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Resolution of alveolar epithelial/capillary membrane damage after
acute lung injury requires coordinated and effective tissue repair
to reestablish a functional alveolar epithelial/capillary membrane
barrier. We hypothesized that signaling pathways important in lung
alveolar bud ontogeny are activated in the recovery and remodeling
phases after profound oxidant stress lung injury in a murine model.
To test this, we characterized the expression of noncanonical
�-catenin pathway proteins E-cadherin, integrin-linked kinase–1, and
�-catenin in mice undergoing normoxic recovery after exposure to
butylated hydroxytoluene (BHT, ionol) and concomitant sublethal
(75% O2) hyperoxia. Mice developed early acute lung injury with
subsequent inflammation, collagen deposition, interstitial cellular
proliferation, and lung architectural distortion. Reduced E-cadherin
expression after 6 d of BHT and hyperoxia was accompanied by
enhanced expression and nuclear localization of �-catenin and in-
creased integrin-linked kinase-1 expression during subsequent nor-
moxic recovery. This resulted in increased expression of the cotrans-
criptional regulators TCF-1 and -3 and cyclin D1. Proliferation of
murine lung epithelial-12 cells in vitro after 8 h of treatment with
BHT quinone-methide and hyperoxia and 48 h of normoxic recovery
was enhanced 2.7-fold compared with vehicle-treated control mice
at the same time point. BHT/hyperoxia-exposed mice treated with
the pan-caspase inhibitor z-ASP had increased acute lung injury
and reduced survival despite the presence of TUNEL-positive cells,
suggesting enhanced lung cell necrosis. �-Catenin expression was
reduced in z-ASP–co-treated lungs after BHT/hyperoxia. The nonca-
nonical cadherin–�-catenin axis is associated with fibroproliferative
repair after BHT/hyperoxia exposure and may regulate epithelial
proliferation and lung matrix remodeling and repair in response
to lung injury.
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Resolution of alveolar epithelial/capillary membrane damage
after acute lung injury (ALI) requires coordinated and effective
tissue reconstruction to reestablish a functional barrier. In particu-
lar, restoration of the normal air space architecture requires recon-
stitution of denuded type I alveolar epithelial cells that undergo
apoptotic and necrotic death during the exudative phase of ALI.
Coordination of extracellular matrix turnover and regeneration
of type II epithelial cells is important in reestablishing surfactant
production and ion transport (1). Orderly re-epithelialization sup-
presses fibroblast proliferation and matrix deposition after ALI
(1, 2). However, resolution of ALI can result in disordered repair
of the alveolus, characterized by impaired fibrinolysis of the in-
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flammatory coagulum, fibrocellular proliferation, architectural
distortion of the lung parenchyma, and impaired angiogenesis.
Clinically, the result of this fibroproliferative phase of ALI in
survivors is a restrictive ventilatory defect and evidence of im-
paired alveolar membrane function characterized by a prolonged
reduction in the diffusing capacity for carbon monoxide (3).

The cellular regulatory mechanisms necessary for coordinat-
ing functional repopulation and reconstitution of the alveolar/
capillary membrane remain unclear. Transdifferentiation of epi-
thelial cells into matrix producing fibroblasts and myofibroblasts
with enhanced matrix turnover has been suggested as one mecha-
nism by which disordered epithelial remodeling promotes pro-
gression to the fibroproliferation in idiopathic pulmonary fibrosis
(IPF) (4) and ALI (5). Several lines of investigation suggest that
the mechanisms of resolution and lung injury repair in adults are
controlled in part by regulatory pathways that are important in
lung morphogenesis and development (4, 6). Deregulation of these
pathways may result in amplification of the initial injury and disor-
derly repair, with fibrosis or neoplastic degeneration (6).

The Wnt pathway has been identified as one of the numerous
signaling pathways critical for precise temporal and spatial con-
trol of lung morphogenesis (7, 8). The centrality of �-catenin as
a key regulatory protein in the Wnt cascade is conferred by its
bidirectional capacity to tightly regulate nuclear transcription
and to affect cell migration and adhesion by closely interacting
with the cytoskeleton and adherens junction cadherins. Condi-
tional targeted deletion of �-catenin from the alveolar epithe-
lium of developing mouse embryos results in complete disruption
of peripheral terminal alveolar saccule formation and distur-
bances of pulmonary vasculogenesis (9, 10). �-Catenin expres-
sion is induced in type II epithelial cells from hyperoxia-exposed
rats (11). In humans, �-catenin activation has been implicated
in several chronic pulmonary disorders, including IPF. Chilosi
and coworkers (6) have documented nuclear localization of
�-catenin in type II epithelial cells and fibroblastic focus spindle
cells in IPF lungs, which is consistent with activation of the
�-catenin pathway in these proliferative lesions.

