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Gene expression profiling is expected to identify the mechanisms that underlie the potential
toxicity of chemicals. This technology has also been applied to identify biomarkers of toxicity
to predict potential hazardous chemicals. Ultimately, toxicogenomics is expected to aid in risk
assessment. The following discussion explores potential applications and features of the

Japanese Toxicogenomics Project.
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1 Introduction

Today, in the post-genomic era, there have been remarkable
advances in the technology of drug development. Drug
development in the previous century was usually based on
screening the effects of chemicals in model animals with
artificially created diseases; subsequently, it sometimes
happened that an excellent drug was produced not for
humans, but for rats. In recent years, however, it has been
possible to start the development process by targeting
disease-related genes whose molecular functions are well
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elucidated, and indeed, human genes are always available.
Therefore, it is now easy to select a chemical that is effective
on the human molecule on at least the in vitro level. Even
with this advantage, many candidate drugs have been
eliminated because of toxicity that could not be found in pre-
clinical tests in the early stage of drug development; rather,
the toxicity became apparent at the later stage of drug
development, such as during long-term toxicity studies for
animal models and after several stages of clinical trials [1].
In extreme cases, serious adverse effects emerge even after
the drugs are widely distributed on the world market. A top
priority should be the solution of this paradox; i.e. how to
predict “unpredictable” toxicity. The response of the
organism to the toxicant that subsequently causes patholo-
gical changes in certain organs with a low dose should be
detectable as changes in the expression of genes, protein
synthesis, and metabolism. Of these changes, the expression
of genes, or the amount of mRNA, is the most sensitive
measure and one of the largest advantages in the technology
of genomics. Therefore, toxicogenomics, which enables us
to comprehensively analyze gene expression changes caused
by an external stimulus in a specific organ, is considered to
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be one of the most powerful strategies. In particular, the
identification of predictive biomarkers for drug-induced
toxicity at or before the pre-clinical stages of drug develop-
ment is of great importance to pharmaceutical companies.

2 Current status of worldwide
toxicogenomics database creation

To appropriately interpret the microarray data, it is desirable
to perform comparative analyses with data obtained from
prototypical toxicants. Moreover, toxicogenomics studies are
built on standard toxicology studies, and one goal of toxi-
cogenomics is to detect relationships between changes in
gene expression and toxicological end-point data, such as
histopathology, clinical chemistry, and other toxicity data.
Therefore, a large-scale, high-quality, and well-designed
toxicogenomics database of gene expression information
and standard toxicological data are essential. Several public
toxicogenomic database efforts have been initiated, such as
Gene Expression Omnibus (2, 3] (GEO; National Center for
Biotechnology Information, National Institutes of Health;
www.ncbinlm.nih.gov/geo), ArrayExpress [4, 5] (European
Bioinformatics Institute; www.ebi.ac.uk/microarray-as/ae/),
Center for Information Biology Gene Expression [6] (CIBEX;
DNA Data Bank of Japan, National Institute of Genetics;
http://cibex.nig.ac.jp/), EDGE (McArdle Laboratory for
Cancer Research [7], University of Wisconsin-Madison;
http://edge.oncology.wisc.edu/edge3.php), Chemical Effects
in Biological Systems [8] (CEBS; National Institute of
Environmental Health Sciences; http://cebs.niehs.nih.gov/
cebs-browser/), dbZach [9] (Department of Biochemistry &
Molecular Biology, Michigan State University; http://
dbzach.fstmsu.edu), and Comparative Toxicogenomics
Database [10, 11] (CTD; Mount Desert Island Biological
Laboratory; http://ctd. mdibl.org).

In addition to these public microarray databases, public
consortia provide a forum to address questions requiring
more resources than one organization alone could provide
and to engage many sectors of the scientific community.
InnoMed PredTox [12] is a joint Industry and European
Commission collaboration to improve drug safety. The
consortium is a collaborative project of 15 research groups
from 12 pharmaceutical companies, three academic institu-
tions and two technology providers. The goal of this consor-
tium is to assess the value of combining results from “omics”
technologies (transcriptomics, proteomics, metabolomics)
with results from more conventional toxicology methods for
more informed decision making in pre-clinical safety evalua-
tion. Genedata (http://www.genedata.com/), a company that
offers expertise in research informatics combined with open
and scalable computational solutions, has provided the
computational infrastructure for InnoMed PredTox, in parti-
cular the software for data management and analysis.

The Liver Toxicity Biomarker Study [13] is a collaborative
pre-clinical research effort in molecular systems toxicology
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between the National Center for Toxicological Research and
BG Medicine and it is supported by seven pharmaceutical
companies and three technology providers. The Liver Toxi-
city Biomarker Study is an innovative approach to investi-
gate drug-induced liver injury because it compares
molecular events produced in vivo by compound pairs that
(i) are similar in structure and mechanism of action, (ii) are
associated with few or no signs of liver toxicity in pre-clinical
studies, and (iii) show marked differences in hepatotoxic
potential.

In Japan, the Toxicogenomics Project (TGP) has estab-
lished a large-scale toxicogenomics database known as TG-
GATEs [Genomics-Assisted Toxicity Evaluation System
developed by the TGP in Japan]. Several genomic candidate
Dbiomarkers to predict the toxicity of chemicals have been
successfully identified by using our database. The work and
results reviewed here focuses on our efforts in toxicoge-
nomics research and highlights recent progress in the
application of toxicogenomics.

3 The TGP in Japan

3.1 Features of the project

The Ministry of Health, Labour and Welfare, National
Institute of Health Sciences (NIHS), and the working
group of Japan Pharmaceutical Manufacturers Association
planned the TGP, a collaborative project of the government
and private companies. The TGP was a S5-year project
(2002-2007) performed by National Institute of Health -
Sciences, 15 pharmaceutical companies (Astellas, Chugai,
Daiichi, Dainippon-Sumitomo, Eisai, Kissei, Mitsubishi,
Mochida, Ono, Otsuka, Sankyo, Sanwa, Shionogi, Takeda,
Tanabe) and the National Institute Biomedical Innovation
(NIBIO), which was the core institute where the actual
work was performed. Half of the budget was provided by a
grant from the Ministry of Health, Labour and Welfare,
and the other half was provided by the pharmaceutical
companies.

The primary goal of the TGP was to create a gene
expression database by using the Affymetrix GeneChip® of
150 chemicals, mainly medical drugs (Table 1), and the
main target organ was the liver. Most clinically serious
adverse effects occur in the liver, and the cell-type compo-
sition of the liver is relatively homogenous; thus, the
expected variation based on sampling differences would be
minimal. For these reasons, the liver was selected as the
target organ to accumulate know-how regarding the toxico-
genomics technique. Nephrotoxicity was also considered to
be important; therefore, the kidney, in addition to the liver,
was sampled for microarray analysis and pathologically
examined in all the animals.

The TGP was completed in 2007. The entire system
consists of a database, an analysis system, and a prediction
system and is named as TG-Genomics-Assisted Toxicity
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Table 1. Chemicals selected (in total 150 compounds) in TGP
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Acetaminophen
Acetazolamide

Ajmaline

Allopurinol

Allyl alcohol

Alpha-naphthyl isothiocyanate
Amiodarone hydrochloride
Amitriptyline hydrochioride
Aspirin

Azathioprine

Bendazac

Benzbromarone
Benziodarone
Bromobenzene

Bucetin

Caffeine

Captopril

Carbamazepine

Carbon tetrachloride
Carboplatin

Cephalothin sodium
Chloramphenicol
Chlormadinone acetate
Chlormezanone
Chlorpromazine Hydrochloride
Chlorpropamide

