitrogen (Carlsbad, CA), the
Superscript III Reverse Transcriptase (RT) and mouse
Cot-1 DNA were from Life Technologies (Rockville, MD),
the fluorescent nucleotide Cy5- and Cy3-deoxyuridine
triphosphates (dUTPs) were from PerkinElmer (Boston,
MA), the QIAquick Purification kit was from Qiagen
(Valencia, CA), and the yeast tRNA and poly(dA) polymer
were from Sigma—Aldrich (St. Louis, MO).

cDNA microarray system

Our upgraded cDNA microarray, the mouse Liver Stress
Array ver. 2.0, contains 399 cDNAs and was constructed in
collaboration with Kaken Geneqs (Chiba, Japan). The
mouse Liver Stress Array ver. 1.0 comprised a total of 355
individual transcripts and contained major liver-related
proteins based on the liver transcriptome, cDNAs encoding
drug metabolism, and inflammation-related proteins [10,
11]. To upgrade our microarray system, we selected genes
whose expressions are reported to be affected by known
toxicants, namely, responsive-genes of the xenobiotic
receptors, stress-responsive genes, and apoptosis-related
genes. The list of genes selected to upgrade ver. 1.0 is
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presented in Table 1. The complete list of the transcripts in
ver. 2.0 is available at http://www.med.u-toyama.ac.jp/
pubhlth/index.html. The PCR products confirmed by
sequencing were purified by ethanol precipitation, re-sus-
pended in spotting buffer, and spotted onto amino silane-
coated glass slides using a modified, robotic DNA arrayer
(Kaken Geneqs). Each ¢cDNA clone was spotted four or
five times onto each slide.

Animals and treatment procedures

Six-week-old male C57BL/6]J mice (Sakyo Laboratory,
Toyama, Japan) were used throughout this study. The mice
were housed in the animal center at University of Toyama
under specific pathogen-free conditions, at a constant
temperature and under a 12/12-h light/dark cycle. All
animal procedures were carried out in accordance with our
institutional guidelines. The mice were acclimated for
1 week prior to use. After acclimation, animals were ran-
domly assigned to five groups (n = 5 each): a control
group and four treatment groups. The indicated doses of
CCly dissolved in corn oil (2% v/v) were administered into
the peritoneal cavity of the mice. Control animals received
an equal volume of corn oil only. At 8 h post-injection, the
mice were killed and their livers removed for pathological
examination and gene expression analysis.

Measurement of serum transaminases

Blood samples were immediately collected in tubes, kept at
room temperature for 1 h, and centrifuged at 1000 g for
10 min to obtain serum. Serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) activities were
measured using a Transaminase CII-Test kit (Wako Pure
Chemicals) according to the manufacturer’s protocol.

Histopathological examination

The liver was immediately removed and cross-sectioned
into small pieces. Each piece was fixed in 10% buffered
formalin, dehydrated through a graded ethyl alcohol series,
and embedded in paraffin. Four micrometer-thick sections
were stained with hematoxylin/eosin (H/E). Histopatholo-
gical assessment of the H/E-stained sections was performed
under a light microscope.

RNA isolation and microarray hybridization

RNA isolation and microarray hybridization were performed
as described previously [10]. Briefly, the dissected liver was
immediately soaked in RNAlater solution to prevent RNA
degradation. Total RNA was isolated from the liver using
Trizol reagent, from which mRNA was enriched using the
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Oligotex-dT30 mRNA Purification kit. Fluorescent-labeled
cDNA probes were constructed from 1-pg aliquots of mRNA
samples by oligo(dT)-primed reverse transcription using
Superscript III RT. The fluorescent nucleotide Cy5- and
Cy3-deoxyuridine triphosphates (dUTPs) were used to label
the cDNA of the experimental and reference tissue, respec-
tively. The probes were purified using the QIAquick Puri-
fication kit. The blocking reagents, 20 pg of yeast tRNA,
20 pg of poly(dA) polymer, and 20 pg of mouse Cot-1
DNA, were added to the probes. Hybridization was per-
formed at 65°C for 16 h in a hybridization cassette (Kaken
Geneqs). After washing, the slides were dried and subjected
to image processing. A twofold change in gene expression
was used as the cut-off threshold. The analysis was repeated
in two independent experiments. The data were further
analyzed using GeneSpring software (Silicon Genetics,
Redwood City, CA) to extract the significant genes.

