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cell resistance to camptothecin-based anticancer drugs,
such as topotecan and 7-ethyl-10-hydroxycamptothecin
{(SN-38: active metabolite of irinotecan). SN-38-selected
PC-6/SN2-5H human lung carcinoma cells were shown
to overexpress ABCG2 with a reduced intracellular ac-
cumulation of SN-38 and its glucuronide metabolite.™
We have recently demonstrated that plasma membrane
vesicles prepared from those cells transported both
SN-38 and SN-38-glucuronide in an ATP-dependent
manner, and our results strongly suggested that ABCG2
is involved in the active extrusion of SN-38 and its
metabolite from cancer cells.” It remains to be elucidat-
ed, however, whether ABCG2 operates as a homodimer
or a heterodimer with some other partner subunit(s).>*
To examine the potential role of ABCG2 as a drug
transporter, we have cloned the cDNA of ABCG2 from
PC-6/SN2-5H human lung carcinoma cells and charac-
terized its function by expressing it in Sf9 insect cells.

Methods

SN-38-resistant cell line: SN-38-selected PC-6/SN2-5H
human lung carcinoma cells were maintained in RPMI
1640 medium (Invitrogen Co., Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (Invitro-
gen), 0.3mg/ml glutamine, 0.1 mg/m! Kanamycin
{Meiji Seika Co., Tokye, Japan), and 25 nM SN-38 at
37°C in 5% COs in a humidified incubator.

Cloning of human ABCG2 c¢cDNA and generation of
recombinant baculoviruses; Total RNA was extracted
from PC-6/SN2-5H human lung carcinoma cells by us-
ing the ISOGEN RNA extraction kit (Nippon Gene,
Tokyo, Japan). Human ABCG2 ¢DNA was cloned
from the RNA preparation by RT-PCR with the Super-
Script First-Strand Synthesis System (Invitrogen) and
the following specific primers: sense 5'-CTCTCCAG-
ATGTCTTCCAGT-3' and antisense 5'-ACAGTGTG-
ATGGCAAGGGAAC-3", where the primers were
designed based on the ABCG2 c¢DNA sequence
registered in the GenBank (accession number
AF098951: ref. 9). The PCR reaction consisted of 30
cycles of 95°C for 30 sec, 58°C for 30 sec, and 72°C for
2 min. The resulting PCR product was inserted into the
pCR2.1 TOPO vector (Invitrogen), and its sequence was
analyzed by automated DNA sequencing (TOYOBO
Gene Analysis, Tokyo, Japan).

ABCG?2 cDNA (Arg 482) thus obtained was removed
from the pCR2.1 TOPO vector by EcoRI digestion. Af-
ter treatment with alkaline phosphatase, ABCG2 cDNA
was ligated to the EcoRI site of the pFASTBAC! Ex-
pression vector (Invitrogen) by using the Rapid DNA
ligation kit (Roche Diagnosis Co., Indianapolis, IN,
USA). Recombinant baculoviruses with human ABCG2
¢DNA were generated with the BAC-TO-BAC
Baculovirus Expression Systems (Invitrogen) according
to the manufacturer’s instruction.

| Expression of the human ABCG2 ¢DNA in Sf9 cells and

preparation of cell membranes: Insect Spodoptera
frugiperda SF9 cells (1 x 10° cell/ml) were infected with
the recombinant baculoviruses and cultured in EX-
CELL™ 420 Insect serum-free medium (JRH
Bioscience, Levexa, KS, USA) at 26°C with gentle shak-
ing. Cells were harvested 48 hours after the infection by
centrifugation. Subsequently, the cells were suspended
in a hypotonic buffer solution containing 0.5 mM sodi-
um phosphate (pH 7.0) and 0.1 mM EGTA and then in-
cubated on ice for 30 min with brief ultra-sonic treat-
ments. The resulting cell lysate mixture was centrifuged
at 100,000x g at 4°C for 30 min. The precipitate was
re-suspended in 10 mM Tris-HCl buffer (pH 7.5) and
overlaid onto a 42% sucrose solution containing 10 mM
Tris-HC] buffer (pH 7.5). The sample was then cen-
trifuged in a swing rotor (Hitachi RP355) at 100,000 X
g at 4°C for 30 min, The precipitate was collected and
suspended in small volumes of 10 mM Tris-HC! buffer
(pH 7.5). Protein concentrations in the membrane
preparations were determined by using a BCA Protein
Kit (Pierce, Rockford, IL,USA).

ATPase activity measurement: The ATPase activity of
the isolated Sf9 cell membranes was determined by
measuring inorganic phosphate liberation® according
to the procedure reported by Sarkadi ef al.* with some
modifications. To adapt it to our high throughput
screening system with 96-well plates, we developed the
following standard procedure. The Sf9 cell membranes
(2 ug of protein) were suspended in 10 gl of the incuba-
tion medium containing 50 mM Tris-Mes (pH 6.8), 2
mM EGTA, 2mM dithiothreitol, 50 mM potassium
chloride, 5 mM sodium azide, and 2 mM ouabain, This
medium was mixed with 10 ¢ of a test compound solu-
tion and 10 4! of sodium vanadate solution (0-1.2 mM)
and then pre-incubated at 37°C for 3 min. The ATPase
reaction was started by adding 10 ul of 4 mM ATP solu-
tion to the reaction mixture (30 xl), and the incubation
was maintained at 37°C for 30 min, The reaction was
stopped by the addition of 20 ul of 5% trichloroacetic
acid, and liberated inorganic phosphate was measured
at a wavelength of 630 nm?" in a Multiskan JX system
{Dainippon Pharmaceuticals Co., Osaka, Japan).

Gel electrophoresis and detection of ABCG2 protein:
Expression of ABCG2 in S{9 cell membranes was deter-
mined by immunoblotting with BXP-21, an antibody
specific to human ABCG2 (SIGNET, Dedham, MA,
USA). Briefly, proteins of isolated Sf9 membranes were
separated by electrophoresis on 7.5% sodium dodecyl
sulfate (SDS) polyacrylamide slab gels,”™ and the pro-
teins were electroblotted onto PVYDF membranes. Im-
munoblotting was performed by using BXP-21 IgG as
the first antibody and an anti-mouse IgG-horseradish
peroxidase {(HRP)-conjugate (Kirkegaad & Lerry Lab,
Inc., Guthersburg, MD, USA) as the secondary an-
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Fig. 1. cDNA of the cloned ABCG2 and its expression vector. A:
Partial sequence of ABCG2 ¢DNA isolated from SN-38-sclected
PC-6/SN2-5H human lung carcinoma cclls. The sequence demon-
strates thai ABCG2 expressed in the cells has arginine (Arg) at amino
acid position 482, B: Schematic illustration of the recombinant expres-
sion vector pFASTBACI with the ABCG2 c¢cDNA insert. ABCG2
cDNA was ligated to the EcoRI site of the pFASTBAC! vector.

tibody. HRP-dependent luminescence was developed by
using an enhanced chemiluminescence ECL Kit (Amer-
sham, Buckinghamshire, UK) and exposed to
BIOMAX™ films (Kodak, Tokyo, Japan).