We hypothesized that �-catenin signaling is upregulated in
the reparative remodeling response to acute lung injury. We
studied the lungs of mice in the normoxic recovery phase after
a well characterized, profound, oxidant-mediated injury induced
by butylated hydroxytoluene (BHT, ionol) and concomitant sub-
lethal (75% O2) hyperoxic exposure. BHT and its metabolite,
BHT quinone-methide (BHT-QM), inhibit antioxidants (12) and
interact with oxygen in aqueous media to release reactive oxygen
species, including O2· anion (13). Additional pneumotoxic effects
of BHT have been reported (14). The proliferative repair re-
sponse in the BHT/O2 ALI model, initially described by Witschi
and Haschek (15–17), is characterized by initial monocyte-
predominant acute pulmonary inflammation and type I epithelial
cell necrosis. Upon return to a normoxic environment, compen-
satory type II epithelial and interstitial cell proliferation occurs
(16–20). Long-lasting morphologic changes, reminiscent of late-
phase ALI, persist out to 1 yr after the initial insult. This prolifer-
ative phase is also characterized by collagen deposition and a
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reduced type III to type I collagen ratio (15). Because hyperoxia
alone suppresses alveolar epithelial cell proliferation, we as-
sessed the combined effects of BHT plus O2 on epithelial cell
proliferation in vitro.

Because caspase-3–mediated apoptosis is increased in ALI
(21) and proteolytic cleavage of �-catenin by activated caspase-3
results in disruption of cadherin-mediated homeotypic cell–cell
adhesions, and dissociation of E-cadherin from the cytoskeleton
and may affect proliferative responses to injury (22), we treated
mice with the pan-caspase antagonist z-ASP concomitant with
or immediately after BHT/O2 exposure and assessed the degree
of lung injury.

The data presented here are consistent with an association
between increased expression of noncanonical �-catenin path-
way molecules and the fibroproliferative response to ALI. The
data also indicate that apoptosis in early ALI is an important
tissue survival mechanism where apoptosis prevents “the worst”
(i.e., namely necrosis) or sets the stage for subsequent cell growth
(23).

Materials and Methods

Animals and Oxygen Exposures

Male BALB/CJ and C57BL/6 mice (6–8 wk old) were purchased from
Jackson Laboratory (Bar Harbor, ME). Mice were maintained in spe-
cific pathogen-free conditions and provided with food and water ad
libitum in accordance with approved institutional policy and protocol.
To induce lung injury, mice were treated with a single intraperitoneal
injection of 150 or 400 mg/kg 3,5-Di-tert-4butylhydroxytoluene (BHT)
(Sigma, St. Louis, MO) in maize oil on Day 0. Control animals were
treated with vehicle only. Mice were housed in a large Plexiglas chamber
with stable temperature and humidity and strict diurnal light cycling.
Food and water were available ad libitum. Mice were exposed to a
stable 75% O2 environment for 6 d (condition referred to as BHT/O2

d6) or room air (21% O2) as controls. After 6 d, hyperoxia-exposed
mice were recovered at 21% O2 for a further 8 d (BHT/O2 d6 � d8)
or 15 d (BHT/O2 d6 � d15). Chamber O2 content was titrated by venturi
flow regulator and monitored by continuous oximetry. CO2 was � 1%
at all times. The survival of BHT/O2 d6 mice was 100%, versus 92% �
4% for BHT/O2 d6 � d15 (P � NS). Survival among vehicle-treated,
75% O2-exposed mice was 100% at d6, d6 � d8 21% O2, and d6 � d15
21% O2, which was consistent with previous reports (24).

In Vivo Caspase Inhibition

To test the effect of caspase inhibition in the development of ALI remodel-
ing triggered by BHT/O2, mice were treated with the broad-spectrum
caspase inhibitor Z-Asp-2,6-dichlorobenzoyloxymethylketone (z-ASP;
Alexis, San Diego, CA), 1 mg/mouse (intraperitoneally) dissolved in
DMSO (n � 5 for each time point). Daily z-ASP treatment was initiated
at the time of BHT/O2 exposure (Day 0).

Tissue Preparation, Histology, and Immunohistochemistry

At various time points, animals were killed by exsanguination under
pentobarbital sodium anesthesia (100 mg/kg intraperitoneally). The
pulmonary vascular tree was perfused under a fixed distending pressure.
The tissues were processed using a number of approaches. Lungs from
some mice were inflation fixed at 25 cm H2O with zinc fixative (Sigma)
and later paraffin embedded for histologic analysis. Left lungs from
other animals were removed and homogenized in complete protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN) for West-
ern blot analysis, and right lungs were excised for mRNA extraction
and analysis. Tissue sections were stained with H&E for histology
and evaluated by two independent observers for airspace, septal, and
bronchovascular changes, including cellularity, septal distortion, and
matrix deposition, compared with 21% O2 control mice. Immunohisto-
chemistry was performed on deparaffinized tissue sections pretreated
with 3% H2O2 in methanol for inactivation of endogenous peroxidase.
Sections were then placed in 4% normal goat serum for 2 h before
incubation with rabbit polyclonal primary antisera against murine
�-catenin (1:50; Santa Cruz Biotechnology, Santa Cruz, CA). Sections

were incubated with Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen;
Molecular Probes, Eugene, OR) and mounted in Vectashield fluores-
cence mounting medium with 4,6-diamidino-2-phenylindole (DAPI)
for nuclear counterstaining (Vector Labs, Burlingame, CA). Negative
controls for nonspecific binding included normal rabbit serum without
primary antibody or with secondary antibody alone. Sections were
evaluated by two-photon microscopy as described below. Separate lung
sections were incubated with biotinylated rabbit anti-cyclin D-1 (Santa
Cruz Biotechnology). Biotinylation was performed according to the
manufacturer’s instructions (DakoCytomation, Carpinteria, CA).
Sections were counterstained with hematoxylin and examined by light
microscopy.

