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Rationale: The NF-E2 related factor 2 (Nrf2)–antioxidant response
element (ARE) pathway is essential for protection against oxidative
injury and inflammation including hyperoxia-induced acute lung
injury. Microarray expression profiling revealed that lung peroxi-
some proliferator activated receptor g (PPARg) induction is
suppressed in hyperoxia-susceptible Nrf2-deficient (Nrf22/2) mice
compared with wild-type (Nrf21/1) mice. PPARg has pleiotropic
beneficial effects including antiinflammation in multiple tissues.
Objectives: We tested the hypothesis that PPARg is an important
determinant of pulmonary responsivity to hyperoxia regulated by
Nrf2.
Methods: A computational bioinformatic method was applied to
screen potential AREs in the Pparg promoter for Nrf2 binding. The
functional role of a potential ARE was investigated by in vitro pro-
moter analysis. A role for PPARg in hyperoxia-induced acute lung
injury was determined by temporal silencing of PPARg via intranasal
deliveryofPPARg-specific interferenceRNAandbyadministrationof
a PPARg ligand 15-deoxy-D12,14-prostaglandin J2 in mice.
Measurements and Main Results: Deletion or site-directed mutagene-
sis of a potential ARE spanning -784/-764 sequence significantly
attenuated hyperoxia-increased Pparg promoter activity in airway
epithelial cells overexpressing Nrf2, indicating that the -784/-764
ARE is critical for Nrf2-regulated PPARg expression. Mice with
decreased lung PPARg by specific interference RNA treatment had
significantly augmented hyperoxia-induced pulmonary inflamma-
tion and injury. 15 Deoxy-D12,14-prostaglandin J2 administration
significantly reduced hyperoxia-induced lung inflammation and
edema in Nrf21/1, but not in Nrf22/2 mice.
Conclusions: Results indicate for the first time that Nrf2-driven PPARg

induction has an essential protective role in pulmonary oxidant
injury. Our observations provide new insights into the therapeutic
potential of PPARg in airway oxidative inflammatory disorders.
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The lung is at high risk for oxidative stress as it interfaces with
various airborne oxidants including air pollutants and high
concentrations of oxygen (O2) when used as combined therapy.
Reactive oxygen species have been implicated in the pathogen-
esis of many acute and chronic pulmonary disorders including
adult respiratory distress syndrome (ARDS), bronchopulmo-
nary dysplasia, emphysema, idiopathic pulmonary fibrosis, and

cancer (1–3). ARDS is a severe form of acute lung injury (ALI)
and is a major lung disease affecting millions worldwide.
ARDS is characterized by increased permeability and inflam-
mation accompanying abnormal gas exchange and variable late-
phase responses including pulmonary fibrosis (4). Hyperoxia
(.95% O2) exposure to laboratory rodents induces pulmonary
damage that resembles ARDS subphenotypes, and has been
widely used to investigate the molecular basis of oxidative lung
injury.

Nrf2 is a transcription factor that induces antioxidant and
defense gene expression through binding to cis-acting antioxi-
dant response elements (AREs) (5), and is essential in tissue
protection from various oxidants and xenobiotics (6). Using
mice genetically deficient in Nrf2 (Nrf22/2), a protective role
for the Nrf2-ARE pathway has been demonstrated in oxidant-
mediated inflammatory lung injury including hyperoxia toxicity
(7–16). To elucidate molecular mechanisms underlying Nrf2-
mediated pulmonary protection against O2, we profiled
Nrf2-dependent genes regulated during the development of
hyperoxia-induced lung injury in Nrf21/1 and Nrf22/2 mice
(17). In addition to the predicted ARE-bearing antioxidant and
cytoprotective genes (e.g., Nqo1, Gstp, Txnrd1, Ex, and Cp-2),
several novel genes were defined to be Nrf2-dependent (17).
They included Pparg (or Nr1C3), which encodes peroxisome
proliferator activated receptor g (PPARg).

PPARs belong to a nuclear hormone receptor super family,
and are classified into isoforms a, b (or d), and g. PPARs
regulate ligand-specific gene transcription through PPAR re-
sponse element (PPRE) binding after forming a heterodimeric
complex with a retinoid X receptor (RXR) member. Pleiotropic
effects of PPARs include lipid and lipoprotein metabolism and

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Peroxisome proliferator activated receptor g (PPARg) is
known to act not only on adipogenesis and glucose/lipid
homeostasis but also on antiinflammatory responses.
Results demonstrate that Nrf2-induced PPARg plays an
essential protective role during the pathogenesis of pulmo-
nary inflammation and oxidative stress in acute lung injury.

What This Study Adds to the Field

Bioinformatic determination of a functional antioxidant
response elements and potential antioxidant response
elements suggested mutual feedback regulation of Nrf2-
PPARg is a molecular mechanism of cytoprotection in
Pparg and suggested mutual feedback regulation of Nrf2-
PPARg will provide keys for molecular mechanisms of
cytoprotection.
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adipogenesis, glucose homeostasis, cell cycle regulation, and
cellular proliferation and differentiation.

PPARg has been found in various cells of the immune
system, endothelium, epithelial cells, fibroblasts, glial cells, and
smooth muscle cells (18–21). Recent in vivo and in vitro studies
defined a novel role of PPARg-RXRa in the pathogenesis of
neurologic disorders, cancers, and inflammation and immune
diseases (22–25). Use of specific PPARg ligands or agonists,
such as endogenous 15-deoxy-D12,14-prostaglandin J2 (15d-
PGJ2) and exogenous thiazolidinediones (rosiglitazone and
pioglitazone), has suggested PPARg may have a beneficial
effect in critical pulmonary disorders including asthma, ALI,
chronic obstructive pulmonary disorders, fibrosis, bronchopul-
monary dysplasia, and lung cancer (20, 26–28). Interestingly,
Nrf2 has also been implicated in animal models of these
diseases (7–15).

The present study was designed to characterize the mecha-
nisms through which Nrf2 regulates PPARg, and to determine
the function of PPARg in the pathogenesis of hyperoxia-
induced lung injury in mice. Results of this study demonstrate
an essential protective role for Nrf2-driven PPARg against
ALI. Some of the results of this study have been previously
reported in an abstract (29).

METHODS

Animals

Nrf21/1 and Nrf22/2 (ICR background) mice (5) were produced from
breeding colonies at the National Institute of Environmental Health
Sciences (NIEHS), National Institutes of Health, Research Triangle
Park, North Carolina. Mice were provided food (modified AIN-76A)
and water ad libitum. Male mice (5–7 wk old) were used for all ex-
periments.