Results angd Discussion

Cloning ABCG?2 and its expression in Sf9 cells: In this
study, we have cloned ABCG2 ¢DNA from the PC-6/
SN2-5H human lung carcinoma cell line, which exhibit-
ed a drug resistance phenotype against SN-38 as well as
high ABCG2 expression levels,'™® Sequence analysis
has revealed that the cloned ABCG2 has an arginine at
the amino acid position 482 (Fig. 1A). This finding is
consistent with the results hitherto reported by Allik-
mets ef al." for ABCG2 in human placenta, as well as
by Komatani ef al.'®

The cloned ABCG2 ¢cDNA was expressed in Sf9 cells
by means of the pFASTBACI vector (Fig. 1B} and
recombinant baculoviruses. Fig. 2A shows the time

—493—

A 5

o Control
e +Baculavirus

Si9 Cells
(X 10scells f ml}

0 e
o 24 48
Time (h)
o
A{\‘\"
&0
ot0n | 270k Dan[—
ABCG2
B87KDaw ABCB1
= ©5kDa 170kDa
114kDaw

43kDaw

Fiz. 2. Expression of ABCG2 ¢cDNA in Sf9 cells. A: Growth curves
of 519 cells uninfected {open circle} and infected with recombinant
baculoviruses carrying ABCG2 cDNA (closed circle). Results are ex-
pressed as mean £ 8D, n=13. B: Immunobloiting detection of ABCG2
(left) and ABCBI (right} expressed in 5{9 cell membranes.

course of Sf9 cell growth after infection with the
ABCG2 ¢cDNA-recombinant baculoviruses. The growth
rate of the virus-infected cells was significantly lower
than that of uninfected control cells. At 48 hours after
virns infection, the cells were harvested and cell mem-
branes were prepared. As shown in Fig. 2B, the expres-
sion of ABCG2 was clearly detected by immunoblotting
with the BXP-21 antibody. In a separate experiment, we
have cloned ¢cDNA of ABCBl (P-glycoprotein or
MDR1) from the human liver cDNA library and ex-
pressed it in Sf9 cells by using the pFASTBACI vector
and recombinant baculoviruses in the same manner as
was carried out for ABCG2 expression (G. Wang, H.
Yabuuchi, S. Tarui and T. Ishikawa, unpublished
work). The ABCRBI protein, as the positive control, was
detected in Sf% cell membranes with the C219
monoclonal antibody (Fig. 2B).

ATPase activity in ABCG2- and ABCBl-expressing cell
membranes: By using membranes prepared from Sf9
cells expressing ABCG2 and ABCBI, we have measured
ATPase activity in the presence of various compounds,
i.e., verapamil, SN-38, and rhodamine 123. As demon-
strated in Fig. 3B, verapamil, one of the typical sub-
strates of ABCBI1, enhanced ATPase activity, whereas
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Fig. 3. Effect of verapamil, SN-38, and rhodamine 123 on the
ATPase activity of cell membranes prepared from 5f9 cells. The cells
were infected with recombinant baculoviruses carrying ¢DNA of
ABCG2 (A) or ABCB! (B). The ATPase activity was measured as
described in the Methods section. Verapamil, SN-38, and rhodamine
123 were added to the reaction mixture at the final concentration of
20 uM. Results are expressed as mean values of triplicate measure-
ments.

SN-38 was without effect. Rhodamine 123 moderately
stimulated ATPase activity in the ABCBIl-expressing
membranes. It was, however, puzzling and also interest-
ing that none of these compounds stimulated the AT-
Pase activity in ABCG2-expressing cell membranes
(Fig. 3A), although SN-38 and rhodamine 123 were
originally thought to be substrates of ABCG2.%%* Ver-
apamil is reportedly not a substrate of ABCG2.* Even
in the presence of SN-38 and rhodamine 123, ATPase
activity in the ABCG2-expressing cell membranes was
little affected by sodium vanadate (up to 300 uM)
(Fig. 4A). By contrast, in the ABCBI1-expressing cell
membranes, verapamil-stimulated ATPase activity was
very sensitive to vanadate (Fig. 4B), where ATPase
activity was almost completely inhibited to background
levels by 100 #M sodium vanadate.

Variants of ABCG?2 and their substrate specificities: Re-
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Fig. 4. Effect of vanadate on the ATPase activity of cell membranes
prepared from SI% cells. The cells were infected with recombinant
baculoviruses carrying ¢cDNA of ABCG2 (A) or ABCRI (B). The
ATPase activity was measured as described in the Methods section.
Verapamil, 8N-38, and rhodamine 123 were added to the reaction
mixture at the final concentration of 20 M. The concentrations of so-
dium vanadate in the reaction mixture were 0, 10, 30, 100, and 300 uM
as indicated in the figure. Results are expressed as mean + SD of tripli-
cate measurements.

cently, at least three variant forms of ABCG?2 have been
recognized on the basis of the amino acid moieties iden-
tified at position 482 close to the third transmembrane
domain. The wild-type ABCG2 has an arginine at that
position," whereas other variants cloned from cancer
cell lines, such as MCF-7/AdVp cells” and S1-MI-80
cells,' have threonine and glycine at position 482,
respectively. It is currently speculated that the substrate
specificity of ABCG2 may differ among those variant
forms.'®? In fact, transfectants with the wild type (Arg
482) were not resistant to mitoxantrone or topotecan,'®
whereas overexpression of Thr 482 and Gly 482 variants
conferred resistance to mitoxantrone, doxorubicin,
daunorubicin, and various camptothecin analogs in-
cluding topotecan.’*'® Furthermore, the Thr 482 and
Gly 482 variants mediated the respective efflux of rhoda-
mine 123 and doxorubicin from cells, however, the wild
type (Arg 482) did not.”
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It is important to note that the ABCG2 cloned in this
study has an arginine at the amino acid position 482, as
does the wild type. Therefore, it is considered reasona-
ble that the ATPase activity of cell membranes express-
ing our cloned ABCG2 was not stimulated by rhoda-
mine 123. This finding, of course, does differ from the
recent study of Ozvegy ef al.* in which the Gly 482
variant was expressed in Sf9 cells for the ATPase activi-
ty assay. In this context, it is of importance to carefully
elucidate which type of variant was used to analyze the
substrate specificity of ABCG2. In addition, based on
the apparent discrepancy demonstrated in this study,
genetic polymorphism of ABCG2 is suggested to be a
critical factor affecting the substrate specificity.?®

It is known that the Drosophila white gene product, a
homolog of ABCG2, forms a heterodimer with one of
its homologs, brown or scarlet, and that the different
dimers transport different eye pigment precursor molec-
ules.”” Therefore, human ABCG?2 is also suggested to
form a heterodimer by recruiting a partner protein(s)
whereby ABCG2 can exhibit a broad spectrum of
substrate specificity. As shown in the present study,
ATPase activity in the cell membranes expressing our
cloned ABCG2 was not significantly stimulated by
3N-38 (Fig. 4A), even though ABCG2 was cloned from
drug resistant cancer cells in which SN-38 accumulation
was substantially reduced.”® On the other hand,
HEK293 cells transfected with our ABCG2 cDNA
exhibited 13- to 20-fold resistance to SN-38, as com-
pared with the untransfected control HEK293 cells
(Yoshikawa et al., unpublished data). Thus, our data
suggest that there is a partner protein of ABCG2 re-
quired for heterodimer formation.