Ingenuity pathways analysis

To examine the gene ontology, including biological pro-
cesses, cellular components, molecular functions, and
genetic networks, we analyzed the data using Ingenuity
Pathways Analysis (IPA) tools (Ingenuity Systems, Moun-
tain View, CA; http://www.ingenuity.com/index.html), a
web-delivered application that enables the discovery,
visualization, and exploration of molecular interaction
networks in gene-expression data. The gene lists identified
by GeneSpring and natural legalism were uploaded into the
IPA system. Differentially expressed genes that were
associated with a canonical pathway in the Ingenuity
Pathways Knowledge Base were considered for evaluation.
The IPA computes a score for each network according to the
fit of the user’s set of significant genes of interest. The score
is derived from a p value and indicates the likelihood of the
selected genes being found together in a network because of
random chance.

Statistical analysis

All comparisons were made by analysis of variance with
Scheffe’s post hoc test. All calculations and analyses were
performed using Stat-View software (SAS Institute, Cary,

NC). P values of less than 0.05 were considered statisti-
cally significant.

Results
Upgrading our in-house cDNA microarray system

In an earlier publication, we reported our development of
an in-house cDNA microarray system, the mouse Liver

Stress Array ver. 1.0, which contained 355 unique genes
[10]. To upgrade this array system (ver. 2.0), we selected
genes that were absent from the ver. 1.0 array but are
known to be important in toxicogenomics (Table 1).

Xenobiotics may accumulate to toxic levels unless they
are properly metabolized and eliminated. It is well estab-
lished that xenobiotic receptors play a pivotal role in the
induction of genes involved in the detoxification process.
At least four receptors are involved: the peroxisome pro-
liferator-activated receptor (PPAR) o, the aryl hydrocarbon
receptor (AhR), the pregnane X receptor (PXR), and the
constitutive androstane receptor (CAR) [12]. We included
the genes responsive to these receptors that were absent in
the ver. 1.0 microarray.

Cellular responses to stress involve a number of defen-
sive processes aimed at minimizing cell damage and
redressing the balance of homeostasis [3]. In addition,
toxicity is commonly manifested as apoptosis [3]. We
selected known stress-responsive genes and apoptosis-
related genes. Several chemicals can affect cell growth and
induce oxidative stress and DNA damage [13]. Therefore,
we included cell cycle-related genes, oxidative stress-
responsive genes, and DNA damage-inducible genes. The
final array contained 399 individual transcripts. The com-
plete list of the transcripts in ver. 2.0 is available at
http://www.med.u-toyama.ac.jp/pubhlth/index.html.

Clinical chemistry and histopathology

CCl, has been widely used in animal models to investi-
gate chemical toxin-induced liver damage [5, 6, 9]. To
validate our microarray system, we used CCl, as a typical
hepatotoxicant. CCl, was administered intra-peritoneally
to the mice in the treatment groups at a dose of 1, 10,
100, or 1000 pl/kg (corresponding to 1.5, 15, 150 or
1500 mg/kg, respectively). Mice were killed 8 h post-
injection. The acute toxicity of CCl, was first evaluated
by serum AST and ALT activities. Treatment with 1 or
10 pl/kg CCl, was found not to affect serum transaminase
activities, but that with 100 or 1000 pl/kg CCl, signifi-
cantly elevated the activities compared with vehicle
control (Fig. 1a).

The livers of vehicle-treated and CCly-treated mice were
examined histopathologically (Fig. 1b). Histological anal-
ysis principally corroborated the biochemical findings. In
general, liver sections from vehicle- and 1 pl/kg CCly-
treated mice showed normal morphology, those from
10 ul/kg CCly-treated mice showed minimal fatty change,
and those from mice treated with 100 or 1000 pl/kg CCly
showed fatty degeneration and some degree of necrosis
(Fig. 1b). In particular, the livers of 1000 pl/kg CCl,-
treated mice showed prominent necrotizing damage.

@ Springer
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Fig. 1 a Effect of carbon tetrachloride (CCl,) treatment on serum p-

aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
levels. Serum AST (white bars) and ALT (black bars) were
determined as described in the Materials and methods. Values
represent the mean =+ standard error of the mean (SEM). *p < 0.05
versus vehicle control. b Paraffin-embedded liver sections were
stained with hematoxylin—eosin. Original magnification 100x

Gene expression changes revealed by an in-house
cDNA microarray

The list of genes that showed at least twofold expression
changes at any given dose is available at http://www.med.
u-toyama.ac.jp/pubhlth/index.html. Although the 1 pl/kg
CCl, treatment did not affect serum transaminase levels
and the histological findings, the expressions of several
genes were changed even at this low dose. Hierarchical
cluster analysis was employed to cluster the responses to
each dose, and the gene responses were clustered according
to the fold change (Fig. 2).