Cimetidine

Ciprofloxacin hydrochioride
Cisplatin

Clofibrate

Clomipramine hydrochloride
Colchicine

Coumarin
Cyclophosphamide monohydrate
Cyclosporine A

Danazol

Dantrolene sodium Hemiheptahydrate

Diazepam

Diclofenac sodium
Diltiazem hydrochloride
Disopyramide
Disulfiram
DL-ethionine

Doxepin hydrochloride

Doxorubicin hydrochloride
D-Penicillamine

Enalapril maleate
Erythromycin ethylsuccinate
Ethambutol dihydrochloride
Ethanol

Ethionamide

Etoposide

Famotidine

Fenofibrate

Fluphenazine dihydrochloride
Flutamide

Furosemide

Gemfibrozil -

Gentamicin sulfate
Glibenclamide

Griseofulvin

Haloperidol
Hexachlorobenzene
Hydroxyzine dihydrochloride
Ibuprofen

Imipramine hydrochloride
Indomethacin

Iproniazid phosphate
Isoniazid 1
Ketoconazole

Labetalol hydrochloride
Lomustine

Lornoxicam

Mefenamic acid

Meloxicam

Metformin hydrochloride
Methapyrilene hydrochloride
Methimazole

Methotrexate

Methyldopa
Methyltestosterone
Mexiletine hydrochloride
Monocrotaline

Moxisylyte hydrochloride
Naproxen

Nicotinic acid

Nifedipine

Nimesulide

Nitrofurantoin
Nitrofurazone
N-nitrosodiethylamine
N-phenylanthranilic acid
Omeprazole

Papaverine hydrochioride
Pemoline

Perhexiline maleate
Phenacetin

Phenaobarbital sodium
Phenylbutazone

Phenytoin

Promethazine hydrochloride
Propylthiouracil
Puromycin aminonucleoside
Quinidine sulfate
Ranitidine hydrochloride
Rifampicin

Simvastatin

Sodium valproate
Sulfasalazine

Sulindac

Tacrine hydrochloride
Tamoxifen citrate

Tannic acid

Terbinafine hydrochloride
Tetracycline hydrochloride
Theophylline
Thioacetamide
Thioridazine hydrochloride
Ticlopidine hydrochloride
Tiopronin

Tolbutamide

Triamterene

Triazolam

Trimethadione
Vancomycin hydrochloride
Vitamin A

WY-14,643
(+)-Chlorpheniramine maleate
(+)-Sulpiride
17-alpha-Ethinyl estradiol
2-Acetamidofliuorene
2-Bromoethylamine hydrobromide

Drug candidates supplied from the member companies, which were withdrawn in various stages of drug development, were excluded.

Evaluation System. The database will be available to the
public in the near future.

3.2 Contents of the database

Our standard study protocol is summarized in Table 2.

In vivo study: The rat was selected as the species for
analysis. Rats were very frequently used in non-clinical
examinations, and toxicological information for the rat has
been accumulated. Both a single-dose study, consisting of
multiple time points with multiple dose levels, and a repe-
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ated-dose study, consisting of multiple dose periods with
multiple dose levels, were performed. Data obtained from
each animal included body weight, general symptoms,
hematology, blood biochemistry, organ weight, and a
histopathological examination of the liver and kidney. Gene
expression in the liver and kidney was comprehensively
analyzed by using Affymetrix GeneChip® arrays.

In vitro study: A modified two-step collagenase perfusion
method was used to isolate liver cells from 6-week-old male
Sprague-Dawley rats. A comprehensive gene expression
analysis was performed on the primary cultured cells at
multiple time points after treatment with various concen-
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Table 2. The standard study protocol in TGP

In vivo
Animal Sprague-Dawley rat (6 wk old, N =5 for each
group)
Vehicle 0.5% Methylcellulose or corn oil {oral dose)
Saline or 5% glucose solution (intravenous
dose)
Dose Low, middle, and high {mainly 1:3:10)
Route Oral {intravenous in a few cases)
Sacrifice 3, 6,9, and 24 h after a single administration
24 h after the last dose of repeated
administration for 3, 7, 14 and 28 days
Sampling Liver, kidney, and plasma
Microarray Affymetrix GeneChip (N =3 for each group)
analysis
ltems Histopathology: liver and kidney

examined Body weight, organ weight (liver and
kidney), food consumption, hematology,
and blood biochemistry

In vitro: rat

Animal Sprague-Dawley rat (6 weeks old)
Cell Hepatocyte isolated by collagenase.
" digestion
Vehicle Culture medium or DMSO
Concentration Low, middle, high (1:5:25)
Treatment 2,8, 24h
Microarray Duplicate
analysis
ltems - Cell viability (LDH release and DNA contents)
examined

In vitro: human

Cell Human frozen hepatocytes

Vehicle Culture medium or DMSO

Concentration Low, middle, and high {1:5:25, low is omitted
in some cases)

Treatment 2, 8, 24h (2h is omitted in some cases)
Microarray Duplicate
analysis
items Cell viability (LDH release and DNA contents)
examined

.

trations of each of the 150 compounds. The same gene

expression analysis was also performed with human liver
cultured cells obtained from Tissue Transformation Tech-
nologies.

3.3 Analysis and prediction systems

Analysis system: Since microarray data consist of large
amounts of numerical data, statistical knowledge and
computational skills are required to interpret the results.
Multivariate analysis methods are utilized for both data
mining and pattern recognition, such as hierarchical clus-
tering, K-means dustering, self-organizing map (SOM), and
principal component analysis (PCA). PCA is a convenient
tool for the qualitative classification of compounds against a
list of genes. As a prediction system, however, some quan-
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titative data would be favorable for the final output. There-
fore, in our system, when the user specifies a principal
component with high contribution, the compounds are
sorted by value, and the genes with large eigenvector values
are easily obtained. This analysis provides the relative posi-
tion of the test drug among the drugs in the database and
supports to generate a candidate gene list for further
investigation.

Prediction system: Discriminant analysis is a powerful
technique that can be used when a phenotype that can be
judged as positive or negative is available [14]. Prediction
analysis of microarray (PAM) [15] and support vector
machine (SVM) [16] have been employed in our systems.
The sample size and appropriate selection of the training
data set are crucial for establishing reliable classifiers. In our
system, by a semi-automatic system of training and valida-
tion, the efficiency improves for the creation of classifiers.

BaseView system: When an assessment or prediction of
toxicity is made by a list of multiple measures, it is necessary
to summarize or quantify these measurements. Ideally, the -
quantification process should be optimized for each marker
gene list. However, because this approach is practically
difficult, a uniform system has to be created. In our system,
a new scoring system was developed in one trial. The TGP1
score is calculated based on the ratio to control value {log 2)
for each gene in the marker list and expressed as a heat map
[17, 18]. This scoring system makes it easy to summarize the
assessments of a target compound against many marker
lists and to summarize the assessments of many
compounds against a particular marker list. However, this
system has some problems; the score is biased when the list
contains a gene whose expression change is extremely large
(e.g, CYP1A1), and changes are canceled when up- and
down-regulated genes coexists in the list. Therefore, another
scoring system, the TGP2 score, is available in our system.
The TGP2 score is based on the effect size and calculated as
the absolute value of the difference between means divided
by the covariance [19].

4 Application of toxicogenomics

Our strategy is to prepare a large set of genomic biomarkers
that are related to toxicological phenotypes, pathways, or any
other biologically meaningful factor. Until now, several
potential genomic biomarkers to predict the toxicity of
chemicals have been successfully identified. In this. article,
we provide several applications of toxicogenomics by using
our database.

4.1 Glutathione depletion [20]

The hepatotoxicity of acetaminophen is caused by the excessive
production of active metabolite that exceeds the detoxification
capacity of intracellular glutathione {21]. Therefore, drugs that
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have the potential to deplete hepatocyte glutathione carry the
risk of causing acetaminophen-type hepatotoxicity with over-
dosage. In a previous report, a list of marker genes for gluta-
thione depletion was extracted by using BSO, a glutathione
biosynthesis inhibitor {22]. However, phorone is considered to
be superior to L-buthionine-S,R-sulfoximine {BSO) as a model
system, since its mechanism of glutathione depletion is similar
to that of acetaminophen-type hepatotoxicants (i.e. it covalently
binds to glutathione and is excreted from the cell). Phorone
(40, 120, or 400mg/kg) was administered according to the
same protocol as the regular single-dose experiments, and the
glutathione content was measured. Phorone caused a marked
but transient depletion of glutathione with maximal depletion
occurring at 3 h. Then, the glutathione level recovered, and it
was increased at 24h as a rebound effect. A total of 161 probe
sets was identified with signal levels that were inversely
correlated with the hepatic glutathione content (Fig. 1). PCA of
the chemicals in the database with these probe sets revealed
that chemicals with a risk of glutathione depletion, such as
bromobenzene and coumarin, in addition to acetaminophen,
were clearly separated from other chemicals or controls toward
the direction of principal component 1, suggesting that the list
was useful as a genomic biomarker for risk assessment of
glutathione depletion.

