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1. Introduction

ABSTRACT

The ligand-activated transcription factor, peroxisome proliferator-activated receptor (PPAR)y, and its
ligands inhibit pro-inflammatory cytokine production by immune cells, thus exerting anti-inflammatory
activity. As a non-thiazolidinedione PPARvy ligand, KR62980 has anti-diabetic and anti-adipogenic
activities, but its anti-inflammatory function has yet to be characterized. In this study, we investigated
the functions and mechanisms of KR62980 in the activation and differentiation of CD4+ T helper (Th)
cells by comparing its effects with those of a thiazolidinedione PPARYy ligand, rosiglitazone. KR62980
dose-dependently and significantly suppressed TCR-triggered Th cell proliferation by suppressing IL-2/
IL-2Ra-mediated signaling. Both KR62980 and rosiglitazone suppressed IFNvy production in a dose-
dependent manner, whereas IL-4 gene expression was specifically suppressed by only KR62980. In
addition, sustained KR62980 treatment diminished Th2 cytokine production by inhibiting c-Maf
expression. In vivo administration of KR62980 in a model of allergic asthma significantly attenuated
eotaxin-induced eosinophil infiltration, allergic cytokine production and collagen deposition in the lung.
KR62980 also decreased goblet cell hyperplasia in the airway and mucous cell metaplasia in nasal
epithelium, concurrent with decreases of allergic Th2 cytokines and IL-17 in the draining lymph node. In
conclusion, a novel PPARY ligand, KR62980, suppresses in vitro Th2 cell differentiation and attenuates in
vivo OVA-induced airway inflammation, suggesting a beneficial role for KR62980 in the treatment of
allergic asthma and allergic rhinitis.

© 2009 Elsevier Inc. All rights reserved.

anti-diabetic activity, but increasing numbers of reports have
revealed their undesirable effects, including increased adipocyte

Peroxisome proliferator-activated receptor y (PPARYy) is a
member of the nuclear hormone receptor superfamily that
regulates gene transcription upon ligand binding [1]. Ligand-
activated PPAR+y binds to the promoter region of target genes by
interacting with other nuclear hormone receptors [2] and then
activates target gene transcription. Although originally character-
ized as a key regulator for adipocyte differentiation to activate
adipogenic gene transcription [3], PPARy is known to induce
insulin sensitization in diabetic and obese mice [4]. Considerable
attention has been paid to thiazolidinedione (TZD) PPARvy
ligands, such as rosiglitazone and pioglitazone, due to their potent

* Corresponding author. Tel.: +82 2 3277 4369; fax: +82 2 3277 3760.
E-mail address: eshwang@ewha.ac.kr (E.S. Hwang).

0006-2952/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2009.10.023

differentiation, cardiac hypertrophy, edema, and hepatotoxicity
[5-8]. Accordingly, several non-TZD partial PPARy ligands such as
GWO0072 [9], N-(9-fluorenyl) methoxycarbonyl-L-leucine [10] and
KR62980 [1-(transmethylimino-N-oxy )-6-(2-morpholinoethyoxy)-
3-phenyl-1H-indene-2-carboxylic acid ethyl ester] [11] have been
developed to circumvent the limitations of TZD PPARY ligands and
have been characterized as having potent anti-diabetic effects and
less adipogenic activities [9,11].

PPARY exerts anti-inflammatory activity that may be mediated
by suppression of pro-inflammatory cytokine production in
macrophages and dendritic cells [12-14] and by induction of
apoptosis in monocytes [15]. PPARY is also known to inhibit TCR-
triggered T cell proliferation [16]. PPARy ligands have proven
therapeutic effects in animal models of inflammatory diseases
such as arthritis, inflammatory bowl disease and asthma [17-21].
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TZD PPARYy ligands suppress airway eosinophil adhesion [22] and
allergen-induced airway inflammation [13,23,24] and also play
protective roles in airway remodeling [21]. However, the
regulatory mechanisms of the anti-inflammatory activities of
TZD or non-TZD PPARY ligands have yet to be clearly demon-
strated.

