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ABSTRACT
Chronic lung disease (CLD) affects premature newborns requiring

supplemental oxygen and results in impaired lung development and sub-
sequent airway hyperreactivity. We hypothesized that the maintenance of
peroxisome proliferator-activated receptor gamma (PPARc) signaling is
important for normal lung morphogenesis and treatment with PPARc
agonists could protect against CLD and airway hyperreactivity (AHR) fol-
lowing chronic hyperoxic exposure. This was tested in an established
hyperoxic murine model of experimental CLD. Newborn mice and moth-
ers were exposed to room air (RA) or moderate hyperoxia (70% oxygen)
for 10 days and fed a standard diet or chow impregnated with the PPARc
agonist rosiglitazone (ROSI) for the duration of study. Following hyper-
oxic exposure (HE) animals were returned to RA until postnatal day (P)
13 or P41. The accumulation of ROSI in neonatal and adult tissue was
confirmed by mass spectrometry. Analyses of body weight and lung histol-
ogy were performed on P13 and P41 to localize and quantitate PPARc
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expression, determine alveolar and microvessel density, proliferation and
alpha-smooth muscle actin (a-SMA) levels as a measure of myofibroblast
differentiation. Microarray analyses were conducted on P13 to examine
transcriptional changes in whole lung. Pulmonary function and airway
responsiveness were analyzed at P55. ROSI treatment during HE pre-
served septation and vascular density. Key array results revealed ontog-
eny groups differentially affected by hyperoxia including cell cycle,
angiogenesis, matrix, and muscle differentiation/contraction. These
results were further confirmed by histological evaluation of myofibroblast
and collagen accumulation. Late AHR to methacholine was present in
mice following HE and attenuated with ROSI treatment. These findings
suggest that rosiglitazone maintains downstream PPARc effects and may
be beneficial in the prevention of severe CLD with AHR. Anat Rec,
292:1045–1061, 2009. VVC 2009 Wiley-Liss, Inc.
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INTRODUCTION

In prematurely born infants, the alveoli and pulmo-
nary blood vessels are not fully developed leading to
impaired gas exchange and risk for RDS. These infants
are at risk for respiratory distress syndrome (RDS), a
condition which results in inefficient oxygen and carbon
dioxide exchange at the alveolar-capillary level (Warner
et al., 1998; Brooks et al., 2001; Eber and Zach, 2001;
Bourbon et al., 2005; Uno et al., 2007). RDS is treated
with oxygen and/or mechanical ventilation, which can be
life-saving but may result in detrimental side effects
that include hyperoxic lung injury, barotrauma, and
infection (Warner et al., 1998; Brooks et al., 2001; Eber
and Zach, 2001; Bourbon et al., 2005; Baraldi and Fili-
ppone, 2007). Collectively, these conditions lead to
impaired lung development and chronic lung disease
(CLD) (Bourbon et al., 2005; Baraldi and Filippone,
2007). Bronchopulmonary dysplasia (BPD) is the most
common chronic lung disease of infancy (Baraldi and Fil-
ippone, 2007). A common late sequelae of CLD is reac-
tive airway disease (Brooks et al., 2001; Eber and Zach
2001; Baraldi and Filippone 2007).

Mechanisms that protect against oxidative damage,
inflammation, and atelectasis are essential to preserve
normal lung development. Peroxisome proliferator-acti-
vated receptors (PPARs) have emerged as essential regu-
lators in these processes (Rehan and Torday, 2003; Torday
et al., 2003; Rehan et al., 2006a,b; Simon et al., 2006;
Simon and Mariani, 2007; Uno et al., 2007; Belvisi and
Hele, 2008; Hoetzel et al., 2008). These nuclear receptors
include the transcription factor PPAR-a, involved in the
regulation of energy homeostasis, fatty acid catabolism,
and gluconeogenesis and PPAR-b/d, implicated in the reg-
ulation of fatty acid oxidation (Berger and Moller, 2002;
Tachibana et al., 2005; Yu S and Reddy, 2007; Belvisi and
Hele, 2008). Another isoform, PPAR-c mediates the
expression of genes important in cellular metabolism and
differentiation (Marx et al., 1999; Han et al., 2002; Wang
et al., 2004; Winn et al., 2006; Simon and Mariani, 2007).
In the lungs, PPAR-c is expressed in multiple cell types
including monocytes, endothelial, and smooth muscle cells
where it regulates proliferation and vascular tone (Marx

et al., 1999; Hsueh et al., 2001; Han et al., 2002; Ame-
shima et al., 2003; Akaike et al., 2004; Birrell et al.,
2004). Postnatal ablation of PPAR-c in the rodent airway
epithelium disrupts development resulting in enlarged
airspaces and decreased tissue resistance (Simon et al.,
2006; Simon and Mariani, 2007). Studies have indicated
that PPAR-c is capable of maintaining the lipofibroblast
versus myofibroblast phenotype, have anti-inflammatory
activity and are potential antifibrotic agents (Boros et al.,
2000; Takata et al., 2002; Rehan and Torday, 2003; Tor-
day et al., 2003; Cuzzocrea et al., 2004; Burgess et al.,
2005; Liu et al., 2005; Rehan et al., 2006a,b; Ward et
al.,2006; Belvisi and Hele, 2008; Milam et al., 2008). The
appearance of myofibroblasts and their proliferation are
key events in the development of CLD. PPARc is acti-
vated by both natural (fatty acids, eicosanoids and prosta-
glandins (15d-PGJ2), and synthetic thiazolidinediones
(TZDs): troglitazone, ROSI, ciglitazone, and pioglitazone)
compounds (Han et al., 2002; Ghosh et al., 2004). In
recent years, TZD drugs have been tested for their ability
to block fibroblast differentiation and smooth muscle cell
proliferation in various disease models (Torday et al.,
2003; Ghosh et al., 2004; Burgess et al., 2005; Rehan et
al., 2006a; Milam et al., 2008). The role of PPARc ago-
nists in CLD and their effects on developing lungs has
not been well defined.

We hypothesized that restoring PPARc activity with the
agonist ROSI could protect against experimental CLD
and long-term airway hyperresponsiveness (AHR). We
used a novel strategy using a murine model of chronic
moderate hyperoxia leading to morphometric and airway
hyperreactivity characterisitic of CLD. Neonates received
systemic delivery of ROSI through their mothers’ diet,
shown by detection of drug in milk. ROSI treatment up-
regulated multiple PPAR-c target genes in the neonatal
lungs. Drug treatment offset the adverse effects of hyper-
oxic exposure to the neonates by increasing alveolar and
vascular density and attenuating late AHR. We conclude
that the maintenance of PPAR-c activity through dietary
supplementation during late stages of lung development
is crucial to lung morphogenesis and may be evaluated as
a therapeutic target to treat CLD.
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METHODS
Mouse Model of CLD

C57Bl/6 mice were purchased from The Jackson Labo-
ratory (Bar Harbor, ME) and housed in the UCDHSC/
Webb Waring central vivarium under pathogen free condi-
tions. All procedures were performed according to the Ani-
mal Care and Use Committee guidelines at UCDHSC.
Newborn mice (P0-P1 days of age) were exposed to room
air (RA, RAþROSI) or 70% oxygen (HE, HEþROSI) for 10
days. Mice were exposed to constant flow oxygen in plexi-
glass chambers housing the cages while delivery of oxygen
was continually monitored using a Pro-ox sensor (Irwin et
al., 2007). Following 10 days of RA or hyperoxic exposure,
mothers and neonates were placed at room air (relative
normoxia at Denver altitude). Animals were studied at
postnatal day 13 and 41 (3 and 31 days following hyper-
oxic exposure). At this level of hyperoxia, dams body
weight was not affected and no detriment to their health
or pups was noted, therefore dams were not rotated
between normoxia and hyperoxia. These findings were in
contrast to exposure to higher oxygen, which is toxic and
requires dam rotation.