4.2 Phospholipidosis [23]

In toxicity studies, phospholipidosis is often observed in
various tissues including the liver. Despite efforts to estab-
lish methods to predict the phospholipidosis of drugs,

>

B
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sensitive diagnostic markers, and effective prognostic
markers were still desired. To identify a genomic biomarker
for the prediction of hepatic phospholipidosis, we extracted
78 probe sets of rat hepatic genes based on data from five
drugs (amiodarone, amitriptyline, clomipramine, imipra-
mine, and ketoconazole) that induce this phenotype. A PCA
was performed, and the possible induction of phospholipi-
dosis was predictable by the expression of these genes 24h
after a single administration.

4.3 Cholestasis [24]

Cholestatic hepatitis is the. most common type of drug-
induced cholestasis and is more frequent than cholestatic
viral hepatitis. Cholestasis is caused by a functional defect
in bile formation at the level of the hepatocyte or by
an impairment in bile secretion and flow at the level of the
bile ductules or ducts. To identify a biomarker for the
diagnosis of elevated total and direct bilirubin, we extracted
59 probe sets of rat hepatic genes based on data from seven
drugs {(gemfibrozil, phalloidin, colchicine, bendazac, rifam-
picin, cyclosporine A, and chlorpromazine) that induce
cholestatic hepatitis after 3-28 days of repeated adminis-
tration. PCA with these probe sets clearly separated
dose- and time-dependent clusters in the treated groups
from the control groups. Although further work is required
to improve and generalize the candidate for a marker
suggested in this study, these identified probe sets should
be useful to diagnose the cause of elevated total and
direct bilirubin.

Up-regulation of mRNA levels

Hepatic glutathione
content (umol/g liver)

31

PC2 score

KN

R
il

" Glutathione depleting
risk

et ”’éﬁﬂﬂ ,:2éy;mﬁﬁﬂiﬁl{h&i;gﬁui

3hr 6hr Shr 24hr
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Glutathione deficient-responsive

161 probe sets
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Figure 1. Identification and application of genomic biomarkers for assessing glutathione depletion. A model case for identifying the
candidate genomic biomarker associated with glutathione depletion-type liver injury is presented. Rats were treated with a glutathione
depletor, phorone, and microarray analysis was performed on the liver tissue. (A) A total of 161 probe sets had signal levels that were
inversely correlated with the hepatic glutathione content. (B) The validity of these probe sets as biomarkers for the evaluation of
glutathione depletion risk was evaluated by PCA. This evaluation revealed that chemicals with a risk of glutathione depletion, such as
bromobenzene and coumarin, in addition to acetaminophen, were clearly separated from other chemicals or controls toward the direction

of PC1.
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4.4 Non-genotoxic hepatocarcinogenicity [25]

Assessing carcinogenicity in animals is difficult and costly;
therefore, an alternative strategy is desired. Genotoxic
compounds are usually identified and removed early from
compound pipelines. However, the discovery of unexpected,
presumed non-genotoxic, carcinogénicity late in drug
development may prevent potentially good medicines from
reaching patients for years while the human risk is quali-
fied. Microarrays and expression profiling have been used to
make classifiers for the early prediction of non-genotoxic
carcinogenicity in the liver [26-29]. The goal of these studies
was to extract common gene sets coordinately deregulated
by different classes of non-genotoxic hepatocarcinogenesis.
These publications confirm that multiple genes are required
for accurate classification due to the multiple mechanisms
of action that must be included in the prediction model.
Therefore, the effects of chemicals with similar mechanisms

are likely to be reflected in similar gene expression profiles -

in the early stage of non-genotoxic carcinogenesis [28].
Arguably more important than the identification of potential
carcinogenicity of a compound is the identification of the
mechanism of action [30]. Our strategy was to focus on one
important mechanism, cytotoxic oxidative stress, respon-
sible for non-genotoxic hepatocarcinogenesis.

We selected thioacetamide and methapyrilene as proto-
typic oxidative stress-mediated, non-genotoxic hepatocarci-
nogens and performed PAM discriminant analysis. A PAM
classifier containing 112 probe sets that yielded an overall
success rate of 95% was successfully obtained from the
training procedure. Based on gene ontology, the content of
genes related to cellular metabolism, including anti-oxida-
tive metabolism, cell proliferation, cell cycle, and response to
DNA damage stimulus, was significantly high. The validity
of this classifier was checked for 30 chemicals. The classi-
" fication results showed characteristic time-dependent
increases by treatment with several non-genotoxic hepato-
carcinogens,  including thioacetamide, methapyrilene,
coumarin, and ethionine (Fig. 2). Although all of the carbon
tetrachloride-treated groups were predicted as negative, the
score tended to increase with repeated dosing. On the other
hand, the enzyme inducers with carcinogenic activity,
phenobarbital and hexachlorobenzene, and peroxisome
proliferators other than Wy-14643 (ie. dofibrate and
gemfibrozil) had negative scores for all time points. Of the
non-carcinogenic samples, bromobenzene had a transient
score increase at 24h but returned to negative during
repeated dosing. Almost all of the non-carcinogens were
correctly predicted as negative, but it was not possible to
completely eliminate false positives. This work suggested
that the possibility of lowering thé days of repeated
administration to less than 28, at least for a category of non-
genotoxic hepatocarcinogens causing oxidative stress.

The carcinogenicity working group of the C-Path
Predictive Safety Testing Consortium (PSTC) has selected
genes from published toxicogenomics research that were
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Figure 2. Time-course changes in prediction results for non-
genotoxic hepatocarcinogenicity of chemicals, A model case for
identifying the candidate genomic biomarkers associated with
non-genotoxic hepatocarcinogenicity is presented. The PAM
class probability was converted to a score to enable quantitative
comparison. The PAM score showed characteristic time-course
changes for several non-genotoxic hepatocarcinogens. For
methapyrilene, thioacetamide and other carcinogens, such as
the ethionine and coumarin, the scores transiently increased at
an early time point after a single dosing. In the case of repeated
dosing, the scores increased with the repeated doses. The
following samples were classified as positive: methapyrilene
100 mg/kg (high dose, H); thioacetamide 15 mg/kg (middie dose,
M) and 46 mg/kg (H); coumarin 150 mg/kg; ethionine 250 mg/kg;
Wy-14643 100 mg/kg; and bromobenzene 300 mg/kg. Each box
indicates the PAM score. Black boxes indicate samples that are
predicted as negative.

determined to be of high predictive value in the early
recognition of non-genotoxic hepatocarcinogenicity. The
group consolidated this list for refinement and qualification
as a gene signature to predict a compound’s potential to be a
non-genotoxic hepatocarcinogen. To ensure the indepen-
dence and cost effectiveness of the platform, mRNA for
these genes was assayed by real-time quantitative PCR, and
a final signature was re-derived from genes with confirmed
expression. The robustness and potential utility of this new
quantitative PCR-based signature will be discussed in future
reports.

4.5 Bridging between in vivo and in vitro:
Peroxisome Proliferator-Activated Receptor
alpha-mediated response [31]

Data from three ligands of peroxisome proliferator-activated
receptor alpha (PPARa) — i.e. clofibrate, WY-14643, and
gemfibrozil - in our database were analyzed. Many of the
p-oxidation-related genes were commonly induced in vivo
and in vitro, whereas expression changes in genes related to
cell proliferation and apoptosis were detected in vivo but not
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in vitro (Fig. 3). By using the genes commonly up-regulated polation of toxicity data from rodent to human is not suffi-
both in vive and in vitro, PCA was performed for 32 cient. However, if general toxic mechanisms or toxicological
compounds, and principal component 1 was identified as a pathways are conserved over species, they would be useful
convenient parameter to extract PPAR« agonists from the bridges between animal models and clinical events. One
database (Fig. 3). This study is one of the first to create an in expected result from toxicogenomics technology is to over-
vivo—in vitro bridge for the validation of a genomic biomar- come the barrier due to species difference in the prediction
ker. of clinical toxicity.