CD4+ T helper (Th) cells are activated by TCR stimulation and
subsequently differentiate into effector Th cells, Th1, Th2 and Th17
cells, which produce the signature cytokines IFNvy, IL-4 and IL-17,
respectively [25,26]. Upon TCR stimulation, CD4+ Th cells
increasingly produce IL-2 and induce T cell proliferation and
expansion [27,28]. Increased IL-2 binds to IL-2 receptor (IL-2R)a
and activates signal transducers and activator of transcription
(STAT) 5-mediated signals within the cells [29,30]. Commitment of
CD4+ Th cells into effector Th1, Th2 and Th17 cells is controlled by
specific transcription factors: T-bet for Th1; GATA-3 and c-Maf for
Th2; and RORvyt for Th17 cells. Generation of effector Th cells
induces protection against extracellular or intracellular pathogens,
whereas overproduction of Th1, Th2 and Th17 cytokines is thought
to cause chronic allergic and inflammatory immune responses
[31,32]. Thus, suppression of cytokine production in activated
CD4+ Th cells may be useful for the treatment of inflammatory
immune disorders. Since ligand-induced PPARvy activation sup-
presses IL-2 [33], IFN+y [34] and IL-4 production in T cells [35],
PPARY may modulate CD4+ Th cell-mediated inflammatory
immune responses.

In this study, we examined the effects of the non-TZD PPARYy
ligand, KR62980, on activation and differentiation of CD4+ Th cells
in vitro and on allergic airway inflammation in vivo. While both
rosiglitazone and KR62980 suppressed the pro-inflammatory
cytokine IFNvy in a dose-dependent manner, KR62980 more
potently suppressed IL-2-induced cell proliferation via inhibition
of IL-2Ra expression. In addition, KR62980, not rosiglitazone,
selectively inhibited IL-4 and c-Maf-mediated Th2 cell differentia-
tion and attenuated Th2-driven allergic inflammation in vivo. We
suggest that KR62980 may play a beneficial role in modulating
Th2-driven allergic airway inflammation through the significant
suppression of Th2 cell development.

2. Materials and methods
2.1. Reagents

All cytokines and anti-cytokine antibodies were purchased
from BD Biosciences (San Diego, CA). KR62980 was synthesized in
the Korea Research Institute of Chemical Technology (Daejeon,
Korea) and was provided endotoxin-free with 99% purity.

2.2. Mice

C57BL6 and Balb/c mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and housed under specific pathogen-
free conditions at Ewha Womans University. Animal handling and
experiments were performed in accordance with the Institutional
Animal Care and Use Committee guidelines.

2.3. Isolation and activation of CD4+ Th cells

Single cell suspensions were prepared from lymph nodes and
spleens of wild-type mice, and incubated with mouse anti-CD4
micro-beads according to the manufacturer’s instructions (Milte-
nyi Biotech., Auburn, CA). Isolated CD4+ Th cells (>95% purity)
were stimulated with plate-bound anti-CD3 (1 pg/ml) and anti-
CD28 (1 pg/ml) in the presence of recombinant human IL-2 (2 U/
ml). The indicated amounts of rosiglitazone or KR62980 were
added to the culture media concurrent with TCR stimulation.

2.4. Cell apoptosis assay

Cells were harvested, washed twice in phosphate-buffered
saline (PBS) and incubated with phycoerythrin (PE)-conjugated
annexin-V and 7-aminoactinomycin D for 20 min at room
temperature (BD Biosciences). Cells were then analyzed by flow
cytometry, and apoptotic cell populations were calculated using
FACS Calibur and CellQuest software (BD Biosciences).