In Vivo PPARg Specific Interference RNA Treatment

Specific interference RNA (siRNA) sequences for PPARg were
selected based on a previous publication (30). The sense and antisense
strands of siRNA (si-PPARg) were 59-GAC AUG AAU UCC UUA
AUG AUU-39 and 59-UCA UUA AGG AAU UCA UGU CUU-39,
respectively, spanning 880–899 bp of mouse Pparg (GI:187960102). si-
PPARg was synthesized in 2’-deprotected, duplex, desalted, and
purified form by Dharmacon Research, Inc. (Lafayette, CO). Nrf21/1

mice were anesthetized with isofluorane and si-PPARg (2 mg/kg, in
50-ml phosphate-buffered saline for 25 g) or equivalent dose and
volume of nonspecific control siRNA duplex (si-NS) (nontargeting
siRNA #2, Dharmacon) was administered intranasally (31). Intranasal
instillation was done daily for 3 consecutive days (1 d before, day 0, and
at 1 d after hyperoxia or air exposure).

Administration of a PPARg Agonist 15d-PGJ2

Vehicle (phosphate-buffered saline with 4% dimethyl sulfoxide) or
15d-PGJ2 (30 mg/kg, EMD Chemicals, Inc., Gibbstown, NJ) in vehicle
was administered intraperitoneally (100 ml) in Nrf21/1 and Nrf22/2

mice daily starting 1 day before inhalation exposure. The dose was
chosen based on previous publications in which PPARg was efficiently
induced in the lung (32, 33). The last injection was done 24 hours
before the end of the designated inhalation exposure period.

Inhalation Exposure

Mice were placed individually in a Hazleton M60 battery inside
a Hazleton 1000 chamber (Lab Products, Maywood, NJ). After
acclimation in the chambers for 24 hours per day for 2–3 days, mice
were exposed to more than 95% O2 (UHP grade, Min. purity 99.994%
O2 tanks; National Welders, Durham, NC) 24 hours per day for 48 or
72 hours. Water and feed (modified AIN76/A) were provided ad
libitum during the exposure. The temperature (728F 6 38F) and
humidity (50 6 15%) of the chambers were monitored. Mice for
room-air exposure were placed in a Hazleton M60 battery placed on

a countertop with food and water provided ad libitum for the exposure
duration. The chambers were opened for approximately 30 minutes at
the same time each morning to allow animal health checks (morbidity
and mortality), water and feed checks, and excreta paper change.
Immediately after the end of each exposure, mice were killed by
sodium pentobarbital overdose (104 mg/kg). All animal use was
approved by the NIEHS Animal Care and Use Committee.

Bronchoalveolar Lavage Analysis

The right lung of each mouse was lavaged in situ four consecutive
times with Hanks’ balanced salt solution (0.5 ml/25 g body weight)
and analyzed for total protein content (a marker of lung permeability)
and differential cell count (markers of lung cellular inflammation and
epithelial cell exfoliation), as described previously (7).

Lung Histopathology

The left lung from each mouse (n 5 3/group) was perfused intra-
tracheally in situ with zinc formalin, removed from the mouse, and
fixed at a constant intraairway pressure of 25 cm fixative for 30 minutes
The trachea was ligated and the inflated lung lobes were immersed in
the same fixative for 1 to 3 days. The fixed left lung lobe was processed
to be stained with hematoxylin and eosin (H&E) for histopathologic
analysis. Immunohistological staining was done using an anti-PPARg

antibody (sc-7273X; Santa Cruz Biotechnology, Inc., Santa Cruz, CA).

Bioinformatic Analysis of the Pparg Promoter for Putative

ARE Screening

Potential ARE sequences containing RTKAYnnnGCR for Nrf2
binding were determined in the 10 kb 59 upstream region of murine
Pparg (GI:83029857) using a position weight matrix (PWM) statistical
model that was constructed based on a set of functional ARE
sequences curated from published experimental studies (34).

Terminal Deoxynucleotidyl Transferase-mediated dUTP

Nick-End Labeling Assay

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end label-
ing (TUNEL) assay was performed on lung tissue sections to determine
the cellular DNA fragmentation in situ as a parameter of apoptotic
cell death using DeadEnd Colorimetric TUNEL System (Promega,
Madison, WI) according to the recommendations of the manufacturer.
Briefly, deparaffinized lung sections were fixed in 4% paraformalde-
hyde, permeabilized with proteinase K, and incubated with biotiny-
lated nucleotide mix (including terminal deoxynucleotidyl transferase)
to incorporate biotinylated nucleotide at the fragmented 39-OH DNA
ends. After immunohistochemical procedures, TUNEL-positive nuclei
were visualized under a light microscope. Negative control samples
that were incubated without terminal deoxynucleotidyl transferase and
a positive control sample that was treated with DNase I before in-
cubation with biotinylated nucleotide mix were prepared for references.

Reverse Transcription Polymerase Chain Reaction

Total lung RNA was isolated from homogenates using RNeasy Mini
Kit (Qiagen Inc., Valencia, CA). One mg of total lung RNA was re-
verse transcribed into cDNA in a 50-ml volume (35). For semiquanti-
tative polymerase chain reaction (PCR), cDNA equivalent to 50 ng of
RNA was amplified in a 25-ml reaction containing 240 nM of forward
and reverse primers specific for mouse HO-1 (7), CD36 (59-
GCTTATTGGGAAGACAATCAA-39, 59-GCAAATGTCAGAG
GAAAAGAA-39), Nrf2 (7), NQO1 (7), GST-Ya (7), and 18s rRNA
(59-TACCTGGTTGATCCTGCCAG-39, 59-CCGTCGGCATGTAT
TAGCTC-39) in a Gene Amp PCR System 9700 (Applied Biosystems,
Foster City, CA), and expression levels were quantified with 18s
ribosomal RNA as an internal control following the procedures
described elsewhere (35).

Lung Protein Isolation

Total lung proteins were prepared from lung homogenates in radio-
immunoprecipitation buffer including phenylmethanesulfonyl fluoride
(10 mg/ml) and protease/phosphatase inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO) using a polytron homogenizer. Nuclear pro-
teins were prepared from pulverized lung tissues following procedures

Cho, Gladwell, Wang, et al.: ARE-Driven PPARg in Pulmonary Protection 171



described previously (36). Proteins were quantified and stored in
aliquots at 2708C.

Electrophoretic Mobility Shift Assay

Nuclear DNA binding activities were determined by gel shift analyses
of nuclear protein aliquots (3–5 mg) on 3 3 104 cpm (g32P) ATP
end-labeled double-stranded oligonucleotides containing a consensus
binding sequence (59-AGGTCAAAGGTCA-39) for PPAR/RXR con-
sensus binding sequence (PPRE or direct repeat, sc-2587; Santa
Cruz Biotechnology, Santa Cruz, CA), mutant PPRE oligonucleotide
(sc-2588; Santa Cruz Biotechnology), mouse Nrf2 promoter-931
PPRE-like sequence (59-TAATGCTGGTCAAAGGCCAAGGGGT-39),
ARE consensus sequence (35), -784 wild-type (Wt) mouse Pparg-ARE
(59-TCATTGTGACATAGCACTTAT-39), or -784 mutant (Mt)
mouse Pparg-ARE (59-TCATTGGTACATAGCACTTAT-39) follow-
ing the procedure described previously (7). Specific binding activity
was determined by preincubation of nuclear proteins with anti-Nrf2
antisera (8) or anti-RXRa (sc-553X, Santa Cruz Biotechnology) for
2 hours in ice followed by electrophoretic mobility shift assay. The gel
was autoradiographed using an intensifying screen at 2708C, and bands
were scanned using a Bio-Rad Gel Doc 2000 system (Bio-Rad Labora-
tories, Hercules, CA). Representative band images from independent
analyses (n 5 3/group) are presented.