We investigated the possibility of an informational bridge
connecting transcript responses between rat and human

4.6 Bridging between the rat and human: Coumarin- hepatocytes, and rat liver in vivo after the administration of
induced hepatotoxicity [19] coumarin. In this experiment, primary cultured rat hepa-
tocytes were exposed to 12, 60, and 300 uM coumarin for

A system that perfectly predicts hepatotoxicity in the rat 24h. No obvious cytotoxicity was detected by LDH release
would not necessarily improve the prediction of hepato- {100.5, 97.7, and 95.1% of control, respectively). Then, we
toxicity in humans. The final goal must be the prediction of extracted the significant genes according to the gene list
hepatotoxicity in humans for drug development. The extra- obtained from in vivo study; the extracted genes showed

In vivo (24hr) in vivo (29 Day) in vitro (24hr) V

e g 2
8 S e e 3
a a ° a
@ [ ]
S ol @
;
PC1 score PC1 score PC1 score

Figure 3. An in vivo - in vitro bridge for genomic biomarkers to assess PPARx agonistic action. A model case for creating an in vivo - in
vitro bridge for genomic biomarkers is presented. The data from three agonists of PPAR« in our database {clofibrate, WY-14 643 and
gemfibrozil) were analyzed, and 41 commonly up-regulated probe sets between in vivo and in vitro were extracted. The validity of these
probe sets as biomarkers for the evaluation of PPARa agonistic activity was evaluated by PCA. These plots show the principal separation
of samples due to putative PPARu agonistic activity toward the negative direction on the x-axis, PC1.

Rat

Coumarin-responsive genes (in vivo) “rio v
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Figure 4. Heat map of the
expression profiles of probe
sets in rat liver and rat hepato-
cytes treated with coumarin. A
considerable number of the in
vivo-selected probe sets show
similar profiles between in vivo
and in vitro assays. The selec-
ted genes, namely the in vivo -
in vitro bridging probes, had
clear dose-dependent changes
in expression.
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significant up-regulation (136 probe sets) or down-regula-
tion (79 probe sets) in livers treated with 150mg/kg
coumarin. A similar trend was observed between in vivo and
in vitro cell responses, although the extent of the response
{the fold change) was generally smaller, and fewer genes
showed a measurable change in the in vitro cell assay
(Fig. 4). Probe sets showing changes of 1.5-fold or more or
0.6-fold or less than that of the control at the highest
concentration (300 pM) in rat hepatocytes were selected as in
vivo~in vitro bridging probes that reflect the toxicological
mechanism of coumarin in vivo. The selected genes (37 up-
regulated and 29 down-regulated) had clear dose-dependent
changes in expression that enabled us to assess the hepa-
totoxicity of coumarin by using the in vitro data (Fig. 4).
Next, cultured human hepatocytes were exposed to 12,
60, and 300 uM coumarin for 24h. No obvious cytotoxicity
was detected by LDH release (100.6, 100.9, and 102.0% of
control, respectively). The in vivo—in vitro bridging probes
were assigned to their human ortholog genes to form a set
of rat-human bridging probes, and changes in their
expression were compared in rat versus human hepatocytes.
In total, 14 up-regulated probe sets and 11 down-regulated
probe sets were identified; their relative expression levels are
shown in Fig. 5. The pattern of changes in gene expression
was similar in rat and human cells, but the extent of the
changes was more prominent in rat cells than in human
cells, in accordance with the known species-specific differ-
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ence in hepatotoxicity [32-38]. In the case of diclofenac,
which is a hepatotoxicant without species difference, there
was no evidence of a species-specific difference in gene
expression between rat and human cells. The observation
that the induction of stress-related genes was more robust in
rat cells than in human cells could be a direct reflection of
the extent of stress and subsequent damage caused by
coumarin in each species. Although more data are needed to
connect species and model systems with human risk
assessment, this approach is an important step in bridging
the differences between species.

5 Future perspectives

This review focuses on our efforts in toxicogenomics
research and highlights recent progress in the application of
toxicogenomics. In the early stage of drug development,
genomic biomarkers are used to identify and optimize lead
compounds among several candidates. As full-scale toxicity
testing is quite costly, safety assessment of candidate drugs
is usually performed just before the clinical trial. If serious
toxicity emerges at this stage, it might be necessary to return
to the screening of seed compounds, because toxicity is
often inherent to the basic structure and is thus never
eliminated by minor modification. If the potential pheno-
type (when repeatedly dosed) is predictable in the early stage

Rat Human
in vitro (uM)  in vitro (uM)
N (=] N, 8

n vitro bridging genes

-

vivo—i

Rat-human bridging genes

In

Log, (treated/control)

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Heat map of the expression
profile -of probe sets in rat and human
hepatocytes treated with coumarin.
Among the in vivo - in vitro bridging
probes for rats, 14 up-regulated and 11
down-regulated probe sets were assigned
to human ortholog ({species bridging
‘marker), and their expression is shown as
a heat map of the expression profile in rat
and human hepatocytes treated with
coumarin (12, 60 and 300 pM). Each probe
set dose-dependently responded to
coumarin in both species, whereas the
extent of the changes appears to be more
1.5 prominent in rats than in humans.
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of drug development by gene expression data from a small
number of experimental animals, it would effectively cut the

time and cost of drug development. The use of genomic

biomarkers in the early stage of drug development will
strengthen the safety screening of drug candidates before
they are administered to humans. The use of genomic
biomarkers will also reduce the number of animals sacri-
ficed during drug development. However, the candidate
biomarkers reviewed here have not necessarily been eval-
uated with large independent test sets and are rarely vali-
dated across laboratories. Further definitive validation
studies are absolutely essential for judging the acceptability
of candidate genomic biomarkers in pre-clinical safety
assessments. Furthermore, regulatory agencies, the phar-
maceutical industry and academia must establish guidelines
for the integration of “omics” data, induding toxicoge-
nomics and genomic biomarkers, into drug safety assess-
ment. We are currently in the project’s second stage, known
as the TGP2. Our goals are as follows: (i) establishment of
genomic biomarkers to predict the toxicity of drug candi-
dates in the early stage of drug development, (ii) bridging of
species differences, and (iii) application of toxicogenomic
data for regulatory science. These efforts will contribute to
the accelerated development of more effective and safer
drugs.

The PSTC also represents a next important step in the
validation and regulatory use of new pre-clinical biomarker
tests with the initiative of the C-Path Institute. The novel
biomarkers are internally developed and used by each
individual pharmaceutical company and consortium are of
limited value for regulatory use because the methods used
have not been validated by an independent party. To resolve
these issues, there is a growing need for a large and cross-
institutional study on a global scale. The PSTC is a
public—private partnership, led by the C-Path Institute,
which brings together pharmaceutical companies to share
and validate each other’s safety testing methods under
advisement of the Food and Drug Administration (FDA)
and its European counterpart, the European Medicines
Evaluation Agency (EMEA). The aim of the PSTC is to
identify and qualify safety biomarkers for regulatory use as
part of the Food and Drug Administration’s Critical Path
Initiative. The 17 corporate members of the consortium
share internally developed pre-clinical safety biomarkers in
five workgroups: carcinogenicity, kidney, liver, musdle, and
vascular injury. Consortium members are sharing their new
pre-clinical biomarker tests for examination and cross-vali-
dation by other members of the consortium. Candidate
genomic biomarkers reviewed here will need a similar
validation process through collaborative research like that of
PSTC. These processes are expected to enable the regulatory
agencies to write new guidelines for industry that identify
more accurate methods to predict drug safety.
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Abstract, Attenuating effects of peroxisome proliferators on the concentration of free
arachidonic acid by inducing 1-acyl-2-lysophospholipid acyltransferases in the kidney were
studied. The administration of the three structurally dissimilar peroxisome proliferators, 2-(4-
chlorophenoxy)-2-methylpropionic acid (clofibric acid), di(2-ethylhexyl)phthalate, and 2,2'-
(decamethylenedithio)diethanol, to rats or mice considerably increased the activities of micro-
somal I-acylglycerophosphoethanolamine acyltransferase (LPEAT), 1-acylglycerophosphoinositol
acyltransferase (LPIAT), I-acylglycerophosphoserine acyltransferase (LPSAT), and 1-acylglycero-
phosphocholine acyltransferase (LPCAT), and the mRNA level of LPCATS3, but not the mRNA
level of LPCAT1, LPCAT4, or LPEATI, in the kidney and the liver. The proportions of
arachidonic acid in phospholipids in renal microsomes are rather high for the low proportion of
arachidonic acid in free fatty acids in renal microsomes of control rats. The treatment of rats with
clofibric acid attenuated the concentration and the proportion of free arachidonic acid to about a
half; nevertheless the treatment lowered slightly the proportions of arachidonic acid in phospho-
lipids other than phosphatidylcholine. These results indicate that peroxisome proliferators up-
regulate the four 1-acyl-2-lysophospholipid acyltransferases of the kidney and, and the induced
1-acyl-2-lysophospholipid acyltransferases seem to play a physiologically crucial contribution in
attenuating the pool of free arachidonic acid in the kidney.