The lungs of newborn mice form P0-P5 are in the late
terminal saccular phase of development, similar to pre-
term human infants. At the time of sacrifice, age, total
body weights, and heart weights were recorded. Mice
were studied at postnatal day 13 and 41. At each age,
there were four experimental groups: Room air (RA), RA
þ Rosiglitazone (ROSI), Hyperoxic exposed (HE), and
HE þ ROSI. The numbers of animals studies per group
were as follows: Postnatal (P) day 13: Room air (RA) N
¼ 12; RA þ ROSI N ¼ 7, Hyperoxic exposed (HE) N ¼
15; HEþROSI ¼ 10. P41: RA N ¼ 15; RAþROSI N ¼ 6;
HE N ¼ 15; HEþROSI ¼ 12.

Rosiglitazone Treatment of Neonatal Mice

To study the effects of PPARc, select mothers exposed
to RA or HE were fed PPARc ligand, Rosiglitazone
(ROSI), impregnated chow (2.5–10 mg/kg/day), or regu-
lar chow from P0 until P41. ROSI impregnated chow at
this dose has been shown to have a systemic effect on
fat differentiation and smooth muscle cell proliferation
(Crossno et al., 2006) and indirect drug delivery via
dams’ milk is commonly used for drugs secreted into
breast milk such as doxycycline (Bry et al., 2007). ROSI
is known to cross the placenta so we hypothesized that
it would be secreted into milk (Choi et al., 2006).

We chose this indirect method of drug delivery
because daily injection of ROSI would cause excessive
stress to the dams/litters and worsen pup mortality.
Taken together the decreased stress and manipulation of
dams and litters were critical in developing this model.

Detection of Rosiglitazone by Mass
Spectrometry in Lung Tissue

We performed mass spectrometry analyses to detect
rosiglitazone in neonatal mouse lung tissue on P13 to
verify that the drug delivered in chow to the dams
crossed through the milk and accumulated in neonatal
lung tissue. We also tested lung tissue on P41 to verify
that that weaned mice fed the impregnated chow also

maintained a level of drug in their lung tissue (Support-
ing Information Table 1).

Chemicals and Reagents. Rosiglitazone tablets
were obtained from GlaxoSmith Kline as Avandia.
HPLC grade methanol, HPLC grade acetonitrile, 200
proof ethanol, glacial acetic acid, formic acid, and ammo-
nium hydroxide were obtained from Fisher Scientific
(Fair Lawn, NJ). HPLC grade water was obtained from
Burdick and Jackson (Muskegon, MI). Testosterone-d2
was obtained from Cambridge Isotopes (Andover, MA).

Extraction of Rosiglitazone from Tablets. 8-mg
Rosiglitazone tablets were crushed into a fine powder
with a mortar and pestle. 170 mg of crushed pill were
added to 5 mL of 200 proof ethanol and extracted by vor-
texing for 15 sec, and allowing to sit at room tempera-
ture for 30 min, vortexing for 15 sec every 10 min. The
extract was then centrifuged at 3200 RPM at 4�C for
10 min. The supernatant was removed and transferred
to a 15 mL falcon tube. Concentration of Rosiglitazone
at this point is 0.9 mg/mL.

Purification of Rosiglitazone by HPLC. Reverse
phase HPLC was carried out on an Agilent 1200 series
HPLC with a quaternary pump, diode array detector, and
fraction collector (Agilent Technologies, Santa Clara, CA).
The column was an Agilent XDB-C18 50 mm � 4.6 mm �
1.8 lm. Buffer Awas 0.1% formic acid in HPLC water and
Buffer B was 0.1% formic acid in 9:1 acetonitrile:water.
The HPLC program was a linear gradient of 3% B to 100%
B over 20 min at 1.0 mL/min. 2 lL of the Rosiglitazone
extract was injected and the peak eluting at 7.5 min was
collected. Four at 2 lL aliquots were injected and col-
lected. The acetonitrile was dried off in a vacuum centri-
fuge, and the remaining aqueous portion was frozen at
�80�C, and then lyophilized until completed dry. The
purified, dried extract was then reconstituted with HPLC
methanol to give a final concentration of 10 lg/mL. This
standard was then used for method optimization, instru-
ment calibration, and spiking solution.

Preparation of mouse lung for HPLC/MS/MS
analysis. Lung tissue was isolated from mice as
described on P13 or P41 and snap frozen in liquid nitro-
gen. Tissue was homogenized by grinding with a mortal
and pestle. A predetermined aliquot of homogenized
lung tissue was placed into a 1.5 mL microcentrifuge
tube. 20 lL of internal standard solution (10 ng/mL tes-
tosterone-d2 in methanol-Testosterone-d2 was chosen
from the available standards due to its similar molecular
weight and similar chromatographic and ionization char-
acteristics) was added to �100–200 mg of tissue along
with 1.0 mL of HPLC methanol. The sample was vor-
texed for 30 sec and then placed into a �20�C freezer for
30 min with a 10 sec vortex every 10 min. The sample
was then centrifuged at 14 K rpm for 10 min at 4�C.
The supernatant was removed and then transferred to a
new 1.5 mL microcentrifuge tube and dried in a vacuum
centrifuge. The sample was then reconstituted with
200 lL of HPLC methanol and centrifuged at 14 K rpm
for 10 min before HPLC/MS/MS analysis. 10 lL of this
extract was injected into the HPLC/MS/MS system.
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Analysis of Rosiglitazone by HPLC/MS/MS. The
HPLC/MS/MS system consisted of an Agilent 1200 series
HPLC with a binary pump for the analytical column and
a quaternary pump for the enrichment column, interfaced
with a 6410 triple quadrupole mass spectrometer. The
enrichment column was an Agilent Eclipse plus C8
12.5 mm � 4.6 mm � 5 lm, and the analytical column was
an Agilent XDB-C18 50 mm � 2.1 mm � 1.8 lm. Buffer A
was 0.02% acetic acid in water adjusted to pH 5.6 with
0.0072% ammonium hydroxide. Buffer B was 0.02% acetic
acid with 0.0072% ammonium hydroxide in HPLC metha-
nol. The quaternary pump used for sample enrichment
was operated with the following gradient: 25%B for
0.5 min at 4 mL/min, decrease to 0.1 mL/min at 0.51 min
for 3.49 min, increase %B from 25 to 100 and flow from
0.1 to 4 mL/min from 4 to 4.01 min, hold from 4.01 to
5 min, decrease %B from 100 to 25 from 5 to 5.01 min,
hold at 25%B at 4 mL/min from 5.01 to 6 min. The binary
pump used for the analytical column and separation of
Rosiglitazone was isocratic at 80%B at 0.15 ms/min. The
column-switching valve switched the binary pump to
backflush the enrichment column and elute the Rosiglita-
zone onto the analytical column at 1 min for 3 min before
switching back to the starting position.