2.5. CFSE staining and cell proliferation assay

Single cell suspensions of CD4+ Th cells were incubated with
10 wM carboxyfluorescein diacetate, succinimidyl ester (CFSE,
Molecular Probes, Eugene, OR) at 37 °C for 10 min and then washed
with PBS. CFSE-labeled CD4+ Th cells were stimulated with plate-
bound anti-CD3 (1 wg/ml) and anti-CD28 (1 pwg/ml) in the
presence of either rosiglitazone or KR62980 for 48 h and the
number of cell divisions was analyzed by dye dilution using flow
cytometry.

2.6. Cell cycle analyses

Cells were fixed in ice-cold 70% ethanol, treated with RNase
and incubated with propidium iodide (PI, Sigma-Aldrich Inc., St.
Louis, MO) for 30 min. After washing the cells with PBS, cells
were acquired by flow cytometry in the FACS Calibur and
analyzed using the CellQuest and ModFit programs (BD
Biosciences).

2.7. ELISA

Cell supernatants were collected and incubated on capture Ab-
coated ELISA plates according to the manufacturer’s instructions
(BD Biosciences). Plates were subsequently incubated with
biotinylated anti-cytokine Ab and alkaline phosphatase-conju-
gated streptavidin. Color changes of phosphatase substrates
(Sigma-Aldrich Inc.) were measured on an ELISA plate reader
(Molecular Devices, Palo Alto, CA). ELISA kits (R&D Systems Inc.,
Minneapolis, MN) were used to measure IL-5 (sensitivity <3.3 pg/
ml) and IL-13 (sensitivity <1.5 pg/ml) in bronchoalveolar lavage
fluid (BALF).

2.8. Real-time PCR

Total RNA was prepared using TRIzol reagent and reverse-
transcribed into cDNA using a SuperScript II RT kit (Invitrogen,
Carlsbad, CA). Transcribed cDNA template was diluted and mixed
with SYBR Green PCR master mix (Applied Biosystems, Foster City,
CA) and specific primers as follows: (3-actin-FWD 5’-aagcaggagtat-
gacgagtccg-3/, 3-actin-REV 5'-cggaactaagtcatagtccgec-3’, IL-4-FWD
5’-tcttgataaacttaattgtctctcgtcac-3’, IL-4-REV 5’-gcaggatgacaactag-
ctggg-3', IL-5-FWD 5’-agcacagtggtgaaagagacctt-3/, IL-5-REV 5'-
tccaatgcatagcetggtgattt-3’, IL-13-FWD 5’-agaccagactcccctgtgea-3/,
IL-13-REV 5'-tgggtcctgtagatggcattg-3’, IFNy-FWD 5’-agcaacagcaag-
gcgaaaa-3/, IFNy-REV 5'-ctggacctgtgggttgttga-3/, eotaxin-FWD 5'-
cagatgcaccctgaaagccata-3’, eotaxin-REV 5'-tgctttgtggcatcctggac-3'.
Quantitative real-time PCR was performed using an ABI PRISM 7000
sequence detection system (Applied Biosystems).

2.9. Differentiation of CD4+ Th cells into Th1, Th2 and Th17 cells

Isolated CD4+ Th precursor cells were stimulated with plate-
bound anti-CD3 (1 pwg/ml) and anti-CD28 (1 pwg/ml) in the
presence of recombinant human IL-2 (2 U/ml). On day 1, cells
were additionally treated with combinations of cytokine and
anti-cytokines; IL-12 (2 ng/ml) and anti-IL-4 (5 pg/ml) for Th1;
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IL-4 (10 ng/ml) and anti-IFNvy (5 wg/ml) for Th2; and anti-IFNvy
(5 pg/ml), anti-IL-4 (5 g/ml), TGFB (5 ng/ml) and IL-6 (10 ng/
ml) for Th17. Cells were cultured for an additional 4-5 days and
subsequently re-stimulated with plate-bound anti-CD3 (1 g/
ml). Cells were treated with KR62980 upon TCR stimulation and
media were refreshed on days 2 and 4. Cell supernatants were
used for ELISA and cell pellets were harvested for real-time PCR
analysis.