Keywords: peroxisome proliferator, lysophospholipid acyltransferase, free arachidonic acid,
kidney

Introduction

studies on peroxisome proliferators focusing upon the
mechanism responsible for the inductions of the

Since ethyl 2-(4-chlorophenoxy)-2-methylpropionic
acid (clofibrate) was found to be a potent peroxisome
proliferator (1), many attempts have been made to
confirm the relationship between peroxisome prolifera-
tion and hypolipidemic action of the drug. Lazarow and
de Duve showed that peroxisomes of rat liver contain
fatty acid f-oxidation activity distinct from the mito-
chondrial one and that the activity of peroxisomal g-
oxidation can be induced by the administration of
clofibrate to rats (2). These findings stimulated the
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enzymes that compose the peroxisomal S-oxidation
system. On the other hand, the administration of
clofibrate to mice was shown to cause an increase in
activity of glycerophosphate acyltransferase in hepatic
microsomes (3). Differing from the peroxisomal
enzymes, this enzyme is considered to participate in
glycerolipid biosynthesis, which suggests that clofibrate
affects lipid metabolism of animals through inducing
not only the enzymes related to lipid degradation, but
also the enzymes involved in lipid biosynthesis. In fact,
peroxisome proliferators were demonstrated to induce
many other enzymes such as stearoyl-CoA desaturase
(4, 5), palmitoyl-CoA elongase (6 — 8), acyl-CoA syn-
thetase (7, 8), 1-acylglycerophosphate acyltransferase
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Fig. 1. The remodeling pathway of phospholipid synthesis. *PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; PS, phosphatidylserine. **LPCAT, I-acyl-2-lysophosphatidylcholine acyltransferase; LPEAT, lacyl-2-
lysophosphatidyl-ethanolamine acyltransferase; LPIAT, 1-acyl-2-lysophosphatidylinositol acyltransferase; LPSAT, l-acyl-2-
lysophosphatidylserine acyltransferase. AMP, adenosine monophosphate; ATP, adenosine triphosphate; PPi, inorganic

pyrophosphate.

(8), CoA-dependent transacylase (9), and 1-acylglycero-
phosphocholine acyltransferase (LPCAT) (10, 11).
These enzymes are considered to participate in modifi-
cation of the acyl moiety of glycerolipids. In contrast
with LPCAT, 2-acylglycerophosphocholine acyltrans-
ferase was not induced by peroxisome proliferators (10).
The primary physiological role of LPCAT is considered
to generate phosphatidylcholine (PC) having an un-
saturated fatty acid at the sw-2 position (12). These
findings suggested that peroxisome proliferators cause
alterations in acyl composition of PC. In fact, the pre-
vious study showed that the treatment of rats with 2-(4-
chlorophenoxy)-2-methylpropionic acid (clofibric acid)
caused a marked alteration in acyl composition of PC
(8) and, consequently, in the composition of molecular
species of PC in the liver (13). Moreover, the clofibric
acid—caused changes in acyl composition of hepatic PC
could be elucidated mainly as the result of the inductions
of stearoyl-CoA desaturase, palmitoyl-CoA elongase,
and LPCAT in the liver (8, 14, 15). Similar alterations in
acyl composition were observed in other liver phospho-
lipids such as phosphatidylethanolamine (PE), phos-
phatidylinositol (PI) and phosphatidylserine (PS) (16).
When the response of organs of rats to peroxisome
proliferators was estimated with the induction of per-
oxisomal f-oxidation, the kidney was the second most
sensitive organ among the organs tested (liver, kidney,

intestinal mucosa, brain, testis, lung, heart, spleen, and
skeletal muscle) next to the liver (17). Moreover, the
treatment of rats with peroxisome proliferators induced
LPCAT in the kidney to an extent comparable to that in
the liver (17). These findings suggest the possibility that
peroxisome proliferators induce not only LPCAT, but
also 1-acylglycerophosphoethanolamine acyltransferase
(LPEAT), 1-acylglycerophosphoinositol acyltransferase
(LPIAT), and l-acylglycerophosphoserine acyltrans-
ferase (LPSAT) in the kidney and liver. In addition to
the role in remodeling the acyl moiety of phospholipids,
1-acyl-2-lysophospholipid acyltransferases are thought
to play an important role in regulating the cellular pool
of free arachidonic acid (18, 19) (Fig. 1). Therefore, if
peroxisome proliferators upregulate the activities of
1-acyl-2-lysophospholipid acyltransferases, peroxisome
proliferators must affect the formation of eicosanoids
through reducing cellular concentration of free arachi-
donic acid, leading to alteration in renal functions.
Moreover, we noted the previous findings that renal
phospholipids contain arachidonic acid as the acyl
moiety in high proportions (16). Since little is known
about the effects of peroxisome proliferators on 1-acyl-
2-lysophospholipid acyltransferases other than LPCAT,
it is deemed necessary to study whether peroxisome
proliferators also induce the other lysophospholipid
acyltransferases. The aim of the present study is to
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answer the questions of whether peroxisome prolifera-
tors induce LPEAT, LPIAT, and LPSAT in the kidney
and liver and whether peroxisome proliferators attenuate
the concentration of free arachidonic acid in the kidney.

Materials and Methods

Materials

[1-'*C]Oleoyl-CoA (57.0 Ci/mol) was purchased
from PerkinElmer Japan Co. (Tokyo). Oleoyl-CoA,
palmitoyl-CoA, clofibric acid, and bovine serum albumin
were purchased from Sigma (St. Louis, MO, USA); 2,2"-
(decamethylenedithio)diethanol (tiadenol), from Aldrich
Chemical Co. (Milwaukee, W1, USA); di(2-ethylhexyl)
phthalate (DEHP), from Tokyo Chemical Industry Co.
(Tokyo); l-acylglycerophosphocholine from Avanti
Polar Lipids, Inc. (Alabaster, AL, USA); l-acylglycero-
phosphoethanolamine,  1-acylglycerophosphoinositol,
and 1-acylglycerophosphoserine, from Serdary Research
Laboratory (London, Ontario, Canada); CoA and NAD®,
from Oriental Yeast Co. (Tokyo). All other chemicals
were of analytical grade,

Animals

All animal studies complied with the recommenda-
tions of the Institutional Board for Animal Studies,
Josai University. Male Wistar rats aged 4 weeks and
male ddY mice aged 6 weeks were obtained from SLC
(Hamamatsu). Animals were fed on a standard diet
(CE-2; Clea Japan, Tokyo) ad libitum and allowed free
access to water. After acclimatization for 1 week, the
rats were divided into four groups and were fed on the
standard diet or a diet containing one of the following:
0.5% (w/w) clofibric acid, 0.5% (w/w) tiadenol, or
0.5% (w/w) DEHP for 7 days. Mice were divided into
three groups and were fed on the standard diet or a diet
containing 0.5% (w/w) clofibric acid or 0.5% (w/w)
tiadenol for 7 days. After blood was withdrawn from
the descending vena cava under diethyl ether anesthesia,
kidneys and livers were excised. Microsomes from the
kidney and the liver were prepared by differential
centrifugations as described previously (13). The con-
centrations of protein were determined by the method
of Lowry etal. (20) with bovine serum albumin as a
standard.