Fluorescent terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) of DNA strand breaks was performed
according to the manufacturer’s instructions (Roche Applied Science).
Overlapping DAPI in blue and FITC in green create a turquoise,
apoptotic-positive signal. Ten randomly selected fields were analyzed
for each section. Image analysis was performed with Zeiss image ana-
lyzer (KS 300, release 2.0; Carl Zeiss, Thornwood, NY).

Lung Collagen Measurements

For histologic assessment of lung collagens, sections were stained with
picro-sirius red (Biocolor, Westbury, NY) and washed with acidified
water (0.5% glacial acetic acid) as previously described (25, 26).
Mounted sections were examined for birefringence by polarizing light
microscopy. For quantitative assessment of total extractable lung colla-
gens, the entire right lungs from three mice per condition were carefully
dissected away from mediastinal structures. Each lung was homoge-
nized in 1 ml protein lysis cocktail and Sircol-dye assay (Biocolor)
performed as previously published (27) by 96-well colorimetric plate
assay (absorbance 540 nm; Perkin Elmer, Boston, MA) and compared
with a purified collagen standard.

Western Blot Analysis

Lung protein homogenates (10 �g per animal determined by colorimet-
ric Bradford microplate assay; n � 5 per condition) were subjected to
12% SDS-PAGE electrophoretic transfer onto polyvinylidene fluoride
membrane (Immobilon-P; Millipore Corp., Bedford, MA) for Western
blot analysis The antibodies and supplier used were rabbit anti-murine
E-cadherin (1:2,000 dilution) rabbit anti-murine cyclin D-1 (1:500; Santa
Cruz Biotech), rabbit anti-murine integrin-linked kinase-1 (ILK-1)
(1:1,000 dilution) and rabbit anti-murine cleaved caspase 3 (1:2,000
dilution; Cell Signaling Technology, Inc., Beverly, MA), �-catenin mAb
(1:500) and E-cadherin mAb (1:2,000 dilution) (BD Biosciences Phar-
mingen, San Diego, CA), and �-actin mAb (1:20,000 dilution). After
Tween 20 0.1% in TBS washes, the membranes were incubated with
relevant horseradish peroxidase–conjugated secondary Ab (Amersham
Inc., Arlington Heights, IL) for 1 h. Signal development was performed
using an enhanced chemiluminescence detection kit (Amersham). Pro-
tein band densitometry was performed with a Gel Doc 2000 running
Quantity One 1-D analysis software (Bio-Rad, Hercules, CA).

Cell Culture and In Vitro Hyperoxia Exposure

Transformed murine lung epithelial cells (MLE)-12 (American Type
Culture Collection, Manassas, VA) were a generous gift from Patty J.
Lee (Yale University, New Haven, CT). They were grown to confluence
in Dulbecco’s modified Eagle’s medium containing pH indicator dye
(Invitrogen) supplemented with 2% FBS and 10% penicillin-streptomycin
(Invitrogen) in a humidified atmosphere in 5% CO2 and air. Cell mono-
layers at 70% confluence in tissue-culture treated wells or slides were
used in all experiments. Cells were treated with varying concentrations
of BHT-QM (28) (generously provided by J. Thompson) or vehicle as
control. Hyperoxic exposures were performed by placing cells in sealed
modular chambers (Billups-Rothenberg, Del Mar, CA) and flushing
the chambers with a gas mixture of 95% O2-5% CO2 until equilibrium
was detected by in-line oximetry. The chamber entry and exit ports
were clamped, and sealed chambers were incubated at 37�C. Chambers
were flushed with the 95% O2-5% CO2 gas mixture every 24 h if expo-
sures were � 24 h. To evaluate cell viability, MLE-12 cell monolayers
were treated with CyQUANT GR dye according to the manufacturer’s
directions. Plates were analyzed with a fluorescence plate reader (Perkin
Elmer, Boston, MA).
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RNA Isolation and Analysis

Minced mouse lungs preserved in RNAlater Stabilization Reagent
(Qiagen, Valencia, CA) were homogenized and RNA extracted using
a Midi Kit (Qiagen). RNA quantification was performed by spectropho-
tometry, and RNA integrity was confirmed by Agilent bioanalyzer.
Equal amounts (1 �g) of RNA were reverse transcribed with a High
Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA).
mRNA expression levels for TCF-1,TCF-3, and LEF-1 were evaluated
by multiplex RT-PCR (Qiagen) and real-time quantitative PCR. Primer
and probe sequences are available on request. Amplified multiplex RT-
PCR products were detected using ethidium bromide gel electrophore-
sis with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as in
internal standard for each sample. Real-time quantitative PCR was
performed with specific TaqMan primers and probes using the ABI
Prism 7700 Sequence Detector and SDS analysis software (Applied
Biosystems). For each transcription factor, the optimal numbers of
cycles were determined experimentally. All reactions were performed
in triplicate, and a negative control (no RNA template) and positive
control (no polymerase) were introduced in each run. Data were ana-
lyzed according to the 2–		CT method, and relative mRNA abundance
was calculated as percentage of �-actin in each sample.