Optimal mass spectrometer ionization conditions were
determined by infusion of 10 ng/mL Rosiglitazone in 20%
buffer A and 80% buffer B at 150 lL/min. The mass spec-
trometer was operated in the positive electrospray mode
with a nitrogen drying gas temperature of 300�C at 10 L/
min, a nebulizer pressure of 15 psi and a capillary voltage
of 4000 V. The fragmentor voltage was set at 115 V and
the collision energy at 27 V. Data was collected in multiple
reaction monitoring (MRM) mode to monitor the transi-
tion for Rosiglitazone at 358 > 135 Da and the testoster-
one-d2 internal standard at 291 > 111 Da.

Eight calibration standards of Rosiglitazone in HPLC
methanol were analyzed in duplicate in a concentration
range of 100 pg/mL–500 ng/mL, using testosterone-d2
as an internal standard. Calibration curves were con-
structed using Agilent Masshunter Quantitative Analy-
sis software. The equation for the calibration curve was
y ¼ 41.778x þ 0.1493 with a correlation coefficient (R^2)
of 0.9988. The concentration of Rosiglitazone in the tis-
sue samples was calculated using this equation followed
by multiplication of the result by the sample weight in
grams. Results are expressed in pg/g.

Histological Analyses

Animals were euthanized with an overdose of inhaled
isoflourane by a catheter placed in the trachea. The
lungs were then perfused, fixed with buffered formalin
under constant pressure 20 cm H2O for 45 min–1 hr
embedded, and sectioned. Sections were analyzed by
counting alveoli and vessels in six fields per section as
previously reported (Irwin et al., 2007). Briefly, 10 high-
powered fields were used for alveoli counting per animal
(N ¼ 10 per group). Factor VIII-positive vessels were
also counted in this manner to determine vessel density
(not shown). PPAR-(, Ki67 (proliferation), cleaved cas-
pase 3 (CC3; apoptosis), and alpha-smooth muscle actin
(a-SMA; smooth muscle) were localized in paraffin em-
bedded tissue sections using standard antibody staining
technique recommended in the manufacturers’ protocols
(Santa Cruz Biotechnology, sc7273; Lab Vision Corpora-

tion NeoMarkers cat.#RM-9106.; Cleaved Caspase-3
(Asp175) Antibody Cell Signaling Technology #9661;
DAKO 1A1). The qualitative colorimetric observations of
a-SMA immunostaining with peroxidase substrate dia-
minobenzidine (DAB; Vector Labs Burlingame, CA)
detection were confirmed by fluorescent staining.

Collagen deposition was analyzed using two staining
techniques: Movat’s pentachrome and Carstair’s to verify
results. Picosirius Red extraction was used to quantitate
collagen relative to noncollagenous tissue. Picrosirius
red staining was performed to detect and quantify colla-
gen. Tissue sections were deparaffinized and incubated
with 0.1% Sirius red/0.1% fast green FCF (EM services,
Hatfield PA) in picric acid for 30 min in the dark and
rinsed with distilled water. Stain was extracted from tis-
sue by the addition of equal volumes of methanol/0.1 N
sodium hydroxide. The eluate was diluted in distilled
water and read using a spectrophotometer at 540 and
605 nm. The amount of noncollagenous protein was cal-
culated by dividing the absorbance at 605 nm by the
lung fast green equivalence 2.22. The amount of collage-
nous protein was calculated from the absorbance at
540 nm by subtracting 29% of the absorbance at 605 nm
and dividing by the Sirius red equivalence 36.3 (Nozik-
Grayck et al., 2008).

Western blot was performed using frozen lung tissue
samples, cut into small pieces and homogenized in lysis
buffer and centrifuged (Tada et al., 2007). Equal
amounts of protein (10 lg) from the supernatant were
loaded onto 16% Tris-Glycine gels for electrophoresis.
Proteins were transferred to PVDF membrane, blocked
with 5% nonfat milk, incubated with primary antibody
(PPARc-sc-7273; Santa Cruz Biotechnology), and then
incubated with secondary antibody. A chemilumines-
cence system (ECL Plus, Amersham International) was
used to generate autoradiographs of the membranes and
densitometry was performed to quantify the lumines-
cence signal (Adobe Photoshop; Tada et al., 2007). Equal
protein loading was confirmed by beta actin (Sigma
A5441) immunostaining on the same blot. Six individual
lung samples per group from independent experiments
were analyzed on two separate analyses (N ¼ 6).

Affymetrix Arrays and Array Analysis

Array analyses were conducted and analyzed as previ-
ously described (Tada et al., 2007). Briefly, RNA for anal-
ysis consisted of pooled samples from two or three
different animals. Samples were prepared for Affyme-
tricx arrays as previously described using standard tech-
niques. Mouse genome 430 2.0 microarrays (Affymetrix,
Foster City, CA) were hybridized with 20 mg of cRNA
and processed according to the manufacturers protocol.
Affymetric Cel files were loaded into dChip 2005 array
analysis software because the dChip algorithm is capa-
ble of detecting significant differences and low signal
strengths. Signal strength from arrays were normalized
to the median array, and expression levels were deter-
mined using the perfect match/mismatch algorithm.
Gene ontology was determined using the Classify Genes
tool within dChip, with gene ontology files downloaded
from the Gene Ontology Consortium (www.geneontology.
org). To avoid false negatives we set very loose defini-
tions for changed genes as previously described and
determined statistically overrepresented gene ontology
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groups at a high stringency (P < 0.001) within the genes
called as differentially regulated. By this method, the
number of gene ontology groups produced by chance
should be close to 0. Statistical significance for overre-
presented gene ontology groups was determined by the
one-sample z-test, incorporated into the dChip software.

Measurement of Pulmonary Function and
Airway Responsiveness

Pulmonary function was measured by a low frequency
forced oscillation technique to obtain impedance data
which included tissue damping, tissue elastance, and
lung resistance (Takeda et al., 1997; Tomioka et al.,
2002; Bozanich et al., 2005; Ward et al., 2006). Mice
were exposed to hyperoxia from P0-P10 and treated with
ROSI until P30. From P30 to P55 mice were maintained
on standard chow. Airway responsiveness was monitored
on P55 through changes in lung resistance (RL) and
dynamic compliance (Cdyn) in response to inhaled meth-
acholine (MCh) in anesthetized, tracheostomized mice as
described by Takeda et al. (Takeda et al., 1997). Ventila-
tion was achieved at 160 breaths/min and a tidal volume
of 0.15 mL with a positive end-expiratory pressure of 2–
4 cm H2O. Flow was measured by digital differentiation
of the volume signal. Lung resistance (RL) and dynamic
compliance (Cdyn) will be continuously computed (Lab-
view, National Instruments, TX) by fitting flow, volume,
and pressure to an equation of motion (Takeda et al.,
1997; Tomioka et al., 2002). Aerosolized MCh was
administered through bypass tubing via an ultrasonic
nebulizer (model 5500D, DeVilbiss, Somerset, PA) placed
between the expiratory port of the ventilator and the
four-way connector. Aerosolized MCh was administered
for 10 sec with a tidal volume of 0.45 mL and frequency
of 60 BPM using another ventilator (SN-480-7). The
data of RL and Cdyn were continuously collected for up
to 3 min and maximum values were taken.