Enzyme assays

The activities of 1-acyl-2-lysophospholipid acyltrans-
ferases were measured by the optical assays that are
based on the reaction of liberated coenzyme A with 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB) or by the method
utilizing [1-"*Cloleoyl-CoA. The reaction mixture for
the LPEAT assay contained 10nmol (for the liver)

or 2.5-5nmol (for the kidney) oleoyl-CoA, 40 nmol
1-acylglycerophosphoethanolamine, 186 nmol sodium
deoxycholate, 1 umol DTNB, 100 umol Tris-HCI buffer
(pH7.4), and 100 xg microsomal protein in a final
volume of 1ml 1-Acylglycerophosphoethanolamine
was dissolved in the buffer with sodium deoxycholate
because of its low solubility, The reaction mixture for
LPIAT assay contained 10 nmol (for the liver) or 5 nmol
(for the kidney) oleoyl-CoA, 50 nmol 1-acylglycero-
phosphoinositol, 1 umol DTNB, 100 umol Tris-HCI
buffer (pH 7.4), and 100 ug microsomal protein in a
final volume of 1 ml. The reaction mixture for LPSAT
assay contained 10 nmol (for the liver) or 2.5 nmol
(for the kidney) oleoyl-CoA, 40nmol 1-acylglycero-
phosphoserine, 1 umol DTNB, 100 umol Tris-HCI
buffer (pH 7.4), and 100 ug microsomal protein in a
final volume of 1 ml. The reaction mixture for LPCAT
assay contained 20 — 30 nmol oleoyl-CoA, 150 nmol 1-
acylglycerophosphocholine, 1 mol DTNB, 100 gmol
Tris-HCI buffer (pH 7.4), and 100 ug microsomal pro-
tein in a final volume of 1 ml. It should be noted that the
optimal concentrations of oleoyl-CoA for LPEAT,
LPIAT, and LPSAT in the kidney were much lower than
those in the liver and that, in contrast to the case of
oleoyl-CoA, no substantial difference was found in the
optimal concentrations of 1-acyl-2-lysophospholipids
between the kidney and the liver (not shown). After the
preincubation for 2 min in the absence of oleoyl-CoA,
the incubation was initiated by adding oleoyl-CoA, and
the increase in absorbance at 412 nm was followed at
30°C. The control value without lysophospholipid was
subtracted to obtain the net acyl transfer rate. When
[1-*C]oleoyl-CoA was used as a substrate, DTNB was
omitted from the reaction mixture. The radioactive
reaction products were extracted by the method of Bligh
and Dyer (21) and separated by thin-layer chromato-
graphy on silica gel Gplates (Merck, Darmstadt,
Germany), which were developed with a solvent system
comprised of chloroform / methanol / acetic acid / water
(100:75:7:4, v/v) (22). The areas corresponding to
individual phospholipids were scraped off the plate and
transferred to tubes. The phospholipids were extracted
from the silica gel with chloroform / methanol/ 0.1 M
HCI (4:4:1, v/v) (23). An aliquot of the extract was
transferred to a counting vial and taken to dryness. The
residue was dissolved in a toluene-Triton X-100 (2:1,
v/v)-based scintillator, and the radioactivity was mea-
sured. Peroxisomal f-oxidation was measured by the
method of Lazarow and de Duve (2) using palmitoyl-
CoA as a substrate and homogenates of the kidney and
the liver as enzyme sources, as described previously

(11).
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Table1. Sequences of primers used for real-time PCR

Pri s_3 Product size Accession
rimer sequence (5' —3") (bp) number
AOX* ’
mouse F: TTCGTGCAGCCAGATTGGTAG (1807 - 1827) 186 NM_015729
R: CGGCTTTGTCTTGAATCTTGG (1992 —1972)
rat (F: 1539 - 1560, R: 1745 - 1724) 186 NM_017340
LPCATI
mouse F: CGTGAATATGTGGTCGCCTTG (1204 - 1224) 106 NM_145376
R: ATGCTGCCATCCTCAGGAGAT (1308 — 1287)
rat F: CTCCTGAGGATGGCAGCATAGA (1426 —1447) 105 NM_001100735
R: TCAATAGCCTGGAACAAGTCGG (1528 - 1507)
LPCAT3*
mouse F: TTTCTGGTTCCGCTGCATGT (796 — 815) 103 AB294194
R: CCGACAGAATGCACACTCCTTC (896 —875)
rat (F: 845 — 864, R: 945 — 924) 103 BC089869
LPCAT4*
mouse F: TTCGGTTTCAGAGGATACGACAA (907 - 929) 190 NM_001083341
R: AATGTCTGGATTGTCGGACTGAA (1094 —1072)
rat (F: 911 -933,R: 1098 — 1076) 190 NM_001108016
LPEATI1*
mouse F: CTGAAATGTGTGTGCTATGAGCG (1066 — 1088) 178 AB297382
R: TGGAAGAGAGGAAGTGGTGTCTG (1243 - 1221) i
rat (F: 1251 - 1273, R: 1428 - 1406) 180 NM_001109120
B-Actin
mouse F: CGTGCGTGACATCAAAGAGAA (704-725) 80 NM_007393
R: AGGAAGAGGATGCGGCAGT (802-783)
rat F: TGCAGAAGGAGATTACTGCC (2820-2840) 220 V01217

R: CGCAGCTCAGTAACAGTCC (3174-3155)

*The primers can amplify both mouse and rat mRNAs.

RNA extraction and real-time quantitative polymerase
chain reaction (PCR)

Total RNA was extracted from the kidney and the
liver using QIAzol reagent and an RNeasy kit (QIAGEN,
Hilden, Germany). Complementary DNA (¢cDNA) was
synthesized from 500 ng of total RNA with avian
myeloblastosis virus reverse transcriptase (Takara,
Tokyo). PCR amplification was carried out by using
QuantiTect SYBR green PCR master mix (QIAGEN,
Hilden, Germany). The amplification and detection
were performed with an iCycler IQ real-time detection
system (Bio-Rad, Hercules, CA, USA). Primer express
software ver. 2.0 (Applied Biosystems, Foster City, CA,
USA) was utilized for the design of the primers. The
sequences of primers used in this study are listed in
‘Table 1. To demonstrate the specificity of the PCR
product, melting curve analysis was performed after
PCR, and each curve was confirmed to be as a single
peak (data not shown). The thermal cycling program
was as follows: 15min denaturation step at 95°C

followed by 40 cycles of 15 s denaturation at 94°C, 30 s
annealing at 57°C, and 30 s extension at 72°C. Changes
in gene expression were calculated by using the com-
parative threshold cycle (Ct) method. Ct values were
first normalized by subtracting the Ct value obtained
from S-actin.

Lipid analyses

After the addition of heptadecanoic acid as an internal
standard for measuring free fatty acids, total lipid was
extracted from a slightly acidified renal microsomal
suspension by the method of Bligh and Dyer (21). Free
fatty acid was separated by thin-layer chromatography
on silica gel G plates, and the plates were developed
by n-hexane / diethy! ether/ acetic acid (80:30:1,v/v).
Phospholipids were separated by thin-layer chromato-
graphy on silica gel G plates, which were developed
with a solvent system comprised of chloroform
/ methanol / acetic acid / water (100:75:7:4, v/v) (22).
After visualizing by spraying 0.001% (w/v) primuline
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Table2. Effects of peroxisome proliferators on the activities of 1-acyl-2-lysophospholipid acyltransferases in microsomes in the kidney of rats

LPEAT

Peroxisomal

Animal groups LPIAT LPSAT LPCAT p-oxidation
(nmol/min per mg protein)

Control 22+0.1° 11.3+1.5° 63109 32.6+1.8 2.7+0.4*

Clofibric acid 15.0+1.2° 33.4+2.0 26.0+3.9° 213.54£9.6° 6.1+0.6

Tiadenol 10.3+0.6° 243+2.0° 26.5+3.1° 165.8 £ 8.5° 122+ 1.1°

DEHP 9.0+0.7° 18.1£0.8° 224+32° 138.6 £ 6.6 63%0.5°

Rats were fed on a control diet or a diet containing 0.5% (w/w) clofibric acid, 0.5% (w/w) tiadenol, or 0.5% (w/w) DEHP for 7 days. Values each
represent the mean £ S.D. for three or four rats. ***“Differences in vertical means without a common superscript are statistically significant
(P<0.05). If there is no superscript, the differences in the means are not significant (P>0.05).