Two-Photon Imaging and Analysis

A Zeiss LSM 510 NLO two-photon laser scanning confocal microscope
maintained by the University of Colorado Health Sciences Center light
microscopy facility was used for quantitation of �-catenin nuclear trans-
location in lung sections from BHT/O2-treated mice. The system uses
a tunable Coherent Mira 70 MHz mode locked Titanium:Sapphire, two-
photon infrared laser using a 63X Apochromat oil immersion lens
(numerical aperture 1.4, working distance 0.09 mm). Images were gener-
ated using a 0.6-�m step size with a scan area at each image plane of
1,024 
 1,024 pixels. Within each section, five arbitrarily chosen areas
were selected. Images were converted to TIFF format and processed
with LSM 5 Image Browser (Zeiss) and the public domain NIH Image
J program (National Institutes of Health, Bethesda, MD) (29).

Statistical Analysis

Normally distributed data are expressed as the mean � SEM and were
assessed for significance by Student’s t test or ANOVA with post-hoc
continuity correction for multiple comparisons as indicated in the text.
Non-normally distributed data were assessed for significance using the
Wilcoxon rank sum test. Survival parameters were analyzed using the
Kaplan-Meier test. Multiple group trends were evaluated with the chi-
square test for trends. Statistical calculations were performed using
SigmaStat/SigmaPlot software (Systat, Point Richmond, CA). Statistical
difference was accepted at P � 0.05.

Results

Lung Remodeling after BHT/Hyperoxia-Induced ALI Is
Characterized by Epithelial and Interstitial Cell Proliferation
and New Collagen Deposition

H&E-stained lung sections from BHT/O2 d6 mice revealed sig-
nificant ALI characterized by inflammatory cell infiltrates, epi-
thelial desquamation, and alveolar exudates (Figure 1Ae). Lungs
from mice exposed to BHT/O2 d6 � d8 and BHT/O2 d6 � d15
showed progressively marked interstitial cellular proliferation,
alveolar epithelial cell hyperplasia, foamy alveolar macrophage
accumulation, and interstitial matrix deposition (Figures 1Ag
and 1Ai). BHT/O2 d6 � d15 lungs were notable for significant
bronchial distortion and areas of subpleural airspace enlarge-
ment (Figure 1Ai). By contrast, lungs from normoxia-exposed
mice treated with BHT at Day 6 revealed significantly less in-
flammation; the inflammation resolved after an additional 15 d
(Figure 1Ac). Qualitative assessments of lung collagen were
made by phase-contrast microscopy of Sirius red–stained lung
sections and quantitative colorimetric Sircol assays of whole-lung
extractable collagen. There was a marked increase in interstitial
birefringent collagen in lungs from BHT/O2 d6 � d15 (Figure

1Ai) compared with 21% O2 and BHT/O2 d6 mice (Figure 1Aa).
Compared with 21% O2 (147.03 � 7.47 �g/lung), whole-lung
collagen was significantly increased in the BHT/O2 d6 � d8
(197.15 � 3.35 �g/lung) and BHT/O2 d6 � d15 groups (190.25 �
5.16 �g/lung; P � 0.001 for both comparisons).

Postinjury Epithelial Proliferation Is Amplified by Combined
BHT/Hyperoxia Exposure In Vitro

Proliferation of MLE-12 cells exposed to hyperoxia alone for
8 or 24 h was comparable to that for cells incubated in normoxic
conditions in the presence or absence of BHT. Cells incubated
for 8 h in 95% O2 followed by 16 or 48 h of normoxic recovery
experienced a 1.3- and 1.8-fold relative reduction in proliferation,
respectively, compared with 21% O2 control (P � 0.01 for both
comparisons) (Figure 2). By contrast, the proliferative rate was
preserved after 16 h of normoxic recovery after incubation in
the presence of 95% O2 plus BHT-QM for 8 h (P � NS) but
reduced 2.1-fold after 48 h of normoxic recovery compared with
21% O2 control (P � 0.01). However, proliferation after 48 h
normoxia was 2.7-fold lower in vehicle-treated compared with
BHT-QM–treated cells (P � 0.027). These data demonstrate
that the proliferation is enhanced during normoxic recovery after
combination BHT-QM plus hyperoxia exposure compared with
hyperoxia alone.

Postinjury Lung Remodeling Is Associated with Increased
E-Cadherin/�-Catenin Expression

Immunoblotting of whole lung lysates from mice at different
time points after initial BHT/O2 exposure demonstrated changes
in expression of cadherin-catenin signaling pathway intermedi-
ates. In particular, �-actin–normalized E-cadherin expression
was reduced 1.59-fold in lysates from BHT/O2 d6 compared with
normoxic vehicle–only controls (P � 0.01) (Figure 3A). This
was contemporaneous with the period of maximal epithelial
injury and morphologic abnormalities. Lung E-cadherin content
normalized by Day 15 of normoxic recovery, simultaneous with
the peak of cellular proliferation and repair. Associated with
the loss of total lung E-cadherin expression was a 1.51-fold in-
crease in total lung expression of �-catenin in BHT/O2 d6 � d8
lungs relative to 21% O2 (Figure 3A). This peak occurred after
a 20% reduced expression in BHT/O2 d6 lungs compared with
21% O2 control. Increased interstitial cell-predominant immuno-
staining of �-catenin was detected by light microscopic evalua-
tion of immunostained BHT/O2 d6 � d8 lung sections compared
with 21% O2 control (Figure 3Bv versus 3Bi). Quantitative as-
sessment of processed two-photon colocalization images (five
high-power field images per lung; Figure 3C) for a nuclear or
cytoplasmic distribution pattern demonstrated significantly in-
creased nuclear colocalization of �-catenin in lung interstitial
cells from BHT/O2 d6 � d15 compared with vehicle/21% O2

control (chi-square test for trends, P � 0.0001) (Figure 4Bviii
versus 4Biv).