ABCG?2 belongs to the G subfamily of human ABC
transporters. In this subfamily, ABCGI1, ABCGS, and
ABCGS3 have already been shown to be critically in-
volved in the regulation of lipid- and sterol-trafficking
mechanisms in macrophages, hepatocytes, and intesti-
nal mucosa cells. ¥ ABCG2 is expressed not only in
cancer cells, but also endogenously in placental syn-
cytiotrophoblasts, the epithelium of the small intestine
and liver canalicular membrane, as well as in ducts and
lobules of the breast.”” The apica! localization in the
epithelium of the small intestine and colon indicates a
possible role of ABCG2 regulating the uptake of p.o.
administered drugs. Furthermore, it has most recently
been reported that ABCG2 is expressed in a wide variety
of stem cells, and its potential role in the regulation of
hematopoietic development is suggested.”® To date,
however, endogenous substrates of ABCG2 in stem cells
have not been identified. Further studies are needed to
facilitate our understanding of the nature and biological
function of the human ABCG2 protein.
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1. INTRODUCTION

Severe dry eye is caused not only by the dryness of the ocular surface, but also by
lack of tear components, which are essential to maintain the ocular surface.! Arificial tears
are useful as a therapy for dry eye, but the efficiency of artificial tears is not comparable to
human tears. We have used autologous serum as a substitute for tears in severe dry eye
patients, and have observed dramatic improvements to the ocular surface.? This serum .
effect suggests that serum includes similar components to tears

The aim of this study is the elucidation of the mechanism by which human.serum
supports the survival of ocular surface cells. The conjunctival epithelial cell line, CCL~20.2
(CCL), which requires serum in the medium to survive, was used as a model system of the
ocular surface. It is well known that apoptosis occurs when the culture medium of some
cells, including CCL, is deprived of serum or gromh factors. It has been suggested that
myc’ and p53 play roles in this apoptosis, however, the precise mechanism is not known.
We investigated tcfnporal changes in the mRNA levels of approximately 5,600 human
genes using the GeneChip microamray to elucidate the effects of serum deprivation and

serum stimulation on cultured CCL.*

Lacrimal Gland, Tear Film, and Dry Eye Syndromes 3 )
Edited by D. Sullivan er al., Kluwer Academic/Plenum Publishers, 2002 ‘ 673
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2. MATERIALS AND METHODS

2.1, Cell Culiure

CCL at passage 10 were grown to about 70% confluence in 75 cm? flasks in Medium
199 (Gibco BRL Life Technologies, Rockville, MD) containing 20% human serem. Cells
were harvested from scveral flasks to isolate mRNA prior to serum deprivation. This
mRNA served as non-deprivation control. The remaining cells were then washed with
PBS, and the medium was changed to Medivm 199 containihg 0.1% human_'serum. After
24 h, cells were harvested from several flasks to isolate mRNA. These served as
deprivation or time-zero control. The medium of other flasks was replaced with Medium .
199 containing 20% human serum. After re-addition of Medium 199 with 20% human -
serum, cells were harvested from several flasks at 3 time points, 30 min, 6 and 24 h. The -
harvested-cells were washed with PBS, and was lysed to isolate poly (A) mRNA by
Quicl;i’rep (Amersham Pharmacia Biotech, Piscataway, NJ'.). . '

2.2. GeneChip Hybridization

The GeneChip experimental procedures were performed according to the Affymetrix
GeneChip Expression Analysis Technical Manual (Affymetrix Inc, Santa Clara, CA).? The
human GeneChip array, HuGeneFL array (Affymetrix Inc), which contains probe sets for
approximately 5600 human genes, was used for hybridization. After hybridization, the
GeneChip array was stained by streptavidin-phycoerythrin (Molecular Probes, Eugené,
OR), amplified with biotinylated anti-streptavidin (Vector Laboratories, Inc., Burlingame,
CA), and scanned using an HP GencArray scanner according to the manufacturé;';f;'

protocol. - 7
The internisity of each feature of each array was captured using GeneChip softwaiféig

(version 3.0).according to standard Affymetrix procedures.® As described previously, Tthe’
change in the level of expression for any gene was considered significant when there wasi®
3-fold change in the intensity across the probe set.

3. RESULTS

3.1. Cinanges in mRNA Transcripts Induced by Serum Deprivation

Serum deprivation induced changes in CCL mRNA levels. The mRNA levels of 18
prétcins increased, and there was a more than 3 fold decrease in the mRNA levels of 13
proteins. Some of the largest changes are summarized in Table 1. Notably, increases i'n‘
transcripts for immediate early response 3 and jun B, components of the anti-apoptosi§

response system, were observed after serum deprivation.
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Table 1. Changes of mRNA expression induced by serum deprivation

Description Change Fold
jun B ' Increase 53
Integrin beta 4 Increase 52
Transcobalamin | Increase 52
Immediate early response 3 " Increase 44
20-kDa myosin light chain Decrease- 13.5
22-kDa smooth muscle protein. - Decredse 7.0

3.2. Changes in mRNA Transcripts Induced by Serum Addition

Serum stimulation, following 24 h of serum dcpﬁvation, induced >3-fold increases in
mRNA levels of 64 proteins, and >3-fold decreases in mRNA levels of 40 proteins in at
least 1 time point. These results are summarized in Table 2.

Table 2. Changes of mRNA expression induced by serum stimulation

DescriptionTime ' Time  Chanpe  Fold
Transforming protein fos-B . 0.5 Increase 17.7
Steroid hormone receptor TR3 0.5 Increase  14.3
Connective tissue growth factor ' 035 Increase 12.2
22kDa smooth muscle protein ' 6 Increase 110
RTVP-1 protein G Increase 7.8
Heparin-binding EGF-like growth factor 6 Increase 7.0
Sclenophosphate synthetase 24 Increase 5.2
Tumor necrosis factor receptor ' 24 Increase 49 -
22kDa smooth muscle protein 24 Increase 4.5
Transcription regulator helix-loop-helix protein 6 Decrease 114
TGF-beta superfamily protein 6  Decrease 6.4
MXI1 6  Decrease 6.2
E1A cahancer-binding protcin 24  Decrease 5.1
Uracil-DNA glycosylase ) 24  Decrease 4.3
Transcobalamin 24 Decrease 4.1