Table3. Effects of peroxisome proliferators on the activities of 1-acyl-2-lysophospholipid acyltransferases in microsomes in the liver of rats

Peroxisomal

Animal groups LPEAT LPIAT LPSAT LPCAT f-oxidation
(nmol/min per mg protein)

Control 7.8+06" 29.8+3.5° 19.0+0.5° 64.9+5.8 3.1+£0.2°

Clofibric acid 22.8+1.5° 72.6+13.1° 66.4+3.3 281.4+26.3b 429133

Tiadenol 30.6+1.3° 54.6 +7.5% 73.7+19.3 283.8+7.9" 60.1 £ 1.6°

DEHP 17.1+1.5¢ 40.8 £5.5% 78.6+9.9° 206.6 + 13.1° 51.7+4.9¢

Rats were fed on a control diet or a diet containing 0.5% (w/w) clofibric acid, 0.5% (w/w) tiadenol, or 0.5% (w/w) DEHP for 7 days. Values each
represent the mean  S.D. for four rats. ****Differences in vertical means without a common superscript are statistically significant (P<0.05). If
there is no superscript, the differences in the means are not significant (P>0.05).

in acetone, the regions on the plates that corresponded
to individual lipids were scraped off and transferred to
tubes. The lipids were extracted from silica gel with
chloroform / methanol /0.1 M HCI (4:4:1, v/v) (23).
Methyl esters of fatty acids were prepared from each
extract using boron trifluoride in methanol for free
fatty acids and sodium methoxide in methanol for
phospholipids. All solvents employed for lipid analyses
contained 0.005% (w/v) butylated hydroxytoluene.
The amounts and composition of the fatty acid methyl
esters were determined by gas-liquid chromatography as
described previously (23).

Statistical analyses

Analysis of variance was used to test significant
differences between groups. Where differences were
significant, the statistical significance (P<0.05) between
any two means was determined using Scheffé’s multiple
range test as a post-hoc analysis (Stat-View; SAS
Institute, Cary, NC, USA). The statistical significance
between clofibric acid—treated and untreated rats was
analyzed by Student’s #-test after the F-test for two
means.

Results

Upregulation by peroxisome proliferators of I-acyl-2-
lysophospholipid acyltransferases in the kidney and
the liver of rats and mice

The treatment of rats with clofibric acid markedly
induced the activities of LPEAT, LPIAT, LPSAT, and
LPCAT in the kidney (Table2).” The extents of the
increases in the activities of LPEAT, LPIAT, LPSAT,
and LPCAT were 6.8, 3.0, 4.1, and 6.5 times, respec-
tively, over the controls. To examine whether the
increases in the activities of the four lysophospholipid
acyltransferases are related to the ability of clofibric
acid to proliferate peroxisomes, two other peroxisome
proliferators structurally dissimilar to clofibric acid
were administered to rats, and the responses of these
acyltransferases to the peroxisome proliferators were
examined. For this purpose, tiadenol and DEHP were
chosen. The treatment of rats with DEHP or tiadenol
considerably increased the activities of the four 1-acyl-
2-lysophospholipid acyltransferases in the kidney, as
was observed with clofibric acid (Table 2). Similarly,
the effects of the three structurally dissimilar per-
oxisome proliferators on microsomal LPEAT, LPIAT,
LPSAT, and LPCAT in the liver of rats were examined
(Table 3), and the results showed that the increases in the
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Tabled. Effects of peroxisome proliferators on the activities of 1-acyl-2-lysophospholipid acyltransferases in microsomes of the kidney and the

liver of mice

Peroxisomal

Animal groups LPEAT LPIAT LPSAT - LPCAT p-oxidation
(nmol/min per mg protein)

Kidney
Control 3.9+1.0° 19.6+£2.2° 134+1.4° 57.6+6.8° 52109
Clofibric acid 87+1.7° 262+2.2° 32.7+3.2° 131.2+7.2° 11.6+£14°
Tiadenol 134+£1.9° 27.1+0.7° 27.1 £0.5° 131.5+17.2° 122+1.1°

Liver
Control 9.1+0.6° 303+6.1° 21.0+£2.3° 64.8+5.5° 41105
Clofibric acid 215+4.2° 57.8+3.5° 50.4 +10.0° 185.4+17.0° 53.6+8.2°
Tiadenol 25.1+3.5° 79.6+11.9° 60.0+6.8° 3144 +34.9° 79.6+4.8°

Mice were fed on a control diet or a diet containing 0.5% (w/w) clofibric acid or 0.5% (w/w) tiadenol for 7 days. Values each represent the
mean * S.D. for four or six mice. ***Differences in vertical means without a common superscript are statistically significant (P<0.05). If there is no

superscript, the differences in the means are not significant (P>0.05).

activities of these four lysophospholipid acyltransferases
in the liver are comparable to those in the kidney. To
examine the inducing effects of peroxisome proliferators
on l-acyl-2-lysophospholipid acyltransferases in the
kidney and the liver of mice, clofibric acid and tiadenol
were administered to mice and the activities of LPEAT,
LPIAT, LPSAT, and LPCAT were measured. In both
the kidney and the liver, LPEAT, LPSAT, and LPCAT
were considerably induced by either clofibric acid or
tiadenol (Table4). These inductions of 1-acyl-2-lyso-
phospholipid acyltransferases were accompanied by an
increase in the activity of peroxisomal S-oxidation in the
kidney and the liver of both rats and mice (Tables 2 — 4).
The induced activities of peroxisomal f-oxidation in the
kidney of rats and mice were far less than those in the
liver of rats and mice (Tables 2 — 4).

Effects of clofibric acid on the levels of mRNA encoding
I-acyl-2-lysophospholipid acyltransferases in the kidney
and the liver

The effect of clofibric acid on levels of mRNAs
encoding the 1-acyl-2-lysophospholipid acyltransferases
and peroxisomal acyl-CoA oxidase (AOX) that were
constitutively expressed in the kidney was evaluated
with quantitative reverse transcription PCR (RT-PCR).
mRNA levels of LPCAT3 and AOX were significantly
increased in the kidney by the treatment of rats with
clofibric acid, whereas those of LPEAT1, LPCATI, and
LPCAT4 were not affected (Fig. 2A). The mRNA levels
of AOX and LPCAT3 were significantly increased in
the liver of rats treated with clofibric acid, whereas those
of LPEATI, LPCATI, and LPCAT4 were not affected
(Fig. 2B). Quantitative RT-PCR analysis showed that
mRNA levels of LPCAT3 and AOX were significantly
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Fig. 2. Effects of clofibric acid on mRNA levels of LPCATI,
LPCAT3, LPCAT4, and LPEATI. A, rat kidney; B, rat liver: C,
mouse kidney; D, mouse liver. Open column, control; closed column,
clofibric acid. Rats and mice were fed on a control diet or a diet
containing 0.5% (w/w) clofibric acid for 7 days. Values are each
the meantS.D. for four rats. *Significantly different from the
control at P<0.05.
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Fig.3. Effects of clofibric acid on the proportions of arachidonic
_ acid in microsomal phospholipids of the kidney. Open column, con-
trol; closed column, clofibric acid. Rats were fed on a control dietor a
diet containing 0.5% (w/w) clofibric acid for 7 days. Values are each
the mean £ S.D. for three rats. *Significantly different from control at
P<0.05.

Proportion of arachidonic acid
(mol %)

elevated by the treatment of mice with clofibric acid in
the kidney and the liver (Fig.2: C and D). mRNA
expression of LPEAT1 was also increased in the liver,
but not in the kidney of mice (Fig. 2: C and D).

Attenuation of concentration of free arachidonic acid
in the kidney .