Enhanced Integrin-Linked Kinase Expression during
BHT/Hyperoxia Lung Injury Remodeling

Expression of the cadherin-catenin complex regulator ILK-1 was
increased 1.72 � 0.1-fold in BHT/75% O2 d6 lungs compared
with vehicle/21% O2 controls (P � 0.001) (Figure 3A). ILK-1
levels were further increased 1.85 � 0.17-fold relative to control
in BHT/75% O2 d6 � d8 and 3.53 � 0.1 at BHT/75% O2 d6 �
d15 (P � 0.001).

�-Catenin Translocation Results in Cotranscriptional
Activation and Enhanced Cyclin-D Expression

GAPDH-normalized mRNA expression by multiplex PCR of
TCF-1 and LEF-1, but not LEF-3, was increased in BHT/O2 d6
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Figure 1. Post BHT/O2 injury is characterized by monocyte-
predominant infiltrates and fibroproliferative changes. (A )
Representative photomicrographs of zinc-fixed, paraffin-
embedded mouse lung sections (n � 3 for each condition).
H&E (40
, light microscopy) for histopathology (a, c, g,
e, i ) and Sirius-red stain (20
, polarizing light microscopy)
for immature (green birefringence) and maturing (gold-
brown birefringence) collagen (b, d, f, h, j ). (B ) Total ex-
tractable collagen measured by colorimetric Sirius-red
assay. Data presented are mean collagen in �g/right lung �

SEM; n � 3 right lungs for each condition. *P � 0.001
compared with 21% O2.
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Figure 2. Epithelial proliferation is amplified by combined BHT/hyper-
oxia exposure compared with hyperoxia alone in vitro. Subconfluent
MLE-12 cell monolayers seeded in 24-well tissue culture plates were
treated with BHT-QM (50 �M) or vehicle and incubated in a sealed
normobaric chamber flushed with 95% O2/5% CO2 or 21% O2/5% CO2

for various time periods and returned to normoxia for up to 48 h.
Proliferation by fluorescence assay is expressed relative to vehicle after
48 h at 21% O2. *P � 0.01 compared with 21% (48 h) control. †P �

0.027 compared with vehicle at the same time point (95% [8 h] �

21% [48 h]). The data represent mean � SEM of triplicate wells; n � 2
experiments.

and BHT/O2 d6 � 15 lung, which was consistent with the period
of maximal �-catenin expression (Figure 4A). Quantitative
GAPDH-normalized TCF-1 expression in BHT/75% O2 d6 �
15 was 3,276 � 698.9 copies, compared with 25 � 22.6 copies
in vehicle/21% O2 controls (P � 0.05; ANOVA Neuman Keuls)
(Figure 4B).

Expression of the �-catenin transcriptionally regulated cell-
cycle protein cyclin D-1 increased 1.91-fold over baseline at
BHT/75% O2 d6 and remained 1.53-fold elevated at BHT/75% O2

d6 � d15 normoxic recovery (Figure 4C). Cyclin-D1–immunostained
lung sections showed a marked increase in areas of alveolar
epithelial and interstitial proliferation from BHT/75% O2 d6,
d6 � d8, and d6 � d15 lungs (Figure 4D).

Injury and Remodeling Are Characterized by
Enhanced Apoptosis

Actin-normalized expression of whole-lung–activated caspase 3
was increased 3.4-fold in BHT/O2 d6 lungs and 2.55-fold fold in
BHT/O2 d6 � d15 lungs (Figure 5B) compared with normoxic
controls (P � 0.001). Immunostained lung sections revealed
activated caspase 3 decoration in alveolar interstitium and epi-
thelium and to a lesser extent in bronchial epithelium, most
notably in the BHT/O2 d6 lungs and less prominently in BHT/O2

D6 � d15 lungs (data not shown). Immunofluorescent TUNEL
labeling of lung sections was performed to evaluate the presence
of apoptosis and necrosis (Figure 5C). TUNEL-positive cells in
the alveolar epithelium and interstitium increased in BHT/O2

d6 lungs compared with normoxic controls. TUNEL-positive
cells were also increased in BHT/O2 d6 � d15 lungs, particularly
in alveolar airspaces.