2.10. Immunoblot analysis

CD4+ Th cells were induced to differentiate into Th2 cells in the
presence of 10 wM KR62980 for 48 h. Nuclear extracts were
prepared and resolved by SDS-PAGE. Protein blots were incubated
with specific antibodies against c-Maf, GATA-3, NFATp, and NF-kB
p65 (Santa Cruz Biotech, Santa Cruz, CA).

2.11. OVA-induced allergic airway inflammation and BALF analysis

Balb/c mice (6-8 weeks of age) were intraperitoneally injected
with 50 pg/ml OVA (0.1 ml at 500 wg/ml) complexed with alum on
days 0 and 14. Mice were additionally treated with KR62980 (0, 10,
100 mg/kg) by intraperitoneal injection before receiving 50 pg of
OVA intranasally on days 28, 30, 32, 35, and 37. Control animals
received saline with alum without OVA. Total BALF (1 ml of PBS
three times) was collected from the lungs and centrifuged. IL-5 and
IL-13 levels were analyzed using high sensitivity ELISA kits (R&D
Systems Inc.). Eosinophils were detected by May-Grunwald
Giemsa staining and subsequently analyzed with a ZEISS micro-
scope at 400x.

(A) O\

2.12. Lung histology analyses

Lung tissues were fixed in 10% formalin, dehydrated, mounted
in paraffin, and sectioned at 10-pm thickness using a microtome
(Leica Microsystems, Nussloch GmbH, Germany). Tissue sections
were stained with hematoxylin & eosin, periodic acid-Schiff (PAS)
and Masson’s trichrome solutions (Sigma-Aldrich Inc.). The
number of PAS+ cells per mm of base membrane was measured
for quantitative analysis. Masson'’s trichrome-stained slides were
photographed with an Olympus U-TV0.63XC digital camera
(Olympus Corp, Melville, NY). Images were analyzed by Meta-
Morph 4.6 software (Universal Imaging Corp, Downingtown, PA) as
previously described [36].

2.13. Statistical analysis

Statistical significance was determined by one-way ANOVA
and, if necessary, group means were compared by post hoc analysis
using the Tukey multiple comparison of means test. Data are given
as means & SEM of at least three independent experiments.
Significance was set at a p value of less than 0.05.

3. Results

3.1. KR62980 decreases the number of TCR-triggered CD4+ Th cells
but does not induce apoptotic cell death

KR62980 is a novel non-TZD PPARy ligand containing the
morpholino and phenyl indene moieties (Fig. 1A). In order to
examine whether KR62980 influences the activation of CD4+ Th
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Fig. 1. Effects of KR62980 on the activation of CD4+ Th cells. (A) Chemical structure of KR62980. CD4+ Th cells were isolated from lymph node of C57BL6 mice and stimulated
with anti-CD3 (1 pg/ml) and anti-CD28 (1 wg/ml) in the presence of various concentrations of KR62980. (B) Activated CD4+ Th cells were observed at 24 and 48 h after TCR
stimulation with 200x magnification using standard optical microscopy. Viable cells were counted in the Trypan blue exclusion assay (n = 3). (C) Cells were harvested at 48 h
and stained with annexin-V and 7-AAD using a cell apoptosis assay kit. Apoptotic cells were analyzed by flow cytometry.
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cells, primary CD4+ Th cells were treated with various amounts of
KR62980 concurrent with TCR stimulation. CD4+ Th cells were well
activated upon TCR stimulation and highly proliferative at 48 h. At
concentrations below 10 wM, KR62980 had no effect on the
activation and proliferation of CD4+ Th cells, whereas diminished
numbers of CD4+ Th cells were observed at 25 and 50 WM KR62980
(Fig. 1B). We performed cell apoptosis assays with annexin-V
binding and found no induction of apoptosis by KR62980. These
results suggest that the decrease in the numbers of KR62980-
treated CD4+ Th cells is not mediated by cell apoptosis.