Transcription Factor ELISA

To analyze specific binding activity of nuclear p65 nuclear factor kappa
B (NF-kB) proteins, transcription factor ELISA was performed using
nuclear extracts (2 mg) following the manufacturer’s instruction
(NF-kB TransAM kit; Active Motif, Carlsbad, CA) and procedures
described previously (37).

Western Blot Analyses

Proteins (20–100 mg) were separated on SDS-phage gels and ana-
lyzed by Western blotting using specific antibodies against Nrf2
(sc-722X; Santa Cruz Biotechnology); PPARg (sc-723X, Santa Cruz
Biotechnology); RXRa (sc-553X; Santa Cruz Biotechnology); PTEN
(sc-7974, Santa Cruz Biotechnology); bax (sc-7480; Santa Cruz Bio-
technology); cleaved caspase-8 (#9748; Cell Signaling Technology Inc.,
Danvers, MA); lamin B (sc-6217, Santa Cruz Biotechnology); or pan
actin (sc-1615, Santa Cruz Biotechnology). Representative band im-
ages from multiple independent blotting (n 5 3/group) are presented.
Specific protein bands were scanned and, if applicable, quantified using
a Bio-Rad Gel Doc 2000 System.

ELISA for Cytokine Measurement

The concentration of pulmonary proinflammatory cytokine IL-6 was
determined in bronchoalveolar lavage (BAL) fluid (50 ml) using
mouse-specific ELISA kits (R&D Systems, Minneapolis, MN) accord-
ing to the manufacturer’s instructions.

Plasmid Construction

The 59-upstream region of Pparg (GI:83029857) was amplified by
PCR amplification using oligonucleotide primers bearing restriction
enzyme sites (SacI or NheI), 59-GCGAGCTCCACTGAATTATAT
TAGGTCA-39, 59-GCGAGCTCGTTGCTATTGATAGATAAAC-39,
and 59-GCGCTAGCGTTTTGTCTATGTCTTGCAA-39, and Pparg-
ARE segment (21000 to 11), which contains a putative -784 ARE
sequence (59- TCATTGTGACATAGCACTTAT-39, from -784 to -764),
or Pparg-DARE segment (-730 to 11), which has deletion of the -784
ARE, were generated. The promoter segments were processed for cloning
into SacI and NheI sites of a pGL3-basic vector (Promega) containing
a heterologous SV40 promoter and a firefly luciferase reporter gene using
a Rapid DNA and Ligation Kit (Roche Applied Science, Indianapolis, IN)
to create pPparg-ARE and pPparg-DARE. A mammalian overexpression
vector for murine Nrf2 was generated by PCR amplification of the DBA/J
mouse cDNA using oligonucleotide primers 59-GGTACCCATGATG
GACTTGGGAGTTGCCA-39 and 59-TCTAGACTCCATCCTCCC
GAACCTAGT-39. cDNA encoding Nrf2 were then cloned into the KpnI
and XbaI sites of p3XFLAG-CMV (Sigma-Aldrich) for subsequent
bacterial expression (pFlag-Nrf2). All plasmid sequences were confirmed
by sequencing analysis performed in the NIEHS Sequencing Core facility.

Site-Directed Mutagenesis

A point mutation was introduced into the Pparg -784 ARE using a kit
(Stratagene, La Jolla, CA) according to the manufacturer’s instructions
to create mutated AREs (pPparg-AREmt; T-785A) in pPparg-ARE
(or pPparg-AREwt). Oligonucleotide primers used for PCR amplifica-
tion of 1,000 bp upstream containing the mutated ARE were 59-
GAGGGCTCCAATTTTTTCATTGAGACATAGCACTTATCACTT
AAA-39 (forward) and 59-TTTAAGTGATAAGTGCTATGTCTCAAT
GAAAAAATTGGAGCCCTC-39 (reverse). The mutations in the pro-
moter sequences were confirmed after cloning.

Transfection, In Vitro Hyperoxia Exposure, and Reporter

Gene Analyses

Transient transfection was performed in BEAS-2B cells (ATCC,
Manassas, VA) with 60 to 70% confluency using Effectene Trans-
fection Reagent (Qiagen) following standard procedures. In brief, cells
were transfected with 100 ng of each vector, pPparg-ARE or pPparg-
DARE together with 1 ng of Renilla luciferase plasmid (pRL-TK,
Promega). In a separate experiment, pPparg-ARE or pPparg-DARE
were cotransfected with 100 ng of Nrf2 overexpressing plasmid
(pFlag-Nrf2). Immediately after the end of exposure to air or hyper-
oxia (85 6 5%; 4, 6, or 12 h), aliquots of cell extracts were assayed for
firefly and Renilla luciferase activities using a dual luciferase kit
(Promega) with a microplate luminometer (Fluoroskan Ascent FL;
Thermo Scientific Inc., Waltham, MA). Background firefly luciferase
activity from mock-transfected cell extracts was subtracted from each
experimental measurement. Firefly luciferase activity was then nor-
malized to that of Renilla luciferase to correct for variation in trans-
fection efficiency in each cell extract, and the normalized average
activity for pPparg-ARE in the air exposure group in the absence of
Nrf2 overexpression was assigned a value of 1. For the site-directed
mutagenesis assay, pPparg-ARE (pPparg-AREwt) or pPparg-AREmt

was transfected into BEAS-2B cells with or without pFlag-Nrf2. All
transfections were performed in triplicate, and each experiment was
repeated (n 5 6–9/group).

Statistics

Data are expressed as the group mean 6 SEM. Two-way analysis of
variance was used for all the experimental data, and the Student-
Newman-Keuls test was used for a posteriori comparisons of means
(P , 0.05). All of the statistical analyses were performed using the
SigmaStat 3.0 software program (SPSS Science Inc., Chicago, IL).