3. DISCUSSION

Since serum components are similar to tear components, symptoms of severe. dry eye, |
caused in part by a lack of certain tear componcnts is 1mprovcd by autologous sctum 5
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Serum deprivation of CCL cultures causes many changes in various protein levels in
the cells., Some of these changes occurred in proteins associated with induction or
prevention of apoptosis. Interestingly, the mRNA levels of apoptosis-related proteins were
not changed (data not shown). This result is differs with previous studies, in which the
apoptotic response depended on mRNA expression and protein synthesis.* However, it is
possible that apoptosis-related mRNA cxpres:.sion has already completed after 24 h
following serum deprivation, and apoptosis responses are mainly due to protein-protein
reactions. Some of these proteins, such as immediate early response 3 and jun B, where
mRNA levels increased after serum deprivation (Table 1), could be related to an anti-
apoptosis response.>® These factors should protect CCL from serum deprivation-induced

cell death, either in tandem or cooperatively.
In this study, serum deprivation- and serum stimulation-induced CCL. expression data‘

for approximatety 5,600 mRNAs were obtained by GeneChip. Using these data, we can
elucidate the mechanisms by which CCL and ocular surface cells are maintained, and
develop effective novel formulations of artificial tears.
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Background. Peroxisome proliferator activator
receptor-gamma (PPARY) is a member of the nuclear
receptor superfamily. Ligands of PPARY, thiazolidione
derivatives, have been reported to be the one of the
candidates for the treatment of inflammatory bowel
disease (IBD). Given the fact that PPARY is a trans-
cription regulator, expression pharmacogenomics, in-
cluding differential gene expression profiling of drug
responses in a colitis model, is thought to be a useful
approach for finding relevant genes that can serve as
the target for new drug treatment of IBD. Methods. We
performed a global analysis for differential gene expres-
sion of the intestine in a dextran sodium sulfate (DSS)
colitis mouse model following PPARY ligand adminis-
tration. By applying a high-density oligonuclectide
array method, the expression patterns of approximately
12000 genes were analyzed, and selected genes were
confirmed by a real-time quantitative PCR method.
Results. The analysis of downregulated genes in the
DSS mice following PPARY administration revealed
several functional gene clusters with altered expression:
(1) oncogene families such as GRO1 oncogenes,
(2) inflammatory mediator-related genes such as
the interferon-gamma gene, (3) water electrolyte-
associated genes, and (4) others. Conclusions. This is
the first demonstration of global gene expression analy-
sis using the DSS colitis mouse model with a PPARy
ligand, and these results provide new insight for finding
novel target genes for treating IBD.

Key words: peroxisome proliferator activator receptor-
gamma (PPARY), gene profiling, oligonucleotide
microarray, dextran sodium sulfate (DSS) colitis mouse
model
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Introduction

Although the pathogenesis of in flammatory bowel dis-
ease (IBD) remains to be elucidated, various kinds of
inflammatory cytokines and adhesion molecules have
been reported to play a pivotal role in the IBD disease
process. For example, tumor necrosis tactor-alpha
(TNF-a) correlates with the progression of Crohn’s
disease, and an antibody specific for TNF-a is used to
treat Crohn'’s disease.!

Multiple gene expressions are involved in the onset
and progression of IBD; however, too many genes are
involved on the inflammatory locus to be analyzed by
global gene expression analysis.>* Therefore, differen-
tial gene expression profiling of drug responses in a
colitis model is more appropriate to determine a set of
differentially modulated drug-responsive genes.

Peroxisome proliferator-activated receptor-gamma
(PPARY) is a nuclear receptor that was originally shown
to play a critical role in adipocyte differentiation and
insulin sensitivity.> PPARy is activated by several
ligands, including 15-deoxy-A-12,14-prostaglandin I,
and thiazolidinedione derivatives (TZDs), such as
troglitazone, pioglitazone, and rosiglitazone (BRL-
49653), which are used as oral antihyperglycemic agents
for treating diabetes mellitus. Recently, these ligands
have been reported to have therapeutic effects in mouse
1IBD models.® Considering that PPARY is a nuclear re-
ceptor that can regulate gene expression, gene expres-
sion profiling is thought to be a very useful technique
for elucidating drug action. Furthermore, these results
will provide the novel genes that play an important role
for the pathogenesis of IBD.

In this study, we globally analyzed the expression
profiles of approximately 12000 genes in the dextran
sodium sulfate (DSS) colitis model related ta PPARy by
using a high-density oligonucleotide array.® By combin-
ing this analysis with subsequent confirmation of altered
expression in selected genes by quantitative RT-PCR,
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we identified differently expressed genes. Although
further functional analysis is necessary, these results
provide new insight on the pathological mechanisms of
IBD.

Materials and methods

Mice

Inbred C57BL/6 mice were purchased from CLEA
Japan (Tokyo, Japan). All animals were maintained
under specific pathogen-free conditions on standard
laboratory diets and water ad libitum, until the desired
age (7-10 weeks) and weight (20-30g) were achieved.
All mice were treated humanely according to the guide-
lines of NIH, IACUC, and the Pane! on Euthanasia of
the American Veterinary Medical Association’.

Dextran sodium sulfate (DSS) colitis model

All mice were treated humanely according to the
National Institutes of Health and AERI-BBRI Animal
Care and Use Committee guidelines. All animal experi-
ments were approved by the institutional animal care
and use committee of Yokohama City University
School of Medicine.

Specific pathogen-free, male C57BL/6] mice were
purchased from CLEA Japan (Tokyo, Japan). Colitis
was induced in 8-week-old mice (weighing 20-25g) us-
ing 2.5% {(w/v) DSS in the drinking water, which caused
clinical symptoms of IBD within 7 days.'® To investigate
the therapeutic effects of the PPARy ligand, BRL-
49653, in DSS-induced colitis, we prepared two groups
4 days after inducing colitis: a group pretreated with
BRL-49653 (10mg/kg) and an untreated group. In this
protocol for the intervention studies, DSS was adminis-
tered on day 0 and was continued until day 4, at' which
time the animals were killed. The PPARy ligand, BRL-
49653, was suspended in distilled water and adminis-
tered orally (30mg/kg/day) from day O to day 4.

Reagents

Rosiglitazone (BRL-49653) was generously donated by
SmithKline-Beecham (Tokyo, Japan). Other reagents
were of chemical grade.

High-density oligonucleotide array analysis

Total RNA was isolated from the colon of the DSS
mouse on day 1 and day 4 using Isogen RNA isolation
reagent (Nippon Gene, Toyama, Japan). From the
colon of each DSS mouse, 1pg polyadenylated RNA
was amplified up to approximately 1001g cRNA using

T7-based amplification and hybridized to the high-
density oligonucleotide array (GeneChip; U74,
Affymetrix, Santa Clara, CA, USA) as described previ-
ously." Three samples from each group were analyzed.
The intensity for each future array was calculated by
using Affymetrix GeneChip version 3.3 software with a
class ABC mask file. This so-called mask file is designed
to exclude inappropriate probe pairs and probe sets that
represent introns or reverse sequences. The average
intensity was made equal to the target intensity, which
was set to 100, to reliably compare variable multiple
arrays. In calculating the changes of average difference,
normalization for all probe sets was performed. A dot-
plot analysis of the fold change in the gene expression
patterns was performed by the same software,

Real-time quantitative RT-PCR

Quantitative PCR was performed for the validation of
the result of array analysis using cDNA samples derived
through reverse transcription-PCR of whole colon
mRNA as previously described.’? mRNA was isolated
using the RN Aeasy kit (Qiagen, Hilden, Germany), and
then the RT-PCR procedure was performed using
MMLYV reverse transcriptase as previously described.
The ¢DNA amounts and purity were checked by
spectophotometer using the DU-640 spectophotometer
at wavelengths 260 and 280. The ¢cDNA. samples were
then used as templates for individual PCR reactions
using specific primer sets, which were designed by
the Primer Express software {Applied Biosystems,
Urayasu, Japan). PCR reactions were prepared using a
SYBR Green PCR kit (Applied Biosystems). The quan-
titative PCR analysis was performed using an ABI 7700
realtime PCR machine (TagMan).12

Results

Global gene expression analysis of the DSS colitis
mouse by high-density oligonucleotide array

We first performed a global analysis of gene expression
patterns of 12000 genes in DSS colitis mice at day 4
using high-density oligonuclectide arrays and compared
the gene expression profiles to the patterns noted with
PPARy ligand.