The proportions of arachidonic acid in phospholipids
in renal microsomes of control rats ranged from 18%
to 35% (Fig. 3), despite the proportion of arachidonic
acid in free fatty acids in renal microsomes being 8.1%
(Fig. 4A). The administration of clofibric acid to rats
decreased slightly the proportions of arachidonic acid in
PE and PI, reduced moderately that in PS, and sub-
stantially lowered that in PC in microsomes of the
kidney (Fig. 3). The treatment of rats with clofibric acid
reduced the proportion and the concentration of free
arachidonic acid in renal microsomes to 52% and 57%,
respectively, of those in the controls (Fig. 4).

Discussion

The present study showed that the treatments of rats
and mice with peroxisome proliferators, regardless of
their structure, caused increases in the activities of
LPEAT, LPIAT, and LPSAT in microsomes of both the
kidney and the liver. Peroxisome proliferators have been
demonstrated to induce many enzymes and proteins (24)
that participate in degradation and biosynthesis of lipids,
including AOX (25), acyl-CoA synthetase (7, 8),
stearoyl-CoA desaturase (4, 5), lipoprotein lipase (26),
fatty acid binding protein (27), and LPCAT (10, 11).
Most of them have been proved to be induced by the
action of peroxisome proliferators through peroxisome
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Fig. 4. Reducing effects of clofibric acid on the proportions and the
concentrations of free arachidonic acid in microsomes of the kidney.
A, proportion; B, concentration. Open column, control; closed col-
umn, clofibric acid. Rats were fed on a control diet or a diet contain-
ing 0.5% (w/w) clofibric acid for 7 days. Values are each the
mean + $.D. for three rats. *Significantly different from the control at
P<0.05.

proliferator-activated receptor a (PPARa) (24, 28),
which belongs to the steroid/ thyroid / retinoic acid—
receptor super family and acts as a ligand-dependent
transcription factor. To our knowledge, however,
neither LPCAT, LPEAT, LPIAT, nor LPSAT have been
purified from either the kidney or the liver, and the
detailed mechanisms responsible for the inductions of
1-acyl-2-lysophospholipid acyltransferases have not
been clarified yet. Deka et al. observed the activities of
LPEAT, LPIAT, and LPSAT disappearing during the
course of the purification of LPCAT from bovine
brain (29). Sanjanwala et al. showed that LPIAT was
chromatographically separated from LPCAT, when
purified from bovine heart microsomes (30).
Yamashita et al. showed that the partial purified LPIAT
from rat liver microsomes contained the activities of
neither LPCAT nor LPEAT (31). These findings suggest
that multiple forms of enzymes may exist in different
tissues with different substrate specificities toward fatty
acyl-CoAs and l-acyl-2-lysophospholipids. However,
attempts to purify the enzymes have not been successful
largely due to the fact that the activities of 1-acyl-2-
lysophospholipid acyltransferases were mostly lost
during solubilization and further purification. Recently,
through genomic efforts, the cloning of several distinc-
tive 1-acyl-2-lysophospholipid acyltransferases was
reported (32 —35). LPCAT1 was demonstrated to have
a preference for saturated fatty acyl-CoAs and was
predominantly expressed in the lung (32, 33). The recent
studies showed that LPCAT3 was primarily responsible
for hepatic LPCAT with substrate specificities toward
unsaturated fatty acyl-CoAs and 1-acylglycerophos-
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phocholine (34, 35) and the possibility that the expres-
sion of LPCAT3 is regulated in a PPARa-dependent
fashion (34). Our previous study showed that the
administration of peroxisome proliferators to rats
induces microsomal LPCAT in the liver, kidney, and
the intestine, but not in the lung (17). Moreover, the
present study showed that clofibric acid, a typical per-
oxisome proliferator, upregulated the expression of
LPCATS3, but neither LPCAT] nor LPCATY4, in the
kidney of rats and mice. Therefore, the increase in the
activities of LPCAT by clofibric acid in the kidney and
the liver is possibly due to upregulation of LPCATS3.
Very interestingly, LPCAT3 shows activities of LPEAT
and LPSAT in addition to LPCAT activity (35). There-
fore, the increase in the activities of LPEAT and LPSAT
by clofibric acid is suggested to be at least partly due
to upregulation of LPCAT3. At present, no genomic
information is available about LPIAT. The mRNA
expression of LPEAT! was increased in the liver of
mice, but not in either the kidney or the organs of rats,
by the treatment with clofibric acid. It seems likely that
there is a species difference in the induction of LPEAT1
in response to clofibric acid. However, further studies
are required to elucidate the mechanism underlying the
species and organ-specific induction.

The most important role of 1-acyl-2-lysophospholipid
acyltransferases to be noted is that these enzymes
participate in remodeling of pre-existing phospholipid
molecules. Namely, phospholipids are produced de novo
and then remodeled. The remodeling pathway involves
deacylation of phospholipids followed by reacylation of
lysophospholipids with acyl-CoAs to attain the proper
fatty acids within phospholipids. Physiological signifi-
cance of LPCAT and LPEAT for maintaining the
asymmetry of the acyl group of PC and PE, respectively,
has been studied well (12). Compared with LPCAT and
LPEAT, less information is available about LPIAT and
LPSAT. Hepatic microsomes of rats have been shown to
contain the activities of LPIAT and LPSAT, and these
enzymes are considered to participate in maintaining
specific molecular species of PI and PS (36, 37). The
previous studies showed that hepatic LPCAT, which is
induced by clofibric acid, plays a crucial role in
remodeling the acyl composition of the sn-2 position of
PC (8) and that the induction of LPCAT consequently
leads to a striking alteration in the composition of
molecular species of PC (13). It seems possible, there-
fore, that the inductions of LPEAT, LPIAT, and LPSAT
by peroxisome proliferators cause the changes in acyl
composition of PE, PI, and PS, respectively, in the
kidney and the liver. The changes were observed in rats
being treated with clofibric acid (16).

The previous studies proposed the possibility that

the inhibition of LPCAT enlarges the cellular pool of
free arachidonic acid available for the formation of
eicosanoids in macrophages and platelets (18, 19).
Conversely, the present study showed that the propor-
tions of arachidonic acid in PE, PI, PS, and PC were
rather high for the low proportion of arachidonic acid in
free fatty acids in renal microsomes of control rats and
that, moreover, the treatment of rats with clofibric acid
considerably reduced the proportion and the concentra-
tion of free arachidonic acid in renal microsomes by
inducing the four 1-acyl-2-lysophospholipid acyltrans-
ferases; nevertheless, the proportions of arachidonic acid
in PE, PI, and PS were kept substantially high. Our
present results support the previous idea that 1-acyl-2-
lysophospholipid acyltransferases are crucial factors
regulating the cellular concentration of free arachidonic
acid (18, 19).

Our previous study showed that the treatment of rats
with clofibric acid strikingly reduced prostaglandin E,
formation in kidney slices (38). Consequently, the
present results suggest that peroxisome proliferators
make an important contribution in attenuating the pool
of free arachidonic acid by inducing 1-acyl-2-lysophos-
pholipid acyltransferases, resulting in the decrease in
eicosanoid productions in the kidney. It is unlikely that
peroxisomal S-oxidation regulates the concentration of
free arachidonic acid in the kidney because the induced
activities of peroxisomal f-oxidation by peroxisome
proliferators in the kidney were substantially lower than
those in the liver. It is considered that eicosanoids,
which are formed from arachidonic acid, regulate renal
blood flow and glomerular filtration (39). It seems
likely, therefore, that 1-acyl-2-lysophospholipid acyl-
transferases modulate renal hemodynamics through
regulating the pool of free arachidonic acid in the
kidney.

In summary, the present study showed that peroxi-
some proliferators increase the activities of LPEAT,
LPSAT, LPIAT, and LPCAT in the kidney and the liver
and that the induction of these 1-acyl-2-lyophospholipid
acyltransferases reduces the pool of free arachidonic
acid in the kidney. These results suggest that 1-acyl-2-
lyophospholipid acyltransferases modulate renal hemo-
dynamics through regulating the formation of eicosanoids
from arachidonic acid.
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