Statistical Analysis

All experiments followed a randomized block design
with the use of cells from a least two different animals.
Assays were completed from at least four independent
experiments consisting of 2–6 replicates in each. Data
were expressed as means � standard error, and signifi-
cance between groups was determined by one-way
ANOVA or student’s t-test with Tukey adjustment, using
the statistical software package JMP5 (SAS Institute,
Cary, NC). A 2-way ANOVA was performed to detect sig-
nificance of in vivo analyses. Statistical significance was
set at P < 0.05. alpha ¼ 0.05. *denotes significance for
P < 0.05. ** for P < 0.01, *** for P < 0.001.

RESULTS
PPAR-c Expression Decreases Following
Neonatal Exposure to Hyperoxia

We have previously reported that exposure of newborn
mice to chronic hyperoxia resulted in hypoalveolariza-
tion and decreased vessel density, which persisted into
adulthood (Irwin et al., 2007). To evaluate the contribu-
tion of PPAR-c to this process, we first analyzed the
change in protein localization and expression of PPAR-c
in the developing lungs following a 10 day exposure to

chronic HE. In control, RA mice at P13, and P41, PPAR-
g� was immunolocalized in the lungs to the epithelium,
endothelium, and tissue macrophages, similar to previous
reports (Fig. 1A–D; Burgess et al., 2005; Hoetzel et al.,
2008; Milam et al., 2008; Simon et al., 2006; Simon and
Mariani, 2007). At P13, following the hyperoxic exposure,
the expression of PPAR-c by immunohistochemistry was
visibly decreased. As an internal positive control, though
PPAR-c was minimally expressed in the lung of P13 HE
animals, it remained abundant in the adjacent fatty tis-
sue from these mice (Supporting Information Fig.1A,B).
To evaluate nuclear localization of PPAR-c staining was
repeated with immunofluorescence which showed nu-
clear PPAR-cpresent in parenchymal cells following RA
exposure, likely within macrophages and lipofibroblasts
adjacent to alveolar type II cells. In contrast, no signifi-
cant PPAR-c staining was detected in the HE group
(Fig. 2A,B). Treatment with the PPAR-c agonist, ROSI,
in combination with HE did not significantly increase
PPAR-c protein expression or levels in the epithelial, en-
dothelial, or parenchymal cells (Figs. 1E,F, 2C, and 3).
By P41, PPAR-c was expressed in the endothelium and
airway epithelium of RA, HE, and HEþROSI mice with
no observable difference between groups (not shown).
Findings by immunolocalization were confirmed by im-
munoblot of lung tissue. At P13, protein levels of PPAR-
g were significantly decreased in the lung following HE
(P < 0.007) and HEþROSI (P < 0.015; Fig. 3A). PPAR-c
expression was restored by P41, with similar expression
levels in RA, HE, and HE þ ROSI lungs (Fig. 3B). Multi-
ple isoforms of PPAR-c were detected. These multiple
isoforms have no reported distinct functions and result
from the expression of PPAR-c from two overlapping pro-
moters (Marx et al., 1999; Han et al., 2002).

Treatment with the PPARc Agonist
Rosiglitazone Rescues Neonatal Lung Structure
Following Chronic Hyperoxic Exposure

On P13, following exposure to hyperoxia, minimal (no
measurable) changes in alveolarization were detected com-
pared to RA (Fig. 4A,C,E,G). However, by P41, lungs from
HE mice exhibited marked hypoalveolarization (Fig. 4B,F)
with a decrease in alveolar density (P < 0.001) when com-
pared with RA mice (Fig. 5A). In addition, microvascular
density per field of lung tissue was decreased in HE mice
(P < 0.01) (Fig. 5B). Treatment with the PPAR-c agonist
ROSI restored both alveolarization and vascular develop-
ment at P41 (Fig. 4H). Alveolar density and microvascular
density in HE þ ROSI were similar to RA and signifi-
cantly increased when compared with HE alone (P <
0.001 and P < 0.01 vs. HE, respectively) (Fig. 5 A,B).
ROSI treatment during RA exposure had no effect on alve-
olar or microvascular densities (Figs. 4C,D and 5). ROSI
did not protect against the growth delay at P13 observed
in the HE mice, shown by lower body weights in HE and
HE þ ROSI when compared with RA (Fig. 5C). No differ-
ence in body weight was observed between groups by P41.

We measured ROSI in neonatal lung tissue by mass
spectroscopy to verify that ROSI crossed into the dams’
milk and subsequently accumulated in neonatal lung tissue
at P13 and that weaned mice fed the impregnated chow
also maintained a level of drug in their lung tissue. We
detected ROSI in lung tissue of both nursing (P13) and
weaned mice (P41) (N ¼ 2 for each time-point to confirm
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reproducibility). Using a ROSI standard (AVANDIA, Glaxo
Smith Kline), we determined the mean ROSI concentration
within homogenized lung tissue to be 90.7 pg/g on P13 and
7074.0 pg/g on P41 (Supporting Information Table 1).

Changes in Lung Gene Expression in Hyperoxic
Exposed Mice

To determine effects of HE and HEþROSI on global
expression of RNA transcripts in lung tissue relative to

RA, we compared gene expression levels using the Affy-
metrix MOE430A arrays. In addition to changes in
ROSI target genes (Table 1; Keen et al., 2004), we found
a large number of genes changed following HE and
HEþROSI at P13 when compared with RA controls.
Both groups had changes in numbers of cell cycle, angio-
genesis, developmental, matrix-related, and muscle de-
velopment or contraction-related genes. Examples
selected from these groups are listed in Table 2. In gen-
eral, pro-cell-cycle genes (cyclins A2, B1, 2, D2, E2, T1,

Fig. 1. PPAR-c protein localization is significantly altered in lung air-
way epithelium and arteriolar structures following neonatal hyperoxic
exposure. Immunostaining was performed to detect PPAR-c expres-
sion at RA, in response to hyperoxic exposure and HEþROSI. On
P13, PPAR-c protein expression was detected in the RA group airway
epithelium and endothelium. Expression was decreased in the hyper-

oxic exposed and HEþROSI groups. Representative images of immu-
nostain of (A) RA, (B) Hyperoxic exposed, and (C) HEþROSI with DAB
detection. PPARc reactivity appeared brown and indicated by arrow.
Scale bar ¼ 50 lM. (B,D,F) Respective enlargements of airway and
arteriole from A–C.
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2, CDK4, CDK6) were decreased and cell cycle inhibitors
were increased (p21) following HE.

Changes in lung transcript levels resulting from ROSI
treatment during HE relative to HE alone were ana-
lyzed by comparing the changes found in the HE-pooled
chips to those in the HR-pooled chips and again used
classification into gene ontology groups to establish sig-
nificance. HEþROSI mice had a significant degree of
change in the ontology groups including blood vessel
morphogenesis, muscle differentiation/contraction, pat-
tern specification and morphogenesis, and response to
stimuli-related genes. A list of examples is shown in

Table 3. Array analysis indicated that there was a signi-
ficant ROSI-dependent downregulation of pro-smooth
muscle/myofibroblast differentiation and contraction
markers, including WISP1 and pro-collagen mRNA.