As shown in Fig. 1, a dot-plot analysis of the fold
change in the gene expression patterns in DSS colitis
treated with the PPARYy ligand, BRL-49653, compared
to DSS colitis alone showed many expressed differently
in the tissue with and without associated PPARy. The
genes plotted on the diagonal line are the genes ex-
pressed equivalently, and the genes plotted far from the
diagonal line are the genes expressed differently (see
Fig. 1).
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Fig. 1. Plot comparing hybridization intensities for individual
genes from the intestinal specimen of the dextran sodium
sulfate (DSS) colitis mouse and the specimen of DSS colitis
mouse treated with PPARY ligand on day 4. Jnner solid and
outer dashed lines indicate expression difference of threefold
and tenfold, respectively

0 ¢

600 x

Relative Fold Difference

Dayl Day4  Dayi Day4
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Fig. 2. Gene clustering sorted according to condition, in
which genes increased in DSS colitis and decreased in DSS
colitis treated with PPARy on day 4. Individual genes are
listed in Table 1

Table 1. Genes upregulated in dextran sodium sulfate (DSS) colitis and downregulated in DSS colitis associated to peroxisome

proliferator-activated receptor-gamme (PPARY)

GenBank Sort score qRT-PCR Gene

D63362 —45.39 =70 Mouse DNA for reglIl gamma protein
M96827 —41.3 —72 Haptoglobin

M16360 —40.94 —380 Major urinary protein 5

X66402 —40.42 =356 Matrix metalloproteinase 3

D#63359 —40.37 =30 Pancreatic-associated protein

X99347 —33.67 =52 Lipopolysaccharide-binding protein

X66473 —33.48 —43 Matrix metalloproteinase 13

X04653 —32.68 —40 Ly-6 alloantigen

AJ0G7971 —32.38 ~44 Interferon-inducible GTPase

104596 -12.27 —46 GROI1 oncogene

AlB36812 -12.11 —-30 RABSC, member RAS oncogene family
V73487 —-11.89 =30 Calcium channel, voltage-dependent, alpha2/delta subunit 1
D42124 -11.75 =22 V-maf

uz20735 —-11.71 -26 Jun-B oncogene

U43085 -11.6% =30 Interferon-induced protein with tetratricopeptide
AF0O49850 ~11.59 —30 Major histocompatibility complex (MHC]) III
X52643 —11.45 —26 Histocompatibility class II antigen A

X56602 —-11.42 ~25 Interferon-inducible protein

V88623 -11.42 -32 Aquaporin 4

V28405 -11.40 ~-35 Chemokine (C-C) receptor 1

Y13185 -11.39 -24 Matrix metalloproteinase 10

XM125899 -11.0 -23 Interferon gamma

Sort score, difference in gene expression change; qRT-PCR, quantitative RT-PCR

Genes expressed differently in the DSS colitis mouse
associated with PPARy

As shown in Fig. 2, we next sorted the genes according
to the condition in which the genes increased in DSS
colitis and decreased in DSS colitis treated with PPARy
at day 4. These genes were further sorted by the sort
score and listed in Table 1.

Validation of selected genes by reai-time
quantitative RT-PCR

To verify the data, we then performed quantitative RT-
PCR testing on a total of 50 genes. The genes concor-
dant in both analyses are listed in Table 1; the ratio of
concordance was 60%.
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Table 2. Primer sets for quantitative PCR

Gene 5'-Forward 3'-Reverse

Mouse DNA for reglll gamma protein AATCACTGATATAAATATTA AAAATATTGCAACCTTGAGT
Haptoglobin GGACTCACCACCGGGGCCAC AGCTGGTTITTTCCCCACGTA.
Major urinary protein 5 CCTGGCCTCTGACAAAAGAG CCAAATATATTTCAGTGCAC

Matrix metalloproteinase 3

Pancreatic-associated protein

Lipopolysaccharide-binding protein

Matrix metalloproteinase 13

Ly-6 alloantigen

Interferon-inducible GTPase

GROI1 oncogene

RABSC, member RAS oncogene family

Calcium channel, voltage-dependent,
alpha2/delta subunit 1

V-maf

Jun-B oncogene

Interferon-induced protein with
tetratricopeplide

Major histocompatibility complex 111

Histocompatibility class I antigen A

Interferon-inducible protein

Aquaporin 4

Chemokine (C-C) receptor 1

Matrix metalloproteinase

Interferon-gamma

GGAGATGCTCACTTTGACGA
CATGGTGAAGAGAACAGGAA

ACTGGGTACATCAGAGCTTC
ACGGTCTAAGGCAGTAGATG

CCTGAACTTTTCCATCACAG AGACCACTGTTCTAAGGAGC
TGCATATGAACATCCATCCC ACACGTGGTTCTCAGAGAAG
CAATCTTTGCTITACCCATCT CCATGGTCCAGGTGCTGCCT
TGGAGACTCTGAAGAAAAGC CAAACAACTCCIGAATAT
GAAGACAGACTGCTCTGATG TTAAATATTAATGTAAAATA
CGATCGGCTGACTATATTGAC TGACTCCCAGCTGGGAGAGA
TGAGCGGATTGACTCTGAA GATCCCCTTTGCTGTAATGT
CTGCTTGTCAGCACCGTGG GCCTGTGTACACACAGGAAC
AACAGGCAAACAGAAGCCCA AGATATAAGTAAAACAACTG
GAAATCAAGGAGATGCTTGA TGGTAGATAGCCTTGTCTTG
AGGAGAAAAGGAGGGGGCCT CCCAGCCGTGTCTTCCCAGT
GACTCAAATITCACCCCAGC TGACTGACTTGCTATTITCIG
GGTCCCAGCAGCACAGTGAT CTTCGTGACTIGTTCCGCTG
GTATGACTAGAGGACAGCAC TATATCCATTATAGGCTTIT
AGCCAACAGGTGGACCTGTC TTTCCACTGTGGATGGGAGG
TGATATCAGCATTTITGGCCC TACGTTITCTTICTTCICCIT
CAGACAGCACTCGAATGTGT

AGGTATACTTTATTCATATG

Discussion

In these studies, we performed gene-profiling analysis in
the DSS colitis mouse mode!l using the PPARY ligand.
The upregulated and downregulated genes on PPARy
administration are listed in Table 1. The analysis of
the downregulated genes revealed several functional
gene clusters with altered expression: (1} oncogene
families such as GRQ1 oncogenes, (2) inflammatory
or immunomediator-related genes such as interferon-
gamma, (3) water electrolyte-associated genes, and (4)
others.