3.2. Anti-proliferative activity of KR62980 via suppression
of IL-2Ra expression

By labeling CD4+ Th cells with CFSE, we next tested whether
KR62980 suppresses cell proliferation. While CFSE-labeled CD4+ Th
cells proliferated rapidly, resulting in four divisions at 48 h post-TCR
stimulation, KR62980, like rosiglitazone, suppressed CD4+ Th cell
division and dose-dependently reduced cell division (Fig. 2A).
Further cell cycle analysis verified that KR62980 diminished the G1-
to S-phase transition of the cell cycle (Fig. 2B). Since TCR-triggered T
cell proliferation is critically associated with IL-2 production and

[L-2R-mediated signaling [37], we investigated IL-2 levels and IL-
2Ra expression in the presence of rosiglitazone or KR62980.
Rosiglitazone attenuated IL-2 production and IL-2Ra expression,
but only very moderately at 50 wM. However, KR62980 potently
diminished IL-2 production and suppressed IL-2Ro expression
(Fig. 2Cand D), suggesting that KR62980 suppresses IL-2-dependent
T cell proliferation by suppressing IL-2Ra expression.

3.3. KR62980, but not rosiglitazone, decreases IL-4 production

As PPARvy ligands are known to suppress pro-inflammatory
cytokine production, we examined the IFNy and IL-4 levels
produced by TCR-triggered CD4+ Th cells of C57BL6 (Th1-prone) or
BALB/c (Th2-prone) mice. The Thl-prone pro-inflammatory
cytokine IFNy was decreased by both rosiglitazone (ICsp,
40.2 pM) and KR62980 (ICs0, 10.9 M) at the levels of protein
and gene transcription (Fig. 3A and B). In addition, KR62980 dose-
dependently suppressed allergic cytokine IL-4 expression via
inhibition of gene transcription (ICso, 17.7 wM), whereas rosigli-
tazone did not (Fig. 3C and D). These results imply that unlike
rosiglitazone, KR62980 may have potent anti-allergic activity
through its suppression of IL-4 gene expression.
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Fig. 2. Anti-proliferative function of KR62980 in CD4+ Th cells. (A) CD4+ Th cells (1 x 107) were labeled with CFSE dye and stimulated with TCR for 48 h in the presence of the
indicated amounts of KR62980 or rosiglitazone. Proliferating cells were analyzed using the FACS Calibur system. Data shown are one representative of three independent
experiments and numbers indicate the number of cell divisions. (B) Proliferating CD4+ Th cells upon TCR stimulation were fixed in ethanol and incubated with PI. Cell cycle
progression was analyzed by CellQuest and flow cytometry. Cell populations in G1 to S transition phase were calculated using the ModFit program and reported as
means + SEM (n = 3). (C) Cell supernatant was collected from 48-h stimulated CD4+ Th cells in the presence of KR62980 or rosiglitazone and used for ELISA of IL-2 cytokine. Data are
given as means + SEM (n = 3). (D) Cells treated with different concentrations of KR62980 or rosiglitazone were harvested at 48 h after TCR stimulation, incubated with PE-

conjugated IL-2Ra Ab, and then analyzed by flow cytometry.
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Fig. 3. Suppression of IL-4 production by KR62980. CD4+ Th cells were isolated from either C57BL6 (Th1-prone, A and B) or Balb/c (Th2-prone, C and D) mice and activated
with anti-CD3 and anti-CD28 in the presence of KR62980 or rosiglitazone for 48 h. Cell supernatants were collected for measuring the cytokines IFN+y (A) and IL-4 (C) by ELISA.
Cells were also harvested for total RNA preparation. Two g of total RNA was used for reverse transcription and subsequent real-time PCR. Relative expression levels of IFNy
(B) and IL-4 (D) were calculated after normalization to the levels of B-actin. Data are reported as means - SEM (n = 4). Statistical significance was analyzed by ANOVA. ns, not

significant; *p < 0.05; **p < 0.005; ***p < 0.0005.