PPARc Agonist Decreased Myofibroblast
Accumulation during Postnatal Lung
Development

To examine how loss of PPAR-c signaling following
chronic hyperoxic exposure could lead to protective
changes in pulmonary structure and function, we ana-
lyzed potential targets of the agonist related to myofibro-
blast differentiation and collagen production identified
by the gene array. HE resulted in myofibroblast accumu-
lation, detected by a-SMA immunostaining, within the
lung parenchyma relative to RA on P13 (Fig. 6 D–F).
The increase in a-SMA immunostaining was attenuated
in the ROSIþHE group (Fig. 6G–I). No change in airway
a-SMA expression or thickness was detected on P13 or
41 in response to HE (Fig. 7). On P41 there was no evi-
dence for chronic inflammation associated with airway/
arteriolar structures. No apoptosis was detected by

Fig. 2. Nuclear detection of PPAR-c is significantly decreased in
lung parenchymal cells following neonatal hyperoxic exposure. Fluo-
rescent immunostaining was performed to localize PPAR-c expression
on P13 at RA, in response to hyperoxic exposure and HEþROSI. On
P13, PPAR-c protein expression was detected in nuclei of parenchy-
mal cells adjacent to type II cells in the alveoli in the RA group (A).
Expression was decreased in the hyperoxic exposed (B) and
HEþROSI (C) groups. PPAR-c reactivity appeared pink indicated by
arrow. Nuclei are DAPI stained and appear blue. Scale bar ¼ 50 lM.

Fig. 3. PPAR-c protein expression decreased in lung following neo-
natal hyperoxic exposure. Histological differences in PPAR-c expres-
sion on P13 (A) and P41 (B) were verified by Western blot analysis.
Densitometry data was averaged from six mouse lungs per group col-
lected in at least two separate experiments. The protein concentra-
tions were standardized by protein assay and to b-actin. Average
band intensities are presented. Error bars represent SEM. RA-white,
HE-gray, HEþROSI-black. * ¼ Significantly different from the RA con-
trol unless indicated by bar. Lanes are representative of multiple blot
results.
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Fig. 4. Systemic administration of rosiglitazone to neonatal mice
attenuates the adverse histological effects of hyperoxic exposure in
developing murine lungs. Newborn mouse litters (postnatal day 0/1 of
age) were exposed to RA or 70% oxygen for 10 days, a period corre-
sponding to the late terminal saccular/early alveolar stages of lung de-
velopment. The dams were fed a standard diet of chow impregnated
with ROSI from P0 and litters exposed to RA or HE. Following HE ani-

mals were placed at RA. Moderate exposure of neonatal mice to
hyperoxia during week one of life resulted in subtle changes in lung
histology evident by hematoxylin and eosin stained lung tissue sec-
tions on P13 (A vs. E) with lung simplification evident by P41 (B vs. F).
In contrast to HE alone, ROSIþHE had increased alveolar structures
(G and H) and ROSI treatment during RA had no apparent effect on
lung structure (C and D). Scale bar ¼ 50 lM.



cleaved caspase 3 immunostaining between groups on
P13 or P41 (not shown).

Increased extracellular matrix production by myofibro-
blasts can decrease lung function (Bradley et al., 1974;
Rehan and Torday, 2003; Thibeault et al., 2003; Burgess
et al., 2005; Rehan et al., 2006a,b). We therefore stained
for collagen by two methods, Carstairs and Movat’s Pen-
tachrome (not shown) staining, to evaluate collagen dep-
osition. By both methods, collagen was visibly associated
with airway-arteriole vessel structures in the lung tis-
sues (Fig. 8A–F); however, no qualitative differences
were detected between groups on P13 or P41. Quantifi-
cation of total collagenous protein as a ratio to noncol-
lagenous protein was performed using Sirius red
staining and extraction (Nozik-Grayck et al., 2008). No
significant difference in these ratios between groups was
detected on P13 or P41 (Fig. 8G). No clear change in dis-
tribution of collagen was noted but a developmental
increase in collagen accumulation was detected (P <
0.01; 9 34) from P13 to P41.

Rosiglitazone Treatment Attenuates the
Development of Airway Hyperresponsiveness
Following HE

Another important sequelae of CLD is the develop-
ment of airway hyperresponsiveness (AHR) (Warner
et al., 1998; Brooks et al., 2001; Eber and Zach, 2001;
Bozanich et al., 2005). Another important sequelae of
CLD is the development of airway hyperresponsiveness
(AHR), which can be mediated by changes in myofibro-
blasts, smooth muscle function, or subtle alterations in
the pulmonary immune response (Brooks et al., 2001;
Eber and Zach, 2001; Bozanich et al., 2005; Yu and
Reddy, 2007). As we did not see changes in collagen pro-
duction associated with increased myofibroblasts, or
increased smooth muscle thickening, we analyzed the
pulmonary function and airway responsiveness in adult
mice following neonatal exposure to RA or HE. Airway
responsiveness was analyzed following inhalation of
MCh and measurements of both airway resistance and
dynamic compliance were compared with the baseline
response to saline (Fig. 9A,B). RA and RAþROSI had
similar baseline changes in airway resistance to MCh

Fig. 5. Quantitative analysis of the protective effects of rosiglita-
zone against hyperoxia in developing murine lungs. Morphometric
data was obtained over five independent experiments in which neona-
tal mice were exposed to moderate hyperoxia in the presence or ab-
sence of rosiglitazone as previously described. A: Alveolar density
presented as mean � SEM number of alveoli per field of view. B:
Microvessel density presented as mean � SEM. Mean Vessel counts
per field of view determined by counting factor VIII positive microves-
sels. C: Mean body weights. RA-white, RAþROSI-dotted, HE-gray,
HEþROSI-black. Error bars represent SEM. * ¼ Significantly different
from the RA control unless indicated by bar.

TABLE 1. Fold Changes in Expression of PPARc
Target Genes

Name

P13
HEþROSI

P13
HEþROSI

Relative
to RA

Relative
to HE

ROSI Targets
FBJ osteosarcoma oncogene 10.24
Frizzled homolog 4 (Drosophila) 2.14
Adiponectin receptor 2 1.74
Lipase, endothelial 3.74 1.64
Lipin 1 3.41 1.92
Nuclear factor I/B 1.82
Phospholipase D1 1.5
S100 calcium binding protein
A8 (calgranulin A)

3.41

Cyclin-dependent kinase
inhibitor 1A (P21)

2.28
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challenge. However, mice exposed to neonatal hyperoxia
(HE) showed significantly increased airway responsive-
ness to MCh than the comparable control group (RA)
(P < 0.01). HEþROSI treatment significantly decreased

airway responsiveness relative to the HE group
(P < 0.05), to a level similar to RA treatment. Despite
significant changes with MCH challenges, no signifi-
cant differences were noted in the tissue damping,

TABLE 2. Fold Changes in Gene Expression Relative to Room Air control

Name P13 HE P13 HEþROSI

Cell cycle
Jun-B oncogene 1.93 3.93
H2A histone family, member X �1.32 �1.61
Cell division cycle 37 homolog (S. cerevisiae) �1.79 �1.7
Neuroblastoma myc-related oncogene 1 �1.59 �1.92
Cyclin A2 �1.75 �3.13
Cyclin B1 �2.39 �3.16
Cyclin B2 �1.64 �2.41
Cyclin D2 NC �1.62
Cyclin E2 �1.85 �3.56
Cyclin T1 2.31 2.06
Cyclin T2 1.72 1.46
Cyclin-dependent kinase 4 �1.46 �1.58
Cyclin-dependent kinase 6 1.29 NC
Cyclin-dependent kinase inhibitor 2D (p19, inhibits CDK4) �5.39 �9.1
Cyclin-dependent kinase inhibitor 1A (P21) NC 3.35
growth arrest and DNA-damage-inducible 45 gamma 2.26 2.38