Furthermore, we identified that the oncogene family
genes such as the GRO1, V-maf, and Jun-B oncogenes
were upregulated in DSS colitis and downregulated in
DSS colitis with PPARY. These oncogenes have been
previously reported to be involved in the pathogenesis
of IBD;*" therefore further analysis and confirmation
is necessary. '

Inflammatory mediators such as interferon-y-related
genes!® or MHC class II genes!® also have been reported
to be involved in IBD pathogenesis. These data are a
positive control for this analysis. Water electrolyte-
associated genes!” were not previously known to associ-
ate with DSS colitis; therefore, these data should be
further corroborated as well. However, it seems very
reasonable that these genes are associated with diar-
rhea, which is the one of the major symptoms of IBD.
Among the other genes in Table 2, one interesting gene

is the RegllIl gene,'® which is closely related to the re-
generation of intestinal epithelium.

Although the initial discrepancy between the data
from the high-density oligonuclectide array and the
data from quantitative RT-PCR testing was not negli-
gible in this study, the final data presented here were
verified by two different methods and should be consid-
ered highly reliable. We used real-time quantitative RT-
PCR methods for validation of the microarray analysis
results. Our validation rate was 60%, which is the same
as that previously reported.’ Gene profiling analysis via
the oligonucleotide microarray technique greatly facili-
tated the study of gene expression in the IBD model
mouse treated with PPARy by showing the global
changes in gene expression. Based upon this study,
further investigations are now required to identify and
confirm the optimal target genes for treating IBD.
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Acute Colitis
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Summary: Peroxisome proliferator-activated receptor gamma
(PPARY), 2 member of a nuclear transcription factor family,
has been previously demonstrated to have antiinflammatory
activity, The effects of PPARy activation in the development of
an immune response are less well characterized. Through
evaluation of PPARy helerozygote mice (PPARY*") and spe-
cific PPARy agonist ligand binding, we evaluated the immu-
nologic effects of PPARYy activation in a well-described model
of colitis. Increased susceptibility to dextran sodium sulfate
(DSS)-induced colitis as defined by body weights, histologic
injury, and survival was observed in the PPAR~*" mice in
comparison to wild-type mice. Three different PPARYy ligands
(troglitazone, pioglitazone, and rosiglitazone) demonstrated
beneficial dose-related treatment effects when administered

prior to the onset of colitis. However, no protection was ob-
served when PPARYy ligand activation occurred after the onset
of colitis. The reduction in DSS-induced inflammation noted
with PPARy ligand treatment was associated with decreased
interferon-gamma and tumor necrosis factor-alpha and in-
creased interleukin (IL}-4 and IL-10 levels as assessed by quan-
titative reverse transcriptase-polymerase chain reaction. Con-
sistent with this shift towards a T helper (Th2) cytokine domi-
nance, PPARy ligand treatment stimulated increased GATA-3
expression. These results indicate that the protective effects
exhibited by PPAR#y ligands in intestinal inflammation may be
due to immune deviation away from Thl and towards Th2
cytokine production. Key Words: Cytokine—T lymphocyte—
Transcription factor—Inflammation—Mucosa,

INTRODUCTION

Nuclear transcription factors are key mediators in the
induction and maintenance of immune responses, espe-
cially in human inflammatory bowel disease (IBD),
where activation and translocation of nuclear factor
kappa-B (NFkB) complexes may be directly linked to
disease pathogenesis (1-7). Recently, another nuclear
transcription factor, peroxisome proliferator-activated re-
ceptor gamma (PPAR) (8), has been identified to have
important antiinflammatory and immunologic functions
(9-11).
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Peroxisome proliferator-activated receptor gamma
(PPAR-~) is highly conserved between species (12,13),
and is expressed at increased levels in the colon, and to
a lesser extent the small intestine, of rodents and humans
{8,14-17). Upon activation, PPARy binds in a heterodi-
meric fashion with retinol X receptor-oc (RXRa) to per-
oxisome proliferator responsive elements (PPREs) that
are present on a number of gene promoter regions (18-
20). Many of these PPREs are found on promoters as-
sociated with proinflammatory cytokines, such as tumor
necrosis factor-alpha (TNFa) and interleukin-1 (IL-1),
which are inhibited by PPARy. In addition to directly
regulating cytokine production, PPARy agonists may in-
directly affect proinflammatory genes by inhibiting the
function of other nuclear transcription factors such as
AP-1 and the NFkB complex (21,22). These antiinflam-
matory effects of PPAR:y indicate that it may play a very
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important role in reducing tissue inflammation associ-
ated with innate and adaptive immune responses. Indeed,
PPARYy agonists have demonstrated significant innate
antiinflammatory effects. For instance, PPARy signifi-
cantly reduces NO activity via reduction of iNQOS, and
potentially has direct effects on NO itself (23-28). In
addition; many inducible inflammatory chemokines such
as IL-8 (29,30), MCP-I (31), IP-10, MIG, and I-TAC
(32), which influence the tissue migration of many types
of leukocytes, are significantly inhibited by PPAR'y ac-
tivation.

PPARy activation also appears directly to influence the
development of an adaptive immune response. The produc-
tion and release of IL-12 by macrophages/dendritic cells is
critical to the development of a CD4+ T helper 1 (Thl)
response (33}, which appears to be the dominant re-
sponse observed with Crohn's disease. PPAR+y has been
demonstrated to reduce IL-12 production directly
through inhibition of IL-12 messenger RNA levels (34).
In addition, PPAR'y inhibits the release of IL-2 by Thl
CD4+ lymphocytes (35,36), apparently through direct
interactions with the nuclear transcription factor NFAT
(36). PPARy also may exert selective influences on Thl
lymphocytes by an increase in apoptosis, as has been
observed in peripheral blood lymphocytes of mice (37).
By these varied mechanisms, PPAR~y could potentially
influence the development of a Thl adaptive cellular
response in vivo.

In vivo animal studies have indicated that PPARy ac-
tivation leads to a reduction in Th1-associated transcrip-
tion factors, cytokines and chemokines, resulting in de-
creased intestinal inflammation associated with adminis-
tration of dextran sodium sulfate (DSS) or the hapten
trinitrobenzene sulfonic acid (TNBS) (29,30,38). How-
ever, these investigations did not directly address wheth-
er PPARy affected the development of a Thl immune
response relative to a Th2 response.

In this article, we investigated the in vivo role of
PPARYy in the induction of colitis associated with a Thl
cytokine excess. We therefore studied the acute DSS
colitis model, which is known to be dependent on Thl-
associated cytokines for its development. In this model,
we investigated PPARY*" mice and the therapeutic re-
sponse to three different PPARy ligands in the develop-
ment of colitis. Furthermore, we examined the pretreat-
ment response compared with posttreatment response for
the most effective of these ligands. These investigations
strongly support an important role for PPARy as an en-
dogenous antiinflammatory mediator. Moreover, we ob-
served that PPARy ligands introduced prior to the onset
of, but not after, acute DSS colitis could provide antiin-
flammatory protection and do so by shifting the cytokine

balance and transcriptional regulation of T cells away
from Thl and towards a Th2 predominance.

MATERIALS AND METHODS
Mice

Inbred C57BL/6 mice were purchased from Jackson
Laboratories (Bar Harbor, ME, U.5.A.). The PPARy*"
(heterozygotic) mice were generated as previously de-
scribed (30). All animals were maintained under specific
pathogen-free conditions on standard laboratory chow
and water ad libitum until the desired age (7-10 weeks)
and/or weight (20-30 gm) were achieved. All mice were
treated humanely according to National Institutes of
Health, IACUC, and the Panel on Euthanasia of the
American Veterinary Medical Association guidelines.