3.4. KR62980 specifically ameliorates Th2 cell development

The significant decrease of IL-4 with KR62980 inspired us to
investigate whether KR62980 affects Th cell differentiation into
Th1, Th2 or Th17 cells. In order to avoid the potent anti-
proliferative effect of KR62980 in TCR-triggered CD4+ Th cells,
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cells were treated and refreshed with 10 wM KR62980 during Th
cell differentiation. Sustained treatment with 10 wM KR62980 had
no significant effect on IL-2 production, but reduced IFN<y-
producing Th1 cell differentiation (Fig. 4A); however, Th17 cell
development was not affected by KR62980, as evidenced by the
lack of changes in IL-2 and IL-17 levels (Fig. 4B). Interestingly,
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Fig. 4. KR62980-mediated inhibition of Th2 cell differentiation. CD4+ Th cells isolated from lymph node were activated and induced to differentiate into effector Th cells as
described in Section 2. Differentiating Th cells were incubated with 10 wM KR62980 and refreshed every 2 days during Th cell differentiation. Differentiated Th1, Th2 or Th17
cells were re-stimulated with anti-CD3 for 24 h and cell supernatants were harvested for cytokine measurements by ELISA. Cell supernatants were used for measuring
cytokine levels: IL-2 and IFN+y from Th1 cells (A), and IL-2 and IL-17 from Th17 cells (B). (C and D) Th2 cell supernatants were used for determining IL-2, IL-4, IL-5 and IL-13 (C
and D) levels by ELISA. Data are reported as means + SEM (n = 3). Statistical significance was analyzed by Student’s t-test. ns, not significant; *p < 0.05; **p < 0.005.
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Fig. 5. Attenuation of c-Maf expression by KR62980. CD4+ Th cells isolated from Balb/c mice were incubated with 10 uM KR62980 during Th2 cell development.
Differentiated Th2 cells were re-stimulated with anti-CD3 and harvested for RNA preparation and subsequent real-time PCR assays. Gene transcription levels of IL-4 (A), IL-5
(B) and IL-13 (C) were determined from the activated Th2 cells. Data are reported as means =+ SDs (1 = 4). ns, not significant; **p < 0.005; ***p < 0.0005. (D) CD4+ Th cells were
differentiated into Th2 cells in the absence or presence of 10 wM KR62980 for 72 h. The nuclear proteins were isolated from activated Th2 cells and resolved by SDS-PAGE. Protein
blots were subsequently incubated with specific Abs against c-Maf, GATA-3, NFATp and NF-kB p65.

constant treatment with KR62980 drastically reduced IL-4
production without affecting IL-2 levels in the differentiation of
Th2 cells (Fig. 4C). In addition, the other major Th2 cytokines, IL-5
and IL-13, were also decreased by 60 and 80%, respectively, with
KR62980 (Fig. 4D), supporting the notion that KR62980
ameliorates Th2 cell development.

3.5. Attenuation of c-Maf-mediated Th2 cell differentiation by
KR62980

Corresponding to the decreased protein levels of IL-4, IL-5 and
IL-13 cytokines with KR62980 treatment, the gene transcription
levels of IL-4, IL-5 and IL-13 were substantially inhibited by
KR6290 (Fig. 5A-C). To explain the inhibitory mechanisms of
KR62980 in Th2 cytokine gene transcription, the expression levels
of active transcription factors in the nucleus were determined. The
expression levels of the T cell-specific transcription factors, NFATp
and NF-kB p65, and of GATA-3, a master regulator of Th2 cell
development, were not influenced by KR62980, but the level of c-
Maf, another Th2-specific transcription factor [38,39], was
comparatively decreased by treatment with KR62980 (Fig. 3D).
These results suggest that the suppression of Th2 cell differentia-
tion by KR62980 may be mediated by a reduction in c-Maf
expression.