Figure 3 presents the dose—response changes of the
certain up-regulated genes. The dose-response changes of
each gene differed from each other. The most dramatically
up-regulated gene was oxidative stress-induced protein
(OSP; 27.2-fold up-regulation after 1000 pl/kg CCly
treatment) followed by DNA-damage inducible transcript
3 (Ddit3; 15.4-fold up-regulation after 100 pl/kg CCly
treatment).

Ingenuity pathways analysis

Pathway analysis technology enables the mapping of
gene expression data into relevant pathway maps based
on their functional annotation and known molecular
interactions. After the complete analysis set had been
imported into IPA for canonical pathway analysis, we
were able to obtain useful information on the molecular
interaction networks. Figure 4a shows the most signifi-
cant network constructed from genes that were up-reg-
ulated after the CCl, treatment. The results show that
tumor necrosis factor alpha (TNF-«) plays a central role
in related pathway alterations and that these pathways
are highly activated after CCly treatment (Fig. 4a). The
pathway that showed the second highest IPA score was
the transforming growth factor beta (TGF-f)-related
network (Fig. 4b).

Discussion

Expression profiling is one of the most advanced transcri-
ptomics techniques to monitor and assess chemical toxic-
ity. Toxicogenomics has its origins in the technologies
related to transcriptional profiling, and an essential tool in

@ Springer

A 250
|:| AST
200 |~ * *
. ALT
S 150 |-
z
e
S 100 |- *
< *
50
Control 1 10 100 1000
CCl4 dose (ul/kg)
B
Control
CCls 1 uL/kg

CCls 10 uL/kg

CCl4 100 pL/kg

CCls 1000 uL/kg

this field is DNA microarray technology. Promising
developments in this technique include tailor-made
microarray systems specifically addressing the endpoints
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Fig. 2 Cluster analysis of gene expression profiles after treatment p

with CCly. Gene expression profiles represent up-regulated genes
(red) and down-regulated genes (green) after treatment with CCly.
Increasing red intensity denotes genes whose expression increased
with respect to vehicle, and green intensity denotes genes that
decreased in expression with respect to vehicle. Each row denotes a
single gene and each column represents an individual dose. The color
scale shown indicates the ratios of the signal for CCly (Cy5 signal,
red) to that for the vehicle (Cy3 signal, green) (color figure online)

and mechanisms of interest. We report here the results of
our analysis of gene expression profiles based on an
in-house cDNA microarray system that contains genes
selected to facilitate a toxicogenomics approach. Using
bioinformatics tools, we also attempted to identify the
pathways affected by CCly toxicity.

Our results show that gene expression analysis is sen-
sitive enough to detect early organ damage, even though
there were no remarkable changes in the serum chemistry
parameters or histopathological findings. We found sig-
nificant differences in AST and ALT activities between
the 1 or 10 ul/kg CCl, treatment and the 100 or 1000 pl/
kg CCly treatment (Fig. 1). Consistent with this observa-
tion, the up-regulation of several genes, including OSP
(oxidative stress-induced protein), Ddit 3 (DNA-damage
inducible transcript 3), Gadd45a (growth arrest and DNA-
damage-inducible 45 alpha), and Fth (ferritin heavy
chain), were observed only following the 100 and
1000 pl/kg CCly treatments (Fig. 3). We found no sig-
nificant differences in serum transaminase activities bet-
ween the groups of mice treated with 100 and 1000 pl/kg
CCl; (Fig. la). Although the overall changes in gene
expressions paralleled each other at these two doses
(Fig. 2), the expression levels of several genes, such as
fatty acid binding protein 1 (Fabpl) and aldehyde dehy-
drogenase family 3, subfamily A2 (Aldh3a2), were sig-
nificantly down-regulated at 1000 pl/kg, suggesting that
the repression of these genes may reflect severe liver
damage.