Blood vessel development/angiogenesis and branching morphogenesis
Cysteine rich protein 61 2.17 3.14
Connective tissue growth factor 1.32 1.5
Serine (or cysteine) proteinase inhibitor, clade E, member 1 1.79 2.79
Vascular endothelial growth factor C 1.39 1.63
Fibroblast growth factor 1 1.32 1.46
Roundabout homolog 4 (Drosophila) 1.49 1.46
Neuropilin 1 1.45 1.5
Ras homolog gene family, member B 1.38 NC
Sema domain, seven thrombospondin repeats (type 1 and
type 1-like), transmembrane domain (TM), and short
cytoplasmic domain, (semaphorin) 5A

1.46 1.5

Angiogenin, ribonuclease A family, member 1 1.4 1.53
Type 1 tumor necrosis factor receptor shedding
aminopeptidase regulator

1.55 1.49

ELK3, member of ETS oncogene family 2.06 NC
Angiopoietin 1 2.78 1.46
Vascular endothelial growth factor C 1.39 1.63
Thrombospondin 1 NC 1.36
Endothelial differentiation sphingolipid G-protein-coupled
receptor 1 (EDG1 or S1P1)

NC 1.95

Endoglin NC 1.61
Connective tissue growth factor 1.32 1.5
Endothelial differentiation sphingolipid G-protein-coupled receptor 1 NC 1.95
Protein tyrosine phosphatase, receptor type, J �2.47 �4.75
Quaking 1.3 1.49
Phosphatidic acid phosphatase type 2B 2.98 1.38
Tumor necrosis factor, alpha-induced protein 2 NC 2.29
Recombining binding protein suppressor of hairless (Drosophila) NC �1.46
Ras homolog gene family, member B 1.38 1.66
c-fos induced growth factor NC 1.51
Endothelial PAS domain protein 1 NC 1.75
Guanine nucleotide binding protein, alpha 13 1.46 1.61
Transforming growth factor, beta 2 1.88 �1.34
FMS-like tyrosine kinase 1 1.63 2.32
WAS protein family, member 2 NC 1.5
Angiogenin, ribonuclease A family, member 1 NC 1.71
Mitogen activated protein kinase 14 NC �1.48

Extracellular matrix
CCAAT/enhancer binding protein (C/EBP), alpha 1.55 1.66
Procollagen, type I, alpha 1 1.34 NC
Procollagen, type XXVII, alpha 1 1.53 NC
Procollagen, type I, alpha 2 2.11 NC
Procollagen, type XXVII, alpha 1 1.79 NC
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tissue elastance, and lung resistance between groups
(Table 4).

DISCUSSION

Because loss of PPAR̃g in the rodent airway epithelium
disrupts development resulting in loss of alveolar surface
area (Simon et al., 2006; Simon and Mariani, 2007), we
sought to enhance PPAR-c activity with the agonist rosi-
glitazone to acertain its importance in this process. We
previously reported that newborn mice exposed at birth
to moderate hyperoxia developed morphologic changes
and AHR characteristic of human CLD of infancy (also
known as bronchopulmonary dysplasia). Here, we
extended our previous report by additionally measuring
and confirming the presence of AHR, which persists into
adulthood. This is a highly relevant animal model as it
mirrors the human condition in which infants born pre-
maturely are at risk for reactive airways disease as chil-
dren and adults. We have begun to evaluate the
mechanisms responsible for late AHR following CLD by
evaluating the role for PPAR-c in this process. We now
report that PPAR-c expression is decreased in hyperoxia-
exposed newborn mice. Furthermore, treatment during
neonatal hyperoxic exposure with the PPAR-creceptor
agonist, ROSI, prevented the development of CLD. ROSI
treatment during HE restored alveolar and microvascular
density and decreased myofibroblast accumulation to RA
control levels. Importantly, in addition to improving lung
alveolar and vascular development, ROSI treatment also
prevented the subsequent development of AHR. These
findings provide new insight into the role of PPAR-c in
the development of CLD and AHR.

There is a strong rationale for examining the role of
PPAR-c in the developing lung and testing its role in the
development of chronic lung disease. PPAR-c plays a reg-
ulatory role in the fetal to newborn transition on both the
maternal side by suppressing the production of milk con-
taining elevated levels of inflammatory lipids (Wan et al.,
2007) and in the developing lung, where its expression
increases just prior to birth (Simon et al., 2006; Simon
and Mariani, 2007). We found an increase in PPAR-c
expression in the developing lung, which was reduced by
early exposure to chronic hyperoxia. Its localization in the
lung was similar to prior reports showing both endothe-
lial, epithelial and macrophage expression (Simon et al.,
2006; Simon and Mariani, 2007). We also detected nuclear
PPAR-c expression adjacent to type II epithelial struc-
tures which may be indicative of lipofibroblasts. Interest-
ingly, the loss of PPAR-cin the aforementioned cell types
precedes the subsequent change in both alveolar and

TABLE 3. Fold Changes in Gene Expression in
HE 1 ROSI relative to HE

Name P13

Blood vessel morphogenesis
Cysteine rich protein 61 1.45
Serine (or cysteine) proteinase inhibitor,
clade E, member 1

1.56

Thrombospondin 1 1.42
Forkhead box F1a 1.69
Endothelial differentiation sphingolipid
G-protein-coupled receptor 1

1.77

Inhibitor of DNA binding 1 1.47
Guanine nucleotide binding protein, alpha 13 1.52
Endoglin 1.34
Cysteine rich protein 61 1.42
Tumor necrosis factor, alpha-induced protein 2 2.16
Recombining binding protein suppressor of
hairless (Drosophila)

�1.32

Thrombospondin 1 1.73
FMS-like tyrosine kinase 1 1.42
Thrombospondin 1 1.74
Forkhead box F1a 1.54
Reticulon 4 �1.82
QUAKING �1.47
ELK3, member of ETS oncogene family �3.15
Angiopoietin 1 �2.04
Neuropilin 1 �5.2
Muscle development and contraction
Calponin 1 �1.71
Tropomyosin 2, beta �1.52
Titin 1.56
Annexin A6 �1.82
Myosin, heavy polypeptide 11, smooth muscle �1.41
Tropomyosin 1, alpha �1.45
Interferon-related developmental
regulator 1 (IFRD1)

1.53

Actin, alpha 2, smooth muscle, aorta �1.39
Myosin, light polypeptide 4 1.45
Titin-cap 2.48
Myosin, light polypeptide 3 1.75
Mesenchyme homeobox 2 (Meox2) �1.67

Pattern specification and morphogenesis
Cysteine rich protein 61 1.45
B-cell translocation gene 2, anti-proliferative 1.92
Ephrin B1 1.35
Delta-like 1 (Drosophila) 1.46
Homeo box A5 1.47
Endothelin 1 1.47
CCAAT/enhancer binding protein (C/EBP), beta 1.35
Ephrin B2 1.36
Zinc finger and BTB domain containing 16 2.16
Platelet derived growth factor receptor,
alpha polypeptide