3.6. Attenuation of eosinophil infiltration by KR62980 in
OVA-induced airway inflammation model

Since KR62980 substantially suppressed c-Maf-induced Th2
cell development in vitro, we assessed whether KR62980
modulated Th2 cell-related immune responses in an allergen-
induced airway inflammation model. BALB/c mice were immu-
nized with OVA and injected with PBS or KR62980 before
intranasal administration of OVA. As shown in Fig. 6A, OVA
challenge in sensitized animals markedly increased the infiltration
of immune cells such as neutrophils, macrophages, lymphocytes
and eosinophils in the BALF. While most infiltrating immune cells
were not influenced by KR62980, eosinophils were markedly
decreased by treatment with KR62980 (Fig. 6B). The dominant
eosinophil-chemoattractant, eotaxin, was also attenuated in the
lungs of KR62980-treated mice (Fig. 6C).

3.7. KR62980-mediated reduction of Th2-driven allergic
cytokines in the lung

Next, the allergic cytokines in the lung were assessed by ELISA
and Multiplex assay system. The protein levels of the allergic

cytokines, IL-5 and IL-13, in the BALF were significantly attenuated
by KR62980 injection (Fig. 7A and B). Moreover, ex vivo analysis of
cytokine production confirmed that KR62980 diminished IL-4 and
IL-5 cytokines in draining lymph node (Fig. 7C and D). IL-17, which
is a pivotal pro-inflammatory cytokine in allergic airway inflam-
mation, was also decreased in the KR62980-treated group
(Fig. 7E). These results support the in vivo suppression of Th2
cytokine production by KR62980.

3.8. Amelioration of inflammation in the lung and nasal
cavity by KR62980

Histological analyses of lung sections using PAS and trichrome
staining revealed profound goblet cell hyperplasia and dense
collagen deposition in airways that were sensitized and challenged
with OVA (Fig. 8A). However, KR62980 treatment decreased both
goblet cell-mucus secretion and collagen deposition in the lung
interstitium around the airways (Fig. 8A). Quantitation of PAS+
cells and Trichrome+ area revealed statistical differences between
the vehicle- and KR62980-treated groups (Fig. 8B). In addition,
inflammatory responses induced by OVA in nasal mucous
membranes were significantly alleviated by KR62980 (Fig. 8C),
demonstrating that KR62980 potently attenuates allergen-induced
airway inflammation in vivo.

4. Discussion

Many investigators have demonstrated the anti-inflammatory
functions and therapeutic potential of PPARy agonists, and TZD
PPARY ligands have been successfully used to treat inflammatory
diseases such as colitis, psoriasis and chronic obstructive
pulmonary disease [13,40-43]. The regulatory mechanisms of
the anti-inflammatory effects of PPARy agonists have also been
extensively studied. A natural PPARy agonist, 15-deoxy-delta-
prostaglandin ]2, suppresses TNFa and G-CSF production in
monocytes and smooth muscle cells [12] and ameliorates de novo
synthesis of protein involved in cell cycle progression and NF-kB-
mediated inflammatory gene expression [12,44]. In addition, the
TZD PPARy agonist, rosiglitazone can directly inhibit IFNvy
expression by interfering with c-Jun activation in the IFNvy gene
promoter [34]. In this study, rosiglitazone also diminished IFN+y
production in activated Th cells. Moreover, KR62980, a non-TZD
PPARYy ligand, potently suppressed IFNy expression, suggesting
that the regulatory mechanism of KR62980 in IFN+y suppression is
similar to that of rosiglitazone.