The number of genes whose expression levels were
altered at least twofold by the CCl, treatment did not
depend on the strength of the injection doses. One reason
for this effect may be that our system is a focused array but
not one aimed at genome-wide transcript profiling. We
especially selected genes to detect early cellular responses
to stress, such as those involving a number of defensive
processes to protect the cells against deleterious effects.
We chose a twofold change to be the cut-off for differential
expression, and approximately 48% of spotted genes
reached this threshold. If we had chosen a 1.5-fold change
as the cut-off, as in previous studies [14, 15], approxi-
mately 95% of the spotted genes would have been differ-
entially expressed. Thus, the focused array system
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presented in this study efficiently detected gene expression
changes and also evolved into a technically simple, low-
cost assay.
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Fig. 3 Dose-response changes 30
of the certain genes that showed
at least a two-fold up-regulation 25+

at any given dose. OSP
oxidative stress-induced protein,
Ddit3 DNA-damage inducible
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In addition to identifying target genes, transcriptional
profiling can also provide additional mechanistic informa-
tion on the molecular responses of cells to chemical
exposure. An important potential of molecular profiling is
the development of fingerprints of cellular responses. The
process of overlaying microarray data onto biological
networks is commonly known as pathway mapping. These
networks describe the functional relationships between
gene products based on known interactions reported in the
literature. Our pathway analysis showed that acute CCly
toxicity significantly activated gene expression in TNF-o-
related networks (Fig. 4a). The pathway that obtained the
second highest score was that involving TGF-f-related
networks (Fig. 4b).

Cells are activated and secrete inflammatory products
in response to tissue damage. In addition to its metabolic
functions, the liver is known to be involved in inflam-
mation and immune responses [16]. Although hepatocytes
comprise approximately two-thirds of liver cells, other
cell types are present, such as biliary epithelial cells,
sinusoidal endothelial cells, Kupffer cells, stellate cells,
dendritic cells, and lymphocytes. Kupffer cells and lym-
phocytes are particularly involved in the hepatic immune
response. Kupffer cell-derived cytokines, such as inter-
leukin (IL)-1f, IL-6, TNF-o, and leukotrienes, promote
infiltration and the antimicrobial activity of neutrophils
[17]. TNF-o0 is known to be a central regulator that
facilitates tissue repair by stimulating apoptosis and cell
proliferation; it also exacerbates cell damage by initiating
an inflammatory process [18]. TNF-o is responsible for
the activation of nuclear transcription factors, including
activator protein (AP)-1, nuclear factor-kappaB (NF-xB),
and signal transducer and activator of transcription
(STAT)-3 [19]. As a result, the induction of inflammatory
cytokines and of the C-C and C-X-C families of che-
mokines occurs sequentially through a complex series of
events. This results in the recruitment and activation
of neutrophils and monocytes into the damaged site.
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A previous study showed that the level of TNF-a rises
consistently during CCl-induced liver toxicity [20],
which provides additional validation of our IPA data
showing that a TNF-a-related pathway was activated by
exposure to CCly.

The toxic effect of CCly on hepatocytes is due to its
metabolic conversion by the NADPH-cytochrome P450
metabolizing enzyme system to the highly reactive free
radical CCl; [7]. Free radicals cause the peroxidation of
polyenoic lipids and the generation of secondary free
radicals derived from these lipids. This destructive lipid
peroxidation leads to a breakdown of membrane structure
and function [21-23]. Thus, treatment with CCl, provokes
oxidative stress, which is a known inducer of the pro-
fibrogenic cytokine TGF-f [24, 25]. TGF-f is known to
play a key role in transforming quiescent hepatic stellate
cells into activated cells to produce collagen, which
eventually results in hepatic fibrosis [26]. Interestingly,
TNF-o is also an important activator of hepatic stellate
cells in the course of hepatic fibrogenesis [26, 27]. Thus,
the overall effect of this complex series of events would
be additional cellular damage that would eventually lead
to liver fibrosis.

In summary, our gene expression profiling has pro-
vided insights into the mechanisms by which CCly exerts
its toxic effects. In response to the injury associated with
CCly, a variety of cellular pathways is activated to
maintain cellular integrity and to protect the cells against
deleterious effects. In particular, CCl-induced liver
toxicity may be provoked by the activation of proin-
flammatory signaling and, possibly, paracrine and/or
autocrine signaling pathways involving more than one
hepatic cell type may underlie its deleterious effect. Our
study also suggests that selecting appropriate genes for
microarrays and statistical evaluation of the selected
genes related to signaling pathways can provide useful
information for mechanistic analyses of chemical
toxicity.
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Fig. 4 Ingenuity pathway A
analysis of gene expression.
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