1.83

Forkhead box F1a 1.69
Peter pan homolog (Drosophila) �1.56
WNT1 inducible signaling pathway protein 1 �1.44
Forkhead box F1a 1.54
Suppressor of cytokine signaling 3 (SOCS3) 1.66
Bone morphogenetic protein 1 2.09
Transforming growth factor, beta 2 �4.25
Angiopoietin 1 �2.04
RAR-related orphan receptor alpha 1.5

Response to stimuli
CD14 antigen 1.6
Early growth response 1 (Egr-1) 1.55
Proliferating cell nuclear antigen �1.34
Chemokine (C-C motif) ligand 5 (CXCl5) �1.56
Chemokine (C-X-C motif) ligand 14 (CXCl14) 1.72
Neutrophilic granule protein 4.14

TABLE 3. Fold Changes in Gene Expression in HE
ROSI relative to HE (continued)

Name P13

Chemokine (C-C motif) receptor 2
(CXCR2 or IL8R2)

�1.62

Heat shock protein 1 1.54
Caspase 3, apoptosis related cysteine protease �1.35
Chemokine (C-X-C motif) ligand 2
(CXCl2 or MIP2a)

6.3

Fas (TNF receptor superfamily member 6) 1.57
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Fig. 6. Myofibroblasts increased with hyperoxic exposure in the
neonatal lung on P13. a-SMA expression was localized by immuno-
staining following RA, HE, and HEþROSI. On P13, a-SMA protein
expression was increased in the hyperoxic exposed and HEþROSI
groups relative to the RA group. Representative immunostained

images of (A–C) RA, (D–F) HE, (G–I) HEþROSI. Positive a-SMA local-
ization with immunofluorescent detection appeared green or DAB
detection (CFI), brown. (B, E, H) Respective enlargements of alveolar
structures (from ADG). Scale bar ¼ 50 lM.
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vascular development. Our study was unique as well in
that we administered ROSI to newborn mice by treating
the dams and, once weaned, continued feeding the wean-
ling mice with ROSI impregnated chow. We demonstrated
by mass spectroscopy that both methods delivered drug to
the lungs of the offspring.

Our first key observation was that treatment with the
PPAR-c agonist, ROSI attenuated both hypoalveolarization
and loss of microvascular density, which developed in
adult mice (P41) after exposure to moderate hyperoxia as
newborns. These studies extend the observation in a
model of acute hyperoxic exposure to high concentrations
of oxygen (95% oxygen) for 24-hr in which the receptor
agonist, ROSI, protected alveolarization (Rehan and Tor-
day, 2003; Torday et al., 2003; Rehan et al., 2006a,b) as
well as postnatal angiogenesis (Wang et al., 2004; Uno et
al., 2007). ROSI or other PPAR-cagonists have been
shown to protect against a variety of other lung diseases
including ventilator-induced lung injury and bleomycin-
induced pulmonary fibrosis (Hoetzel et al., 2008; Milam et
al., 2008). Although the data surrounding the effects of
ROSI and PPAR-c signaling as pro or anti-angiogenic are
controversial (Margeli et al., 2003), our array data sug-
gests a pro-angiogenic response of ROSI in the setting of
hyperoxia when compared with HE alone via the
increased expression of endoglin, thrombospondin, eph-
rins, VEGFR1 (Flt-1), and endothelial differentiation
sphingolipid G-protein-coupled receptor 1 (S1P1).

ROSI protected against the effects of HE despite a
lack of increase in PPAR-c protein expression. These
data suggest that PPAR-c activity is regulated at the
post-translational level and the existing receptor levels,
though decreased, are able to respond to agonist stimu-
lation. Other studies support this possibility. Functional
protein is essential for PPAR-c signaling, as targeted de-
letion of PPAR-c in epithelium during postnatal lung de-
velopment results in abnormal lung structure and
function (Simon et al., 2006). The ability of cells to
respond to PPAR-c agonists in the presence of decreased
levels of PPAR-c protein have been reported for lung
fibroblasts, nonsmall cell lung cancer cells, and endothe-
lial cells (Akaike et al., 2004; Winn et al., 2006; Milam
et al., 2008). In fibroblast, lung cell isolates from adult
pulmonary fibrosis patients, PPAR-c agonists-inhibited
fibroblast and myofibroblast differentiation, proliferation
and collagen deposition without increasing PPAR-c pro-
tein levels (Milam et al., 2008). There are a number of
potential mechanisms which may account for changes in
PPAR-c function following ligand binding. Agonist stim-
ulation can change expression or binding affinities of
coactivators or repressors (Akaike et al., 2004; Winn
et al., 2006). The function of PPAR-c proteins is regu-
lated by the conformation of the ligand binding domain,
influenced by coactivator or inhibitor proteins as well as
proteins required for heterodimer formation and DNA
binding activity (Berger and Moller, 2002; Yu and Reddy,
2007). We did observe an increase in retinoic acid recep-
tor–alpha (RARa) message, a coactivator for PPAR-c,
following hyperoxia with ROSI treatment. These func-
tional differences mediated by protein-protein interac-
tions provide a basis for future studies to more
completely understand the mechanism of action by
which PPAR-c agonists protect.

Our array analysis indicated that there was a signifi-
cant downregulation of pro-smooth muscle/myofibroblast

Fig. 7. Adult mice do not exhibit significant smooth muscle remodel-
ing or chronic inflammation following neonatal hyperoxic exposure.
a-SMA expression was localized by immunostaining on P41 following
RA, HE, and HEþROSI. There was no evidence that HE resulted in sig-
nificant airway smooth muscle remodeling or chronic inflammation rela-
tive to RA exposure. Representative images of (A) RA, (B) Hyperoxic
exposed, (C) HEþROSI. Positive a-SMA localization appeared brown.
Scale bar ¼ 50 lM. Open arrow indicates where inflammatory cells
would be localized as associated with airways and associated arteriole.
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Fig. 8. Collagen accumulation was not significantly increased with
hyperoxic exposure. The deposition of collagen was detected by Car-
stair’s staining on P13 (A, C, E) and P41 (B, D, F). Collagen stained
blue and was localized to interstitium, vessels, and airways. The level

of collagen accumulation following RA, HE, and HEþROSI was not
significantly different (G). Scale bar ¼ 50 mM. RA-white, HE-gray,
HEþROSI-black.