Dextran Sodium Sulfate (DSS) Colitis Model

Dextran sodium sulfate (Lot 7359¢; ICN, Aurora, OH,
U.S.A)) was added to the animals’ water supply at a
concentration of 2.5% (wt/vol) at Day 0 of each experi-
ment and animals were allowed to drink freely. Total
body weight (g) was measured at the same time each day
and prior to introduction of the PPARy ligand by gavage.
Feces were collected from each mouse daily and stored
for rehydration and fecal occult bleeding measurements.
For analysis of fecal occult bleeding, daily stools were
resuspended in 400 pl of sterile water through vortexing
for 5 min, microcentrifuged at 13,000 rpm for 2 min
using an Eppendorf 5417C table-top centrifuge (Ham-
burg, Germany), and then 40 pl of supernatant was
added to paper from the Hemoccult SENSA (SmithKline
Diagnostics, San Jose, CA, U.S.A.) kit. Scoring for di-
arrhea (0-3) and fecal blood (0-4) were performed as
previously reported (39). Daily gavage of the PPARy
ligands began on Day -1 in all the experiments, except
for one experiment where it was begun on Day +1 (see
Results). All experiments were repeated at least twice
with 5 to 10 mice per group. The data displayed provides
a summary of the results.

Reagents

Troglitazone was obtained from Parke-Davis (Morris
Plains, NJ, U.8.A)), rosiglitazone (BRL-49653) from
SmithKline Beecham (Tokyo, Japan), and pioglitazone
from the Sato Chemical Corporation (Japan). Other re-
agents were of chemical grade.
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Histologic Staining

For histologic staining, tissue samples were fixed in
3.7% formaldehyde-PBS overnight at 4°C. The samples
were then dehydrated and embedded in paraffin. Three-
micrometer sections were stained with hematoxylin and
eosin (HE).

Western Blot Analysis for GATA-3 Expression

Tissue samples were collected from animals that had
received DSS for 1 week in the presence or absence of
rosiglitazone (30 mg/kg per day). The samples were ho-
mogenized in Tris-HC buffer with a cocktail of protease
inhibitors and then centrifuged. Supernatants were sub-
jected to SDS-PAGE electrophoresis (30 p.g protein per
sample per lane). Expression of GATA-3 in tissues was
detected using a GATA-3-specific polyclonal antibody
(Santa Cruz Biotech, Santa Cruz, CA, U.5.A.). The Vec-
tastain ABC kit (Vector Laboratories, Burlingame, CA,
U.S.A.) was used with 3,3'-diaminobenzidine (DAB)
substrate kit (Vector Laboratories) according to the
manufacturer’s instructions for detection.

Cytokine Analysis

Quantitative polymerase chain reaction (PCR) was
performed for cytokine measurements using cDNA
samples derived through reverse transcription (RT)-PCR
of whole colon mRNA, mRNA was isolated using the
RNAeasy kit (Qiagen, Germany), followed by perfor-
mance of RT-PCR using MMLYV as previously described
(30). cDNA amounts and purity were checked by spec-
trophotometry using the DU-640 spectrophotometer at
wavelengths 260 and 280. cDNA samples were then used
as termplates for individual PCR reactions using specific
primer sets for TNFa, IL-4, IL-10, and interferon-
gamma (IFN¥). The quantitative PCR analysis was per-
formed using ABI 7700 real-time PCR machine (Taq-
Man). The specific primers for IL-10, IL-4, IFNv, and
TNFa were purchased from ABL

Statistical Analysis

All results are expressed as mean = SEM. Statistical
comparisons were made using the Student  test after the
analysis of variances. The results were considered sig-
nificantly different at p < 0.05.

RESULTS

Mice That Are Heterozygotic for PPARYy
Expression Demonstrate Increased Susceptibility to
DSS-Induced Colitis

Since agonism of PPARy has been previously dem-
onstrated to have a beneficial effect on DSS-induced
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colitis in vivo (29), it is predicted that a lack of PPARy
would result in a worsening of colitis. To explore this
possibility, we initially tested mice that were heterozy-
gotic for PPARy expression (PPARY"") in the DSS co-
litis model and compared their response to wild-type
control animals. PPARy"" mice were used in these ex-
periments, as homozygotic mice do not survive for very
long after parturition. Although they express signifi-
cantly diminished quantities of PPARy, PPARY*" mice
otherwise appear normal in morphologic analysis (30).
After receiving 7 days of DSS treatment, PPARY*" mice
exhibited significantly greater mortality in comparison to
DSS treated wild-type control animals of the same ge-
netic background and under similar environmental con-
ditions (Fig. 1A). Typical of DSS-induced colitis, diar-
rhea and grossly bloody feces were clearly evident in the
treatment groups, while untreated PPARy*" littermates
were otherwise clinically normal (data not shown). In
conjunction with the observation on mortality, there was
a corresponding exacerbation of weight loss (Fig. 1B}
and loss of mucosal epithelinm and enhanced ulceration
(Fig. 1C) in the DSS-treated PPARY"" mice in compari-
son with the wild-type control mice. These results em-
phasize the increased susceptibility of the PPARyY"
mice to the development of colitis induced by DSS ad-
ministration, as we have previously observed in response
to ischemia-reperfusion injury (30). They further empha-
size the importance of endogenous PPARy in regulating
the degree of tissue inflammation associated with patho-
logic injuries and provide physiologic relevance to pre-
vious studies with this model (29).

Dose Responses Differ for Three PPARYy
Agonist Ligands

Previous studies have also shown the therapeutic ef-
fects of PPAR:y agonists in the chronic DSS model (29).
In the next series of experiments we sought to confirm
and extend these observations in the acute DSS colitis
model by examining three different thiazolidinediones
(TZDs): troglitazone, rosiglitazone (BRL-49653), and
pioglitazone. Using DSS-susceptible C57BL/6J mice,
the dose response for each of the PPARy ligands was
evaluated and compared with untreated control animals
that received DSS alone. All three TZDs provided clini-
cal protection against colitis as defined by body weight
with varying dose responses when administered at Day
—1 of exposure to DSS (Fig. 2A).