Caspase Inhibition Amplifies BHT/O2-Induced Lung Injury

BHT-treated mice injected daily with z-ASP concomitant with
75% O2 exposure developed substantially amplified and rapidly

lethal ALI. No z-ASP treated animals survived the initial 6-d
period of hyperoxic exposure (BHT/O2 � z-ASP median survival
was 3 d versus BHT/O2 vehicle-treated controls; P � 0.03)
(Figure 5A).Western blotting of whole-lung lysates from z-ASP–
treated BHT/O2 d6 animals confirmed a 39.5 � 14.1% reduction
in actin-normalized cleaved caspase-3 protein expression com-
pared with BHT/d6 vehicle-treated controls (P � 0.05, ANOVA,
Neuman Keuls) (Figure 5B). Additionally, z-ASP cotreated mice
had a reduction in whole-lung �-catenin expression compared
with BHT/O2 d6 controls (Figure 3A). Expression of ILK-1 and
E-cadherin was unchanged. Despite standardized immediate
postmortem saline flushing of the pulmonary circuit via the right
ventricle, histologic evaluation of lungs from mice after 4 and
5 d of treatment (n � 5) demonstrated hemorrhagic alveolar
airspace filling, vascular microthrombi, diffuse alveolar damage,
epithelial desquamation, and substantially increased numbers of
alveolar neutrophil and foamy alveolar macrophages (Figure
5Ce). In the face of reduced activated caspase 3 expression,
TUNEL-positive cells were equally abundant in BHT/O2 �
z-ASP lungs (Figure 5Cf) as BHT/O2 vehicle controls.

DISCUSSION

Exuberant fibroproliferative post–lung injury repair results in
marked structural abnormalities of the alveolar–capillary inter-
face and long-term impairment of gas exchange. The inflamma-
tory mechanisms underlying the initial phase of ALI have received
significant attention, but less is known about the reparative phase.
In vivo investigations of cellular repair responses to injury have
been challenging because lung injury models are fatal or result
in an overwhelming fibrotic response (30). Reestablishment of
a functional alveolar epithelial–capillary interface requires pul-
monary edema resorption, resolution of inflammation, reepithe-
lialization, matrix remodeling, angiogenic recanalization, and
endothelial proliferation. This requirement for cellular prolifera-
tion, transdifferention, and migration led us to hypothesize that
in the injured adult lung, the �-catenin pathway is involved as
part of fibroproliferative repair, recapitulating its central role in
alveolar bud development during lung organogenesis. To our
knowledge, this is the first study to suggest involvement of a
noncanonical �-catenin signaling pathway in the proliferative
repair phase after sublethal BHT/hyperoxia-mediated murine
ALI (summarized in Table 1 and Figure 6). Our findings are
consistent with the notion that lung remodeling in response to
ALI is regulated in part through cellular pathways that are in-
volved in lung development (9).

To validate the phenotype of postinjury fibroproliferation in
this model, we first evaluated histologically the pulmonary effects
of BHT/O2 in mice exposed for 6 d to 75% O2 and recovered
for periods up to 14 d in normoxia. Exposure to hyperoxic envi-
ronments of 75–85% oxygen content alone induces tolerance to
100% hyperoxia through the induction of antioxidants, including
superoxide dismutases (31). Consistent with previous reports
(16), the acute effects of BHT/O2 evaluated at 6 d of hyperoxia
involved severe desquamative alveolar damage with intraal-
veolar hemorrhage, neutrophil infiltration, foamy alveolar exu-
dates, and modest hyaline membranes (Figure 1Ae). Lungs ex-
amined from mice after 8 and 15 d of normoxic recovery
demonstrated progressive resolution of acute lung injury, alveo-
lar epithelial regeneration, extensive foamy alveolar macro-
phage, and interstitial lymphocytic infiltrates. This phase was
accompanied by interstitial space expansion with fibroblasts, tis-
sue macrophages, and matrix accumulation. Quantitative eleva-
tions in lung collagen characterized by Sirius red staining as a
progressive accumulation of birefringent perialveolar interstitial
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Figure 3. (A ) Effects of BHT/O2 injury and repair on cadh-
erin–catenin adherens junction protein expression in whole
lung. (Upper panel) Representative Western blots of index
proteins (first three rows are ILK-1, E-cadherin, and �-catenin,
respectively) relative to �-actin (bottom row). (Lower panels)
The graphs represent quantification by densitometry nor-
malized for levels of �-actin. Data are representative of two
experiments (n � 3 per condition); one of three lungs per
condition are shown. (B ) Nuclear translocation of �-catenin
in fibroproliferative ALI repair. Representative photomicro-
graphs of immunohistochemical and immunofluorescence
localization of pulmonary �-catenin, zinc fixed, and inflated
lung sections from 21% O2 (i–iv) and BHT/O2 d6 � d15
(v–viii) mice demonstrating enhanced interstitial cell-pre-
dominant immunostaining (v; arrows) compared with (i )
by light microscopy. Two-photon fluorescence microscopy
images (representative of three lungs from each group)
demonstrate enhanced cytoplasmic and nuclear �-catenin
immunofluorescence (red) in overlay (vi versus ii), mono-
chromatic red channel (vii versus iii), and two-color colocali-
zation images (viii versus iv). (C ) Increased colocalization
of nuclear �-catenin in fibroproliferative ALI repair. Two-
photon colocalization by two-photon microscopy images
were scored for grade and pattern of nuclear pixels as
indicated in the inset (1� minimal perinuclear, 2� moder-
ate speckled nuclear, 3� dense nuclear). Autofluorescent
alveolar macrophages, identified morphologically, were
not included in the quantitative assessment. DAB, diamino-
benzidene; Alexafluor 488, pseudocolored red; DAPI, pseu-
docolored green. The data represent mean � SEM of five
high-power field images per lung; n � 3 lungs per condi-
tion; chi-square test for trends P � 0.0001.
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Figure 3. Continued.

collagen were consistent with previous quantitative assessments
of increased lung hydroxyproline in this model (15, 16).