In addition to IFNvy suppression, KR62980 substantially
inhibited Th cell proliferation and Th2-derived IL-4 production,
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Fig. 6. Reduction of eotaxin-induced eosinophil infiltration by KR62980. Balb/c mice (n=6 per group) were immunized with OVA and intraperitoneally injected with
KR62980 (0, 10, 100 mg/kg) before intranasal administration of OVA. BALF was collected from the lung and centrifuged. (A) Cell numbers of neutrophils (NEU), lymphocytes
(LYM), macrophages (MAC), and basophils (BAS) in BALF were determined using a hemocytometer and reported as means + SEM for six mice. (B) Inflamed eosinophils in BALF
were counted and reported as means =+ SEM (n = 6). (C) Total RNA was prepared from the lung and used for reverse transcription. Relative expression levels of eotaxin were
determined by real-time PCR and statistical significance was analyzed by ANOVA (n = 6). *p < 0.05; **p < 0.005.
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Fig. 7. Diminished allergic inflammatory cytokine production by KR62980. Balb/c mice (n = 6) were sensitized and challenged with OVA and injected with or without
KR62980. (A) BALF from each group was collected and used to measure the cytokines IL-5 (A) and IL-13 (B) with ELISA kits (n = 6). (B) Single cell suspensions (5 x 10° cells)
were isolated from the draining lymph nodes of mice (n =4) and stimulated with anti-CD3 for 24 h. Cytokines IL-4 (C), IL-5 (D) and IL-17 (E) were measured in the cell
supernatants. Data are expressed as means + SEM. *p < 0.05; **p < 0.005; ***p < 0.0005.

whereas rosiglitazone did not affect IL-2 and IL-4 production. As IL- mechanism acting in the inhibition of IL-2-dependent Th cell
2/IL-2Ra-mediated signaling is critical for inducing Th cell proliferation. Separately, the decreased IL-4 expression and Th2
differentiation, significant reduction of IL-2Ra expression by cell differentiation with KR62980 may be mediated by suppression
treatment with KR62980 may be subject to the regulatory of c-Maf, a Th2-specific transcription factor. These findings
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Fig. 8. Attenuation of inflammation in the lung and nasal cavity by KR62980. Lung tissues were harvested from mice treated with or without KR62980 as in Fig. 6. Lung tissues
fixed in 10% formalin were sectioned and stained with PAS and Masson’s trichrome solution (A) (n=6). Scale bars show 50 and 100 wm in upper and lower panels,
respectively. (B) PAS+ cells and Trichrome+ area were calculated as described in Section 2 (n=6). *p < 0.05; **p < 0.005. (C) The nasal cavities were decalcified, fixed,
sectioned, and stained with PAS. Mucous membrane lining the nostril is shown with the 50-p.m scale bar.

indicate that KR62980, unlike rosiglitazone, may have distinct
roles in the regulation of Th cell proliferation and Th2 cell
differentiation via different mechanisms.

Our data strongly indicate that KR62980 plays a pivotal role in
controlling allergic airway inflammation in vivo by reducing
eotaxin-induced eosinophil infiltration and by attenuating mucus-
secreting goblet cell hyperplasia and collagen deposition in the
airways. Prolonged and continuous treatment with TZD PPARvy
agonists in inflammatory diseases provoke undesirable side effects
including weight gain, edema, myocardial infarction and exacer-
bation of cardiac dysfunction [45,46]; thus, safer PPARYy agonists
are in development [11,47-49]. KR62980 may provide an
alternative to the TZD PPARYy ligands in treating inflammatory
diseases such as allergic asthma, rhinitis or chronic obstructive
pulmonary disease. Sustained treatment with KR62980 exerts no
adipogenic effects, which are prominently observed with TZD
PPARvy ligands, but rather antagonizes the adipogenic activity
induced by rosiglitazone [50]. Moreover, the anti-diabetic function
of KR62980 is as efficient as that of TZD PPARv ligands, and no
toxicity, including mutagenic potential or hepatotoxicity, has been
observed [11].

Collectively, we propose that KR62980 may be distinguished
from rosiglitazone in terms of its functional anti-allergic mechan-
isms and may have powerful beneficial effects in the treatment of
Th2-driven allergic inflammatory diseases such as allergic asthma
and allergic rhinitis.
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