differentiation and contraction markers with ROSI treat-
ment. These findings were further confirmed by histo-
chemical analyses of a-SMA expression in the neonatal
lungs. One potential mechanism by which ROSI can pro-
tect lung development and maturation is by preventing
abnormal differentiation of multipotent progenitors. The
regulation of lipofibroblast versus myofibroblast differen-
tiation during lung development leading to a change in
lung structure and function may prove to be the most
relevant (Rehan and Torday, 2003; Torday et al., 2003;
Rehan et al., 2006a,b). Lipofibroblasts are located in the
alveolar interstitium and are recognizable by lipid drop-
lets. During alveolar development they participate in the
synthesis of extracellular matrix structural proteins,
such as collagen and elastin, induce epithelial type II
(TII) cell differentiation and function as an accessory
cell to the type II pneumocyte in the synthesis of surfac-
tant (McGowan and Torday, 1997). The loss of lipofibro-
blasts, appearance of myofibroblasts and subsequent
proliferation are key events in the development of CLD.
In addition, ROSI has also been shown to facilitate the
differentiation of multipotent progenitors toward an en-
dothelial cell type over an a-SMA positive myofibroblast
or smooth muscle cell type in vivo to prevent vascular
remodeling (Wang et al., 2004). It is possible the same is
true for multipotent epithelial progenitors. Increased a-
SMA positive phenotypes can parallel a loss of PPAR
with corresponding decreases in epithelial differentiation
and increased contractile myofibroblasts (Boros et al.,
2000; Rehan and Torday, 2003; Rehan et al., 2006a,b).
PPAR-c signaling also decreases the metastatic epithe-
lial-mesenchymal transition (EMT) in lung cancer cells
by promoting a more differentiated epithelial phenotype
(Winn et al., 2006). PPAR-c dependent mechanisms of
ROSI protection against EMT and subsequent have been
demonstrated using in vitro studies in which treatment
inhibited TGFb-mediated myofibrobalst differentiation
and collagen secretion (Burgess et al., 2005). In addition,
the administration of ROSI following the inflammatory
phase of bleomycin injury in mice suggests that the
protective effect is mediated through the regulation of
myofibroblast differentiation and to a lesser degree mod-
ulation of the inflammatory response (Milam et al.,
2008).

Hyperoxic-exposed mice have an abnormal response to
methacholine as adults, similar to the clinical scenario
often seen when former preterm babies exhibit chal-
lenges with airway mechanics when faced with illness
later in life. In addition, the development of AHR, mani-
fested by changes in lung resistance or dynamic compli-
ance in response to inhaled Mch, was attenuated in
adult mice that received ROSI treatment during neona-
tal HE. These observations suggest that there may be a

Fig. 9. Neonatal exposure to hyperoxia results in adult airway
hyperresponsiveness which was attenuated with ROSI treatment.
Measurements of airway resistance (A) and dynamic compliance (B) in
response to methacholine (MCh) challenge were performed on mice
having been exposed to RA, RAþROSI, Hyperoxia, or HEþROSI on
P55. Mice exposed to hyperoxia had significantly increased airway
hypreresponsiveness (AHR) than the RA controls and HEþROSI
groups. In both cases, the HEþROSI group was not significantly differ-
ent from the RA control groups.

TABLE 4. Baseline values for pulmonary function

Group

RL Cst Damping Elastance

cm H2O � mL�1 sec mL cm H2O
�1(SEM) cm H2O � mL�1 (SEM) cm H2O � mL�1 (SEM)

RA 0.27(.01) 0.081(.007) 6.37(.74) 31.6(2.9)
RAþROSI 0.30(.03) 0.079(.005) 6.17(.52) 29.9(2.1)
Hyperoxia 0.30(.02) 0.076(.006) 5.50(.57) 30.0(2.3)
Hyper þ ROSI 0.29(.02) 0.055(.008) 7.29(.74) 36.8(2.9)

P < 0.80 P < 0.06 P < 0.27 P < 0.17
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specific temporal requirement or window for PPAR-c sig-
naling in response to hyperoxia to regulate inflamma-
tion, proliferation, and/or cell differentiation, which have
long-term effects. The increase in TGFb2 message on
P13 in lung tissue following hyperoxia and its 4-fold
decreased in the ROSI treated group is a significant
finding because it represents a risk factor for airway
remodeling and asthma (Wang et al., 2004). In other
rodent models of lung injury, ROSI exhibits anti-inflam-
matory effects on the epithelial cells of the air passages,
alveolar macrophages, and neutrophils by decreasing
both recruitment and release of inflammatory cytokines
in the lung (Takata et al., 2002; Liu et al., 2005; O’Reilly
et al., 2008). Ideally, the minimum window to achieve
these effects with ROSI treatment needs to be deter-
mined to avoid detrimental side effects such as potential
changes in cardiac and pulmonary function. Further
evaluation of the possible adverse effects of ROSIþHE
on lung function may be warranted based on the Cst
approaching significance.

To date, the origin of AHR responses in humans is
unclear but hypothesized to be linked to genetics, lung
injury, or abnormal airway development including
remodeling (Baraldi and Filippone, 2007). In the face of
AHR, there we did not find significant evidence of air-
way remodeling including thickening of airway smooth
muscle detected by a-SMA staining. There was a lack of
goblet cell hyperplasia as well as evidence of substantial
chronic inflammation or collagen accumulation typically
associated with adult models of chronic allergic asthma
(Takeda et al., 1997; Wilder et al., 2001; Birrell et al,
2004). The lack of gross inflammatory changes in adult
mice exposed to hyperoxia (100% 4 days) as neonates
has previously been demonstrated (O’Reilly et al., 2008).
However, a difference in the immune response has been
reported to present upon a secondary inflammatory chal-
lenge. Rodent models of chronic asthma exhibit airway
remodeling due to presence of chronic inflammation. The
lack of these indications of AHR in the adult lungs in
the HEþROSI group suggests developmental changes in
contractile cell phenotype and function or subtle altera-
tions in the immune response mediated by PPARc which
persist into adulthood. The absence of fixed airway
obstruction in this model allows the study of AHR in the
context of CLD.

The mechanism by which ROSI action, either directly
or indirectly, promotes normal alveolarization and lung
function through modulation of postnatal components
of the immune response remains to be determined.
Changes in inflammatory cell repertoire and cytokines
during and following hyperoxic exposure of the neonatal
mice were indicated by the array analyses and will be
the focus of future studies. The contribution of off target
effects of ROSI may also provide insight into its benefi-
cial effects. Our data suggests that PPAR-c signaling
could be required in at least two related activities in our
study, as an anti-inflammatory mediator and anti-myofi-
broblast differentiation factor. In addition, ROSI is
known to increase adipogenesis, which may influence
the nutrients present in dams’ milk. Although ROSI pro-
tected against the changes in lung structure and func-
tion, there was not significant effect on pup weight
between the hyperoxia alone and HEþROSI groups.
Taken together with previously published data, these
results suggest that the protective effects on lung struc-

ture observed were due to ROSI treatment and PPAR
signaling in the neonatal lung tissue.

It is critical that early treatment with ROSI during
hyperoxic exposure attenuated experimental CLD and
improved the long-term sequelae, AHR. Taken together
PPARc signaling appears to be protective of early pro-
liferation in lung and decreased myofibroblast differen-
tiation, perhaps sustaining normal development. These
data suggest multiple mechanisms by which PPAR-c
signaling regulates the development of lung structure
and function. Following HE and decreased expression
of PPAR-cprotein, cell proliferation decreased and a-SMA
expression increased in the absence of significant remod-
eling by collagen deposition or marked changes in
inflammation. Additionally, AHR was increased. HE with
ROSI treatment increased cell proliferation and reduced
a-SMA expression resulting in increased septation and
decreased AHR. ROSI mediated these protective effects
in the absence of apparent increased PPAR-c protein
expression. The elucidation of the subtle changes in cell
phenotype, differentiation, and inflammation which
result in AHR has to be addressed and will be a useful
tool in the development of therapies for AHR, one of the
most common long-term problems associated with pre-
term birth.
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