To assess whether BHT/O2 affected epithelial cell survival
and proliferation, we examined MLE-12 cell monolayers in vitro.
This cell line has been used by several investigators to explore the
effects of hyperoxia-mediated apoptosis (32, 33). An important
difference between the in vitro and in vivo studies is the use of
95% O2 in contrast to 75% O2. This oxygen level was selected
for these experiments to address concerns of the relative insolu-
bility of oxygen in the culture medium (34). BHT-QM has been
demonstrated to be directly pneumotoxic in BALB/C mouse
lungs (35). When compared with hyperoxia or BHT-QM alone,
the combination of BHT-QM and hyperoxia followed by 48 h
of normoxia resulted in less suppression of proliferation. The
mechanism for this potentiation of proliferation may be due in
part to the viral transformation of the cell line used in this assay.

Lung interstitial fibroblasts and epithelial cells are the pre-
dominant proliferative subpopulations during the normoxic
recovery after BHT/O2 exposure. Epithelial-to-mesenchymal
transdifferentiation (EMT) is thought to be an important source
for fibroblast generation and proliferation in wound healing and
has been suggested as a possible mechanism for the proliferative
repair response to BHT/O2 (36). For this reason, we focused on
the noncanonical �-catenin signaling pathway, which is thought
to be important in regulating EMT, and its interaction with the
adherens junction E-cadherin adhesion protein. �-catenin–
dependent EMT may also account for the enhanced matrix turn-
over and collagen deposition demonstrated in Figure 1.

Total lung E-cadherin was reduced in our study after lung
injury and during the early proliferative phase. During the peak
of cellular injury and active reparative proliferation, the reduc-
tion in E-cadherin would be consistent with a loss of intercellular

adherence through tight junctions. Reduced E-cadherin protein
expression, in conjunction with nuclear �-catenin localization,
has previously been demonstrated in highly proliferative non-
neoplastic endometrium (37). Normalization of E-cadherin
levels at Day 15 of normoxic recovery post BHT/O2 suggests a
stabilization of the cellular proliferation rate consistent with that
previously described in this model (16).

We demonstrated increased whole-lung �-catenin protein
levels and nuclear localization in areas of interstitial cellular
proliferation contemporaneous with reduced lung E-cadherin
expression (Table 1). Although the present studies have not
demonstrated increased activity of �-catenin or ILK-1, our find-
ings are consistent with functional activation of the Wnt–�-
catenin signaling cascade (38). Additionally, the established
regulatory effect of increased ILK-1 expression on E-cadherin
transcriptional expression (39) suggests an important role for
this serine-threonine kinase in regulating E-cadherin expression
in the early postinjury phase when whole-lung ILK-1 expression
is increased. ILK-1–mediated E-cadherin repression and inhibi-
tion of GSK3� activity (40) has been implicated in EMT (41, 42)
and may explain in part the prominent epithelial and interstitial
cellular proliferation to BHT/O2 (15, 16). Bailey and colleagues
(43) have shown that peroxide-induced injury of cultured retinal
pigment epithelial cells results in reduced junctional N-cadherin
protein expression and �-catenin nuclear translocation. This sug-
gests a direct effect of oxidants on epithelial junctional integrity
and �-catenin–dependent signaling.

Having demonstrated nuclear accumulation of �-catenin
(Figure 3C), we next sought to demonstrate concomitant in-
creases in mRNA expression of the cotranscriptional regulators
TCF-1 and LEF-1. In conjunction with increased expression of
these molecules, there was an associated increased expression
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Figure 4. Altered expression of �-catenin cotranscriptional tar-
gets in fibroproliferative ALI. (A ) Expression of TCF-1,3 and LEF-1
by multiplex RTPCR. (B ) TCF-1 and TCF-3 by real-time qPCR.
GAPDH-normalized TCF-1 mRNA copies were increased in
whole-lung RNA BHT/O2 d6 � d15 compared with 21% O2

control; n � 3 or 4 per condition as indicated. *P � 0.05. (C )
Cyclin D1 protein expression is induced in association with in-
creased �-catenin axis expression. Actin-normalized band densi-
tometry of cyclin D1 Western blots from whole lung lysates. The
data represent mean � SEM, n � 3 per condition, *P � 0.05.
Inset is a representative blot (BHT/21% O2 band not shown).
(D ) Representative photomicrographs of immunohistochemistry
for cyclin D1 on lung sections from BHT/O2–treated mice and
controls: (i ) 21% O2, (ii) BHT/O2 d6, (iii) BHT/O2 d6 � d8, (iv)
BHT/O2 d6 � d15.
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Figure 5. Pharmacologic caspase inhibition amplifies
BHT/O2 ALI by enhanced necrotic cell death. (A ) Klan-
Meier survival curves of BHT/O2-treated mice. z-ASP
cotreatment (100 �g/mouse intraperitoneally daily)
during initial BHT/O2 exposure (BHT/O2 � z-ASP 75%,
see Figure 5Ce) amplifies early acute lung injury histo-
logically and results in death by Day 6 compared with
DMSO vehicle 21% (n � 12) BHT/O2 d6 → 21% (n �

12) and vehicle � z-ASP d6 75% → z-ASP 21%
(n � 5) (Log rank survival BHT/O2 � z-ASP 75% versus
controls, P � 0.03; n � 10 per group). (B ) Densitometric
comparison of actin-normalized cleaved caspase-3 ex-
pression and representative Western blot of lung lysates
from BHT/O2 d6 � z-ASP compared with BHT/O2 �

vehicle treated animals. The data represent mean �

SEM; n � 3 per condition; *P � 0.05; **P � 0.001. (C )
H&E (a, c, e ) or TUNEL-positive cells (FITC filter) co-
stained with DAPI to identify nuclei (b, d, f ). Numerous
TUNEL-positive cells are present in BHT/O2 d6 (d ) and
z-ASP cotreated lungs (f ). DAPI, 4�6-diamidine-2-
phenylindole-dihydrocholride; TUNEL, terminal deoxy-
nucleotide transferase–mediated dUTP nick end-
labeling. Images are representative of 10 high-power
fields per lung; n � 3 per condition.
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TABLE 1. RELATIVE CHANGES IN EXPRESSION OF
�-CATENIN PATHWAY INTERMEDIATES DURING
BUTYLATED HYDROXYTOLUENE/O2-INDUCED ACUTE
LUNG INJURY AND FIBROPROLIFERATIVE REPAIR

Phase of BHT/O2–Induced ALI and Repair

21% O2 BHT/O2 d6 BHT/O2 d6 � d8 BHT/O2 d6 � d15

E-cadherin �� � �� ��1/2
�-Catenin � �� �1/2 ��

ILK-1 � �1/2 �� ���

TCF 1, 3, 4 � �1/2 �� ��

Cyclin D-1 � � �� ���

Collagen � � �� ��

Definition of abbreviations: ALI, acute lung injury; BHT, butylated hydroxytolu-
ene; ILK, integrin-linked kinase.

Changes are whole-lung protein expression levels (� to ���) in 21% O2 mice
(except for TCF 1, 3, and 4, which are mRNA levels).

of the LEF-1/�-catenin regulated cell-cycle protein cyclin D1.
GSK-3�–mediated inhibition of �-catenin degradation results in
cytosolic accumulation, nuclear translocation, and interaction
with Tcf/Lef family of transcription factors. These molecules
act as downstream cotranscriptional regulators of target genes
important in cell-cycle regulation, proliferation, and transdiffer-
entiation. �-catenin/TCF transcriptional complexes have been
shown to regulate human cancer cell line proliferation in vitro
(44, 45).

Increased LEF-1 and TCF-1 mRNA levels could be explained
by transcriptional autoinduction mediated by LEF-1 binding
domains in the respective promoter sequences of LEF-1 and
TCF-1 (46–49). Concomitant LEF-1 and Smad3 HMG box do-
main binding has been demonstrated to account for cooperative
�-catenin and transforming growth factor (TGF) pathway
transcriptional control of target gene expression (50). Smad-
dependent TGF-� signaling contributes to EMT and is an impor-
tant profibrotic stimulus (51). The present studies do not pre-
clude an important interaction with TGF-� and other growth
factors as part of the proliferative repair response in this model.

Figure 6. Sequence of BHT/O2-induced lung injury and �-catenin–
mediated repair. Profound oxidant stress (e.g., BHT/O2) results in alveolar
epithelial injury with reduced E-cadherin expression and accumulation
of �-catenin. Profound injury can result in cell death. Re-epithelialization
and repair is regulated by ILK-1 activation, nuclear �-catenin transloca-
tion, enhanced cotranscriptional regulator expression (TCF 1,3), and
cyclin D1–mediated cellular proliferation (BHT/O2 d6 � d8). �-catenin
activation also mediates epithelial-to-mesenchymal transition, resulting
in transdifferentiation to matrix producing fibroblasts and myofi-
broblasts. If persistent, this results in lung architectural distortion and
fibroproliferation.

Downstream targets of �-catenin/TCF-1/LEF-1 transcrip-
tional regulation include the cell cycle regulatory molecule cyclin
D1, which is active in G1 phase transition (52). Through interac-
tion with cyclin-dependent kinase 4, it functions as an important
mitogenic regulator. Strong and sustained cyclin D1 induction
in proliferative interstitial cells in our model during BHT/O2

lung injury repair is consistent with enhanced �-catenin/TCF-1/
LEF-1–dependent transcriptional activation. However, the con-
tribution of other growth factors, such as epidermal growth factor
receptor–mediated stimuli for CycD1 expression, cannot be
excluded.

A complimentary mechanism for increased �-catenin expres-
sion in this system is through the canonical Wnt-Frizzled receptor
pathway (53). The E-cadherin and canonical pathways function
through the GSK-3�/Axin/APC complex to regulate �-catenin