RESULTS

Differential Expression and Activation of Lung PPARg

in Nrf21/1 and Nrf22/2 Mice

Expression of lung total PPARg protein was significantly
lower in Nrf22/2 mice than in Nrf21/1 mice at baseline, and
PPARg level was increased (25%) in Nrf21/1 mice after O2 (48
and 72 h, 48 h data shown), whereas no significant change was
found in Nrf22/2 mice (Figure 1A). O2 also enhanced nuclear
levels of PPARg protein in Nrf21/1 mice but not in Nrf22/2

mice. Nuclear protein level of RXRa that binds to PPRE with
PPARg as a dimer form was also suppressed in Nrf22/2 mice
compared with Nrf21/1 mice after air and O2 exposure
(Figure 1B). Gel shift analysis of nuclear proteins determined
increased total PPRE binding activity as indicated by shifted
bands (SB) in the lungs of Nrf21/1 mice after O2, whereas no
O2-mediated change in the PPRE binding activity was found
in Nrf22/2 mice (Figure 1B). Increased specific RXRa-
PPRE binding activity was found in the lungs of Nrf21/1 mice
after hyperoxia as indicated by super shifted bands (SSB)
(Figure 1B).

Pulmonary Localization of PPARg

PPARg was detected largely in alveolar macrophages and
in epithelium lining conducting airways in air-exposed mice,
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and the populations of PPARg-positive cells were smaller in
Nrf22/2 mice than in Nrf21/1 mice (Figure 2A). After hyperoxia
exposure, PPARg-bearing cells were markedly increased
throughout the lungs of Nrf21/1 mice. PPARg was detected
predominantly in infiltrating inflammatory cells, bronchial
epithelial cells, endothelial cells, and smooth muscle cells of
injured regions with perivascular and peribronchial edema
in (Figure 2B). PPARg-positive cells were infrequent in the lungs
from Nrf22/2 compared with Nrf21/1 mice after O2 (Figure 2B).

Putative AREs Elucidated by Bioinformatic Analysis

of the Pparg Promoter

To investigate whether Nrf2 directly or indirectly regulates
PPARg expression, potential ARE sequences for Nrf2 binding
in the 59 upstream region of Pparg were analyzed. We used
a PWM statistical model (34) that was constructed based on
a set of functional ARE sequences curated from published
experimental studies. Theoretical PWM score is proportional to
binding energy (38), and as the PWM value increases, so does
the likelihood that the ARE is bona fide. Our computational
method identified nine putative ARE or ARE-like sequences
(Table 1) from 10 kb of the 59-upstream promoter sequence of
the Pparg (GI:83029857). Among nine putative AREs, the most
proximal upstream sequence spanning -784 and -764 bp
matched the ARE consensus sequence (RTKAYnnnGCR;
R 5 A or G, K 5 G or T, Y 5 C or T, n 5 A, C, G, or T)
with the highest PWM score (14.2). This PWM score is
compatible with that of validated AREs in pulmonary Nrf2
target genes including Nqo1 (ch16:68318405–68318425, PWM
16.4), Txnrd1 (ch12:103183169–103183189, PWM 17.9), and
Gclm (ch1:94087027–94087047, PWM 12.2) (34). This potential

ARE (hereafter designated -784) was pursued for further
functional analysis.

Functional Analyses of the -784 ARE In Vitro

To determine functional relevance of the -784 ARE in regula-
tion of Pparg expression, the 1-kb upstream region of the Pparg
promoter bearing the -784 ARE sequence was cloned in
a luciferase reporter vector (pPparg-ARE) and the promoter
activity was analyzed in airway epithelial cells by transient
transfections. A plasmid containing the Pparg promoter con-
structs with deletion of the -784 ARE region (pPparg-DARE)
was also generated and used in transfections. In airway epithe-
lial cells overexpressing Nrf2 by transfection with Flag-tagged
Nrf2 expression vector (pFlag-Nrf2), hyperoxia exposure sig-
nificantly enhanced the luciferase activity (at 6 or 12 h) after
transfection with pPparg-ARE (Figure 3A). Promoter activity
of cells transfected with pPparg-DARE was not significantly
changed by O2, and was significantly lower after either air or O2

exposure relative to the pPparg-ARE transfection (Figure 3A).
Further, site-directed mutagenesis analysis determined signifi-
cantly lower luciferase activity in cells transfected with the
vector containing a point mutation in the ARE (GAGACA
TAGC, pPparg-AREmt) than in cells transfected with the wild
type ARE (GTGACATAGC, pPparg-AREwt) after O2 expo-
sure (Figure 3B). Together, these results consistently demon-
strated that Nrf2 binding on Pparg -784 ARE is critical for
hyperoxia-induced PPARg expression.

Functional Analyses of the -784 ARE In Vivo

Nrf2 binding to the -784 ARE was further analyzed by gel shift
assays using lung nuclear proteins from Nrf21/1 and Nrf22/2

Figure 1. Pulmonary peroxisome prolifera-

tor activated receptor g (PPARg) level and
activity was suppressed in Nrf2-deficient

mice. (A) Aliquots of lung total protein were

subjected for Western blotting to determine

differential protein levels of pulmonary
PPARg in Nrf21/1 and Nrf22/2 mice after

exposure to air and O2 (48 h). Representa-

tive images are presented, and group mean 6

SEM (n 5 3/group) of total PPARg level

normalized to air-exposed Nrf21/1 mice is

depicted in a graph. * 5 significantly higher

than genotype-matched air controls (P ,

0.05). 1 5 significantly lower than expo-

sure-matched Nrf21/1 mice (P , 0.05). (B)

Aliquots of lung nuclear extracts isolated

from pieces of left lung tissue (n 5 3 mice/
group) were subjected for Western blotting

to determine differential nuclear transloca-

tion of pulmonary PPARg and retinoid X
receptor a protein in Nrf21/1 and Nrf22/2

mice after exposure to air and O2 (48 h).

Representative images are presented (n 5 3/

group). Differential nuclear protein–PPAR re-
sponse element (PPRE) binding activity in

the lungs of Nrf21/1 and Nrf22/2 mice after

exposure to air and O2 (48 h) was deter-

mined by gel shift/supershift analysis. Ali-
quots of nuclear protein were incubated

with an end-labeled oligonucleotide probe

containing PPRE consensus sequence. Total

PPRE binding (shifted bands, left panel) and

specific retinoid X receptor a–PPRE binding (super shifted bands, right panel) was determined by gel shift analysis. FP 5 free probes; RXRa 5 retinoid
X receptor a; SB 5 shifted bands; SSB 5 super shifted bands. Representative images from multiple analysis (n 5 3/group) are presented.
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mice. Total DNA binding activity (SB) of nuclear proteins on
the Wt -784 ARE probe was higher at baseline (air) in Nrf21/1

mice than in Nrf22/2 mice (Figure 3C). The Wt -784 ARE
binding activity was increased by O2 in Nrf21/1 mice but not in
Nrf22/2 mice (Figure 3C). Total DNA binding activity of
nuclear proteins on a mutated -784 ARE probe (Mt) demon-
strated loss of DNA binding activity in Nrf21/1 and Nrf22/2

mice exposed to air and O2 (Figure 3C). Specific Nrf2 binding
activity (SSB) on the Wt probe as determined by addition of
anti-Nrf2 antisera (8) was detected only in Nrf21/1 mice, and
was greatly increased by O2 (Figure 3C). No specific Nrf2
binding activity was found in any of the experimental groups
when Mt -784 ARE probe was used for the assay (Figure 3C).

Effect of In Vivo RNA Interference on Pulmonary

PPARg Silencing

Intranasal administration of si-PPARg suppressed total (40%)
expression of lung PPARg proteins relative to si-NS treatment
in Nrf21/1 mice exposed to air (Figure 4A). This reduction level
is similar to the degree of PPARg suppression in various tissues
of Pparg1/2 mice (39, 40). After 72 hours O2, significant
elevation of total PPARg levels (45%) was found in si-
NS–treated mouse lungs (Figure 4A). Total PPARg level in
mice treated with si-PPARg was not significantly changed after
hyperoxia (Figure 4A). The nuclear level of PPARg did not
differ significantly between treatments in air control mice
(Figure 4A). Nuclear translocation of lung PPARg was signif-
icantly increased by O2 in mice treated with si-NS, whereas it
remained unchanged in mice treated with si-PPARg (Figure
4A). No hyperoxia-enhanced PPRE binding was found in mice
treated with si-PPARg (Figure 4B).

Effect of PPARg Inhibition on Hyperoxia-induced

Lung Inflammation

Relative to si-NS controls, si-PPARg treatment significantly
exacerbated (10-fold) hyperoxia-induced pulmonary neutro-
philic infiltration in Nrf21/1 mice (Figure 5A). si-PPARg also
caused a slight, but statistically significant, increase in mean
numbers of BAL neutrophils after air exposure. Significant
hyperoxia-induced increases in the number of BAL lympho-
cytes (Figure 5A) and eosinophils (Figure 5A) were observed
only in mice treated with si-PPARg. In addition to the cellular
inflammation, O2 caused significantly greater increase in pul-
monary NF-kB p65 activity (Figure 5B) and BAL IL-6 concen-

Figure 2. Pulmonary cellular localization of peroxisome proliferator
activated receptor g (PPARg). Pulmonary histopathology demon-

strated by hematoxylin and eosin staining and PPARg localization

determined by immunohistochemical staining of paraffin-embedded

lung sections after 48 hour exposure to air (A) or O2 (B). Hyperoxia-
induced protein edema in peribronchiolar and perivascular regions

and alveolar air space, epithelial proliferation, and inflammatory cell

infiltration shown in hematoxylin and eosin stained sections (A, B,

upper panels) was markedly greater in Nrf22/2 mice relative to
Nrf21/1 mice. Cellular PPARg localized by immunohistochemical

staining (A, B, bottom panels) using an anti-PPARg antibody indicated

inflammatory cells and bronchiolar epithelial cells (arrows) as the
primary sources of PPARg in the hyperoxia-injured lung. PPARg-

positive cells were more predominantly enhanced in Nrf21/1 mice

relative to Nrf22/2 mice after hyperoxia. Representative light photo-

micrographs are shown (n 5 3/group). Higher magnification photo-
micrographs displayed fewer occurrences of PPARg-bearing cells in

Nrf22/2 mice relative to Nrf21/1 mice after O2. AV 5 alveoli; BR 5

bronchi or bronchiole; BV 5 blood vessel; TB 5 terminal bronchioles.

Bars indicate 100 mm.

TABLE 1. PUTATIVE ANTIOXIDANT RESPONSE ELEMENTS
OR ANTIOXIDANT RESPONSE ELEMENT–LIKE SEQUENCES
DETERMINED IN THE MOUSE PPARG PROMOTER BY
BIOINFORMATIC ANALYSIS

Location Sequence PWM* MS† Orientation

29306/-9286 tcaggGTGAGggaGCTagctt 7.3 0.825 FW‡

28688/-8668 tctcaATAATacaGCAtctga 9.0 0.774 FW

28211/-8191 tgtgtTGCttgGTGATggctc 6.8 0.788 CFx

27660/-7640 caaggGGCtatGTCATggtgg 13.3 0.901 CF

26928/-6908 tcaaaTTGACagaGAAacatg 8.8 0.788 FW

26043/-6023 tttgcTGCtgcATCACagtta 12.1 0.869 CF

24638/-4618 aagagAGCtatATCAGggtcc 7.5 0.825 CF

22150/-2130 atgaaATGAGtgaGCTacatt 9.1 0.856 FW

2784/-764 tcattGTGACataGCActtat 14.2 0.91 FW

* Position weight matrix score.
† Matrix similarity score.
‡ Forward.
x Complimentary forward.

Antioxidant response element core-like sequences (59-RTKAYnnnGCR-39; R 5 A

or G, K 5 G or T, Y 5 C or T, n 5 A, C, G, or T ) are underlined, and mismatch

sequences relative to the core are italicized.
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trations (Figure 5C) in mice treated with si-PPARg than in mice
treated with si-NS.

Effect of PPARg Inhibition on Pulmonary Apoptosis

after Hyperoxia

TUNEL-positive cells were detected mainly in epithelium lining
bronchi, bronchioles, and terminal bronchioles in all air-
exposed mice (Figure 6A). Hyperoxia exposure enhanced
TUNEL staining of the airway epithelium, and caused marked
apoptosis in inflammatory cells (macrophages and neutrophils),
alveolar and bronchial/bronchiolar endothelial cells, and endo-
thelium and smooth muscles of perivascular and peribronchial
regions (Figure 6A). Hyperoxia-induced increases in TUNEL-
positive cells were more obvious in mice treated with si-NS
relative to mice treated with si-PPARg (Figure 6A). Further-
more, O2 caused greater protein levels of signal transducers
known to be associated with PPARg-induced cellular apoptosis,
phosphatase and tensin homolog deleted on chromosome 10

(PTEN), caspase-8 (active form), and bax in the lungs of mice
treated with si-NS relative to the si-PPARg–treated lungs
(Figure 6B).

Effect of PPARg Inhibition on Cytoprotective Genes and Nrf2

Recent studies indicate that PPARg may control the expression

of cytoprotective genes including GST-a, HO-1, and CD36

directly through their PPRE or indirectly through Nrf2 (41–45).

To determine whether PPARg modulates these cytoprotective

genes and Nrf2 in the lung, their expression was compared in

wild type mice treated with si-PPARg or si-NS (Figure 7A).

Constitutive mRNA expression of HO-1 was significantly sup-

pressed in the lungs of Nrf21/1 mice after si-PPARg treatment.

Significant up-regulation of HO-1 mRNA by O2 was inhibited

in mice treated with si-PPARg. Message level of CD36

was significantly elevated in si-NS–treated mice, but not in

si-PPARg–treated mice after O2. Similarly, O2 significantly

Figure 3. Functional assessment of

a putative antioxidant response ele-
ments (ARE) on -784 region of Pparg

promoter. (A) Transactivating activ-

ity of -784 ARE sequence was de-

termined by promoter deletion
analysis. Nrf2 overexpressing airway

epithelial cells (BEAS-2B) were pre-

pared by transfection with murine

Nrf2 expression vector (pFlag-Nrf2).
The cells were then transfected by

Pparg promoter-luciferase reporter

constructs with (pPparg-ARE) or
without (pPparg-DARE) -784 ARE re-

gion, and exposed to either air or

hyperoxia (4–12 h). Mean 6 SEM.

presented (n 5 6–9/group). * 5

significantly higher than air expo-

sure under same transfection condi-

tion (P , 0.05). 1 5 significantly

lower than exposure-matched
pPparg-ARE transfection (P , 0.05).

(B) Transactivating activity of -784

ARE sequence was further deter-

mined by mutation analysis. Briefly,
BEAS-2B cells overexpressing Nrf2

were transfected with a vector con-

taining wild-type Pparg promoter
bearing -784 ARE (pPparg-AREwt) or

a vector containing the promoter

with a mutation in -784 (pPparg-

AREmt) incorporated by site-directed
mutagenesis. The cells were then

exposed to either air or hyperoxia

(12 h). * 5 significantly higher than

air exposure under the same trans-
fection condition (P , 0.05). 1 5

significantly lower than exposure-

matched pPparg-AREwt (P , 0.05).
(C ) Gel shift analysis was performed

on an aliquot of lung nuclear pro-

teins from Nrf21/1 and Nrf22/2

mice exposed to air or O2 (48 h)
using gP32-end labeled wild-type

(Wt; tcattGTGACataGCActtatcact) or mutated (Mt; tcattGGTACataGCActtatcact) -784 ARE-like probe. Hyperoxia increased Wt probe binding activity
of nuclear proteins from Nrf21/1, but not those from Nrf22/2 mice. Hyperoxia-induced increase of total DNA binding and specific Nrf2 binding (1

anti-Nrf2 antisera) was detected only on Wt probe by nuclear proteins from Nrf21/1 mice. FP 5 free probes; SB 5 shifted bands; SSB 5 super shifted

bands.
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induced mRNA expression of Nrf2, NQO1, and GST-Ya in si-
NS–treated mice, but their expression levels were not signifi-
cantly affected by O2 in si-PPARg–treated mice. Gel shift
analysis determined that total ARE binding activity of pulmo-
nary nuclear proteins (SB) was suppressed at baseline and after
hyperoxia (72 h) in mice treated with si-PPARg compared with
mice treated with si-NS (Figure 7B). We applied the computa-
tional PWM statistical method that has been used to search
AREs, and identified two potential sequences for PPAR binding
(PPRE) in the 59 upstream region of murine Nrf2 (Table 2). Gel
shift analysis of lung nuclear proteins on the Nrf2 promoter -2931
PPRE-like sequence identified enhanced binding activity (SB)
after O2 (72 h) with a similar pattern of band shift as shown on
PPRE consensus sequence (Figure 7C). Addition of anti-RXRa

antibody identified elevated specific PPRE-PPARg-RXRa bind-
ing activity (SSB) after O2. These findings suggested involvement
of the potential PPRE in transcriptional activation of Nrf2, and
warrant further functional study. Overall, attenuated expression
of Nrf2 and ARE- or PPRE-bearing genes and suppressed
nuclear ARE binding activity in the lung concurrently with
suppressed PPARg level suggests that PPARg could serve not
only as a Nrf2 downstream effector but may also modulate
Nrf2-ARE pathways in the pathogenesis of hyperoxia.

Effect of a PPARg Ligand on Hyperoxia-induced

Pulmonary Injury

A functional role of PPARg in the pulmonary pathogenesis
response to hyperoxia was further determined by administra-

tion of a widely used ligand, 15d-PGJ2. Relative to vehicle
treatment, 15d-PGJ2 significantly decreased hyperoxia-induced
increase in the number of neutrophils (at 72 h) and the con-
centration of total BAL proteins (at 48 and 72 h) in Nrf21/1

mice (Figure 8A). No significant differences in the O2-increased
numbers of macrophages, lymphocytes, and epithelial cells were
found between vehicle and 15d-PGJ2 treatments in Nrf21/1

mice (data not shown). In Nrf22/2 mice, hyperoxia caused
markedly greater lung injury determined by BAL cell numbers
and total protein concentration relative to Nrf21/1 mice as we
demonstrated previously (7). However, a significant effect of
15d-PGJ2 administration was not found on the lung injury
phenotypes in Nrf22/2 mice (Figure 8A). Administration of
15d-PGJ2 increased basal levels of total and nuclear PPARg in
the lungs of Nrf21/1 mice (Figure 8B). Hyperoxia-induced
increase in total and nuclear PPARg level was higher in the
lungs of Nrf21/1 mice treated with 15d-PGJ2 relative to these
mice treated with vehicle (Figure 8B). 15d-PGJ2-mediated
increase of pulmonary PPARg protein level was not found in
Nrf22/2 mice (Figure 8B).

DISCUSSION

Results of the present study suggested an antiinflammatory role
for PPARg in the setting of hyperoxia-induced lung injury. We
determined that the PPARg ligand 15d-PGJ2 significantly
reduced hyperoxia-induced inflammation, whereas in vivo par-
tial silencing of PPARg by siRNA treatment significantly

Figure 4. In vivo peroxisome proliferator activated recep-

tor g (PPARg) specific interference RNA (siRNA) treatment

inhibited pulmonary PPARg expression and activity. (A)

Aliquots of lung total and nuclear proteins were used for
Western blotting to determine differential protein levels of

pulmonary PPARg in mice treated with nonspecific siRNA

(si-NS) or PPARg siRNA (si-PPARg) followed by air and O2

exposure (72 h). Representative images from multiple

analyses are presented, and group mean 6 SEM (n 5 3/

group) of total and nuclear PPARg normalized to air-

exposed NS-treated mice are depicted in graphs. * 5

significantly higher than treatment-matched air controls

(P , 0.05). 1 5 significantly lower than exposure-

matched NS-treated mice (P , 0.05). (B) Differential

nuclear protein PPAR response element (PPRE) binding
activity in the lungs of mice treated with si-NS or si-PPARg

after exposure to air and O2 (72 h). Aliquots of nuclear

protein isolated from pieces of left lung tissue (n 5 3 mice/
group) were incubated with an end-labeled oligonucleo-

tide probe containing PPRE consensus sequence. Total

PPRE binding was determined by gel shift analysis. FP 5

free probes; SB 5 shifted bands of total bindings
(PPRE motif-protein complex). Representative images from

multiple analysis (n 5 3) are presented.
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exacerbated O2-induced pulmonary inflammation. The results
are consistent with recent observations that PPARg functions
not only in adipogenesis and glucose/lipid metabolism but also
exerts antiinflammatory effects. Moreover, our results using
Nrf22/2 and Nrf21/1 mice suggest that the antiinflammatory
effects of PPARg in the lung seems to be at least in part
Nrf2-dependent.

The antiinflammatory role of PPARg was first demonstrated
in macrophage or monocyte activation and inflammatory cyto-
kine production, which resulted in altered native and acquired
immune responses (46). Subsequently, studies on experimen-
tal models of inflammatory bowel diseases, renal disorders,
periodontitis, and various cancers have supported PPARg as a
potential therapeutic target for tissue inflammation and carci-
nogenesis (47–51). PPARg is ubiquitously found in most cell
types and tissues including immune system (18–21). The amount
of PPARg in monocytes is relatively low (52) but increases
during differentiation into macrophages (46, 53), which corre-
sponds to the role for PPARg agonists in monocyte-macrophage
differentiation (52, 54). Other inflammatory and immune cells
including neutrophils, dendritic cells, B and T lymphocytes,
eosinophils, natural killer cells, and mast cells are also identified
as sources for PPARg (18, 19, 55–59). Augmented PPARg

expression has been detected in airway epithelium, bronchial
submucosa, and smooth muscle of asthmatics (60). The up-
regulation of PPARg in lung tissues was coincident with
markers of apoptosis (caspase-3), airway remodeling (Ki67),

and collagen deposition in these asthma patients (60). Sup-
porting the implication for PPARg in asthma pathogenesis,
a PPARG polymorphism haplotype (Pro12Ala, C1431T) was
found to be associated with increased risk for asthma exacer-
bation (61).

The mechanism underlying antiinflammatory effects of
PPARg in multiple tissues has been under investigation. It is
known that PPARg antagonizes signal transducing kinases or
transcriptional regulators, such as activator protein-1, nuclear
factor of activated T cell, and NF-kB (62). PPARg also trans-
represses inflammatory mediators, such as tumor necrosis
factor-a; inducible nitric oxide synthase; IL-1b; chemokine
receptors (e.g., chemokine receptors-7); adhesion molecules;
and matrix metalloproteinase-9 (63, 64). Moreover, PPARg

can potentiate inflammatory cell apoptosis (65, 70, 71) and
transactivate antiinflammatory mediators including IL-10 (68).
Enhanced pulmonary p65 NF-kB and IL-6 and reduced in-
flammatory cell apoptosis in mice with suppressed pulmonary
PPARg determined in the current study supports the antiin-
flammatory mechanisms through PPARg in ALI.

Less well-known are the regulatory mechanisms of PPARg

expression. We tested the hypothesis that Nrf2 regulates PPARg

through binding to its promoter ARE sites, and this interaction is
important in protecting the lung against hyperoxia-induced
injury. We initially found that lung PPARg was more highly
expressed and activated in Nrf21/1 mice than in Nrf22/2 mice
basally and after hyperoxia exposure, which suggested that

Figure 5. In vivo peroxisome proliferator acti-

vated receptor g (PPARg) specific interference
RNA (siRNA) treatment augmented pulmonary

inflammation after hyperoxia. (A) Bronchopul-

monary lavage (BAL) analysis determined the

number of lung neutrophils, lymphocytes, and
eosinophils in mice treated with nonspecific

siRNA (si-NS) or PPARg siRNA (si-PPARg) fol-

lowed by air and O2 exposure (72 h). Data are

presented as group mean 6 SEM (n 5 3–6/
group). (B) Transcription factor ELISA quanti-

fied specific DNA binding activity of nuclear

p65 NF-kB. Group mean 6 SEM (n 5 3/group)
normalized to air-exposed mice treated with si-

NS are presented. (C ) BAL levels of a proin-

flammatory cytokine IL-6 were determined by

ELISA. Data presented as group mean 6 SEM
(n 5 4–6/group). * 5 significantly higher than

treatment-matched air controls (P , 0.05). 1 5

significantly higher than O2-exposed si-NS-

treated mice (P , 0.05).
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PPARg expression was at least partially dependent on Nrf2. To
address the molecular mechanism through which Nrf2 regulated
PPARg, we initially used bioinformatic tools (34). This analysis
identified a number of potentially important promoter AREs in
Pparg that could bind Nrf2, and we focused our efforts on the
-784 ARE because it had the highest PWM score with the
greatest similarity to the consensus ARE sequence of all of the
Pparg AREs. Site-directed mutation and deletion experiments
confirmed a significant role for the -784 ARE in Nrf2-mediated
pulmonary PPARg expression after hyperoxia. Although our
analysis suggest the -784 site is a functionally important ARE,
potential AREs further upstream in the promoter need to be
tested.

Because conventional deletion of Pparg resulted in embry-
onic lethality (69, 70), animal studies on PPARg have been
done primarily using agonists/antagonists to determine its role
in airway inflammation. Asthma and allergy models are under
intense investigation, and thiazolidinediones (e.g., rosiglitazone,
ciglitazone, and pioglitazone) reduced eosinophilic inflamma-
tion and allergic symptoms by various allergens in mice (26, 58,
71–73). Studies using the agonists or adenovirus carrying Pparg
cDNA in mice also determined that enhanced PTEN and
suppressed phosphorylated Akt/phosphoinositol 3 kinase
and NF-kB was involved in the antiasthmatic effect of PPARg

on eosinophilia and airway hyperresponsiveness (66). Similar
protective effects of PPARg were observed in ALI models
including carrageenin-induced pleurisy (32) and lipopolysaccha-
ride-induced neutrophilia and airway hyperresponsiveness
(67, 74, 75). PPARg ligands also have antifibrogenic potential
in murine airways. For example, administration of thiazolidine-
diones or 15d-PGJ2 inhibited bleomycin-induced pulmonary in-
jury and fibrosis in mice (33, 76). PPARg agonists are postulated
to act through cell cycle arrest and TGF-b1 inhibition for

myofibroblast differentiation and collagen deposition (76, 77).
Enhanced PPARg was protective against respiratory syncytial
virus infection in lung airway epithelial cell lines, and reduced
ICAM-1 expression and NF-kB activation was associated with
this effect (78). Overall, these observations strongly indicate that
PPARg is an important down-regulator of airway inflammation
and injury.

Maternal Pparg deletion in mice (conditional knockout
mice) caused inflammatory milk production because of repres-
sion of 12-lipoxygenase and elevation of lipid oxidation en-
zymes in lactating mammary gland, which resulted in skin
inflammation and hair loss of nursing offspring (79). This
observation suggested that PPARg-mediated tissue protection
may be associated with antioxidant defense mechanisms. In
airways, PPARg agonists modulated nicotinamide adenine di-
nucleotide phosphate hydrogen oxidase and reduced reactive
oxygen species production of asthmatic mice (60, 80). Because
murine Nrf2 is known to contribute to the pulmonary protection
from allergy, sepsis, emphysema, ALI-ARDS, viral infection, or
fibrosis, and PPARg has shown defensive roles in these disease
models (7–16), it is hypothesized that PPARg- and Nrf2-

Figure 6. In vivo peroxisome proliferator acti-

vated receptor g (PPARg) specific interference

RNA (siRNA) treatment suppressed pulmonary
apoptosis markers after hyperoxia. (A) Terminal

deoxynucleotidyl transferase-mediated dUTP

nick-end labeling (TUNEL) assay determined

cells undergoing apoptosis in lung tissue sec-
tions after air or hyperoxia exposure (72 h).

Hyperoxia caused cellular apoptosis predomi-

nantly in inflammatory, endothelial, and epi-
thelial cells in all mice. Intensity and abundance

of TUNEL-positive cells increased by hyperoxia

were greater in mice treated with nonspecific

siRNA (si-NS) compared with mice treated with
PPARg-specific siRNA (si-PPARg). Higher magni-

fication photomicrographs displayed differen-

tially less abundant apoptotic macrophages,

epithelial cells, and endothelial cells in hyper-
oxia-exposed lungs treated with si-PPARg than

in lungs treated with si-NS. AV 5 alveoli; BR 5

bronchi or bronchiole; BV 5 blood vessel; TB 5

terminal bronchioles. Arrows indicate TUNEL-
stained nuclei. Bars indicate 100 mm. Represen-

tative light photomicrographs are shown (n 5

3/group). (B) O2-enhanced lung levels of
PPARg-mediated apoptosis signaling proteins,

PTEN, caspase-8, and bax determined by West-

ern blot analysis in aliquots of total lung pro-

teins were greater in mice treated with si-NS
than in mice treated with si-PPARg (72 h).

Representative band images are shown (n 5

3/group).

TABLE 2. PUTATIVE PEROXISOME PROLIFERATOR ACTIVATED
RECEPTOR DNA BINDING SEQUENCES DETERMINED IN
THE MURINE NRF2 PROMOTER BY BIOINFORMATIC ANALYSIS

Location on ch2 (Map on Nrf2 Promoter) Sequence PWM*

75545629/75545641 (-2931) TGGTCAAAGGCCA 13.1

75547419/75547431 (-4721) AGGACAAAGGAGG 9.2

* Position weight matrix score.

Mismatch sequences relative to putative peroxisome proliferator activated

receptor DNA binding sequences core (59-AGGTCAAAGGTCA -39) are italicized.
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mediated molecular events are closely associated in airway
protection against oxidants. Supporting this concept, ALI
induced by carrageenin was exacerbated in Nrf22/2 mice
relative to Nrf21/1 mice, and administration of 15d-PGJ2

reversed the augmented airway inflammation and protein
hyperpermeability in Nrf21/1 mice caused by a cyclooxyge-
nase-2 inhibitor, which led to depletion of lung 15d-PGJ2 and
Nrf2-dependent antioxidants (81). Rosiglitazone and 15d-
PGJ2 also reduced pulmonary injury caused by bleomycin in
mice (28, 33).

Although we found that Nrf2 modulates pulmonary PPARg

through its ARE, we also found that Nrf2 expression was
attenuated in the lung with decreased PPARg levels by siRNA

silencing. This indicates that PPARg could act on upstream
signal pathways for Nrf2 activation. In support of this function,
accumulating evidence has indicated that PPARg agonists induce
antioxidant and defense genes encoding GST-a, HO-1, and
CD36 through regulation of Nrf2 (43–45). The current study
also supported this concept, first by showing suppressed Nrf2
expression and ARE binding activity after PPARg silencing, and
then by elucidating potential PPAR binding motifs in the Nrf2
promoter. Although further investigations are desirable to de-
termine whether PPARg regulates Nrf2 expression directly or
indirectly, it is likely that these two redox sensitive transcriptional
factors regulate each other through autoregulatory mechanisms
for pulmonary protection against oxidative stress.

Figure 7. In vivo peroxi-

some proliferator activated
receptor g (PPARg) specific

interference RNA (siRNA)

treatment suppressed cyto-
protective gene expression

and antioxidant response

elements (ARE) binding

activity after hyperoxia.
(A) Message levels of cyto-

protective genes HO-1,

CD36, GST-Ya, and

NQO1 and Nrf2 were
detected by semiquantita-

tive reverse transcriptase–

polymerase chain reaction
using total lung RNA iso-

lated from mice treated

with nonspecific siRNA (si-

NS) or PPARg-specific siRNA
(si-PPARg) after air and O2

exposure (72 h). cDNA

band images for each gene

and quantified relative in-
tensities to air-exposed NS-

treated mice of digitized

cDNA bands normalized to
the intensity of each 18s

band are shown. Data are

presented as group mean 6

SEM (n 5 3/group). * 5

significantly higher than

treatment-matched air con-

trols (P , 0.05). 1 5 sig-

nificantly lower than
exposure-matched si-NS-

treated mice (P , 0.05).

(B) Differential nuclear pro-

tein-ARE binding activity in
the lungs of mice treated

with si-NS or si-PPARg after

exposure to air and O2 (72
h). Aliquots of nuclear pro-

tein isolated from pooled

pieces of left lung tissues

(n 5 3 mice/group) were
incubated with an end-labeled oligonucleotide probe containing ARE consensus sequence. Total ARE binding was determined by gel shift analysis. FP 5

free ARE probes; SB 5 shifted bands of total bindings (ARE motif-protein complex). Representative images from multiple analysis (n 5 2) are presented.

(C ) Increased total nuclear protein binding activity (SB) and specific PPARg-retinoic acid X receptor (RXRa) binding activity (SSB) on an Nrf2 PPAR

response element (PPRE)–like sequence in the lungs of mice after exposure to O2 (72 h). Aliquots of nuclear protein isolated from pooled pieces of left

lung tissue exposed to either air or O2 (n 5 3 mice/group) were incubated with an end-labeled oligonucleotide probe containing -2931 Nrf2 PPRE-like
sequence (-2931 Nrf2). PPRE consensus sequence (PPREwt) was used as a positive control for band shift, and mutant PPRE (PPREmt) as a no binding

control. FP 5 free DNA probes; SB 5 shifted bands of total bindings (PPRE motif-protein complex); SSB 5 super shifted bands of specific RXRa bindings

(PPRE motif-protein–anti-RXRa antibody complex). Representative images from multiple analysis (n 5 2) are presented.
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Conclusion

Our results provide the first evidence that PPARg is an ARE-
driven Nrf2 effector molecule that contributes significantly to
protection against oxidative lung injury. Our observations pro-
vide new insights into the therapeutic potential of PPARg or its
agonist in airway oxidative and inflammatory disorders includ-
ing ALI-ARDS and bronchopulmonary dysplasia.
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