Identical observations were made when diarrhea and
occult bleeding were assessed (data not shown). Specifi-
cally, pioglitazone and rosiglitazone resulted in signifi-
cantly less colitis at relatively equivalent dose ranges in
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. . FIG. 1. Reduction in endogenous
Wild-type PPARy* PPARy Is associated with an in-
. creased susceplibility to DSS-
induced colitis. Az The mortality
percentage was significantly
higher In DSS-treated PPARy het-
erozygate (PPARy*™) mice as
compared with DSS-treated wild-
type control mice. Mice were
treated for 1 wesk with 2.5% DSS
given ad libitum in their drinking
water. Both groups consumed
equal amounts of DSS-treated
k% water. B: Dally weights were de-
termined for the same group of
animals as in Panel A, and the
percentage loss in body weight
from baseline after 1 week is
shown. There was a significant
difference in the loss of body
weight between the two groups
(**, p < 0.01). C: Histclogic ap-
pearance of PPARy*" mouse co-.
lon tissue (left panel) as com-
pared with wild-type control
mouse colon issue (right panel)
receiving 2.5% DSS for 1 week.
As shown in lhese{represenlat]ve
: samples, PPARvy*" mice had a
DSS + PPARy*- DSS + Wild-type Control much greater infammatory infi
trate with loss of the mucosal sur-
face (arrows). Colonic crypts (arrowheads) are still evident in the wild-type control mouse sample, yet are not seen in the PPAR~*" mouse
tissue. Hematoxylin and eosin stained sections are shown at similar magnifications.
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comparison with troglitazone, which was demonstrably appeared to achieve a significant therapeutic effect with
less effective. It should be noted that at the maximum a daily dosage of 10 mg/kg, which reached a plateau by
dose for troglitazone (200 mg/kg) it was difficult to the higher dosage of 30 mg/kg. Rosiglitazone appeared
mainfain solubility. Both pioglitazone and rosiglitazone to have a slightly better effect at 10 mg/kg than piog-
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FIG. 2. Dose response curves (A) and preventative effects (B) for three PPARy agenist ligands (troglitazone, rosiglitazone [BRL-49653),
and pioglitazone) o control vehicla. Each ligand or conirol was introduced by gavage to C57BL/6 mice 1 day before administration of 2.5%
DSS in their drinking water. Measurement of body weight, as a parcentage of starting weight, is shown. Boedy weight changes corre-
sponded to occult fecal bleeding and degree of diarrthea (data not shown). No differences between groups in their intake of DSS were
noted.
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litazone, but this advantage was lost by the 30 mg/kg
dosage. These studies confirm the previously observed
beneficial effects of BRL-49653 on experimental DSS-
induced colitis (29), and show that these effects likely
extend to the whole TZD class of compounds with vary-
ing efficacy.

Varying Effects of Treatment Regimens with
PPARy Ligands on DSS Colitis

QOur previous studies with PPARy-deficient animals
suggested the importance of endogenous PPARy activity
in protecting from colitis in an ischemia-reperfusion in-
jury model (30). It was important therefore to determine
whether the beneficial activity of PPARy activation was
occurring during the early and/or later phases of colitis.
To define this, we compared the effects of PPARy li-
gands administered before and after colitis induction. In
the former case, each ligand was begun at Day —1 in the
DSS colitis model. As demonstrated in Figure 2A, there
was significantly less weight loss in all of the TZD treat-
ment groups in comparison with the untreated control
animals when administered prior to exposure to DSS. As
described above, rosiglitazone and pioglitazone were sig-

DSS + Rosiglitazone

nificantly better than troglitazone. These findings were
confirmed by microscopic histologic examination (Fig. 3).

In a second series of studies, the antiinflammatory
effects of administering the PPARy agonist ligands after
the onset of acute DSS-induced colitis were evaluated.
Two groups of C57BL/6F mice received either rosigl-
itazone 30 mg/kg or control vehicle by gavage beginning
on Day +1 of DSS administration. Unlike the pretreat-
ment regimen described above, there were no demon-
strable differences in weight loss or any of the other
measured parameters observed between the two groups
(Fig. 4). These findings indicate that PPAR-y may play a
preventive, rather than a therapeutic, role in the acute
DSS-induced colitis model. They further emphasize the
importance of endogenous PPARYy activity as described
above, and imply an important and perhaps essential role
for PPARyy during the earliest phases of tissue inflam-
mation.

PPAR~ Ligands Down-Regulate Thl and
Up-Regulate Th2 Cytokine Production in Acute
DSS Colitis

Since it has been shown that PPAR+y can result in a
change in the immunologic function of many different

FIG. 3. Histologic appearance of DSS-treated C57BL/6 mouse colon tissue confirms protective effect of PPARy-ligand activation. Inbred
C57BL/6 mice received either rosiglitazone (A) or control vehicle (B) by daily gavage 1 day prior to Initiating 2.5% DSS-induced colitis.
There was notable preservation of the colonic erypt epithelium in the rosiglitazone-treated tissue sample (thin arrows), as compared with
the control treated tissue. There also was increased submucosal hemorrhage {thick arrows) in the control-treated tissue sample that was
not present in the rosiglitazone-treated sample. Representatlve hematoxylin and eosin stained sections from day 4 are presented at

similar magnifications.
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FIG. 4. Ineffectiveness of PPAR~ ligand, rosiglitazone, at reduc-
ing acute DSS-induced murine colitis in a therapeutic treatment
trial. Two groups of inbred C57BL/S mice received rosiglitazone,
or control vehicle, by daily gavage beginning 24 hours afier the
onset of 2.5% DSS-induced colitis. Measurements of body
weighls, as a percentage of initial weights, are shown, Thesa
body weight changes corresponded to occult fecal hemorrhage
and degres of diarhea {data not shown). There were no noted
differences between groups in their intake of DSS.

cell types, including macrophages and T cells, we sought
to understand the effects of the TZD class of PPARy
ligands on cytokine production in the context of DSS-
induced tissue inflammation. Quantitative PCR for tis-
sue-associated cytokines was performed from cDNA
prepared from samples generated from whole ¢olon on
Day +4 of the DSS colitis model using rosiglitazone (10
mg/kg/day) as the PPARy agonist when administered at

Day —1 of DSS administration. Marked differences in the
levels of IL-10, IL-4, IFNv, and TNFa were observed in
the ligand-treated mice in comparison with the untreated
mice. Specifically, rosiglitazone induced an increase in
IL-10 and IL4 levels, and a reduction in IFNvy and
TNFa levels, consistent with a shift towards a Th2 ey-
tokine bias (Fig. 5). These data suggest that the benefi-
cial effects of the TZD class of agents in the DSS colitis
model is not simply due to a reduction in Thl cytokine
production normally associated with this model, but that
it also is due to a concurrent increase in Th2 cytokine
production.

Colonic GATA-3 Expression Is Consistent With
Th2 Cytokine Predominance

Since expression of the nuclear transcription factor
GATA-3 plays a major role in the development of a Th2
response (33), we sought to evaluate the possibility that
PPARYy ligand-induced activation was associated with
up-regulation of GATA-3 expression. As shown in Fig-
ure 6, there was a significant elevation in the quantities
of GATA-3 detectable in the rosiglitazone-treated ani-
mals in comparison with wild-type, untreated controls.
These results are consistent with the observed increase in
Th2 cytokines at the transcriptional level and the pos-
sible deviation of the Th immune response induced by
PPAR+y activation.

DISCUSSION

In this article, we have confirmed that PPAR:y ligands
are effective at influencing the development of an im-
mune response by reducing Thl-associated cytokines
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IL-4 FIG. 5. Quantitative reverse tran-
scriptase-polymerase chain reac-
tion cytokine analysis. PPARy ii-
gand, rosiglitazone {10 mg/kg), or
contral vehicle was administered
to C57BL/6 mice by daily gavage
1 day prior to treatment with 2.5%
DSS. Quantitative cytokine mea-
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and IL-4 (Th2 cylokines), from
whole colon samples on Day 4 of
DSS treatment. Preadministration
of PPARy ligand, rosiglitazone, in
DSS-induced colitis resulted in
significant reductions in Tht cyto-
kines and increases in Th2 cyto-
kines, as compared with control

Rosiglitnzone Control

Rosiglilnzone

treated animals (", p < 0.05:

Control . 0<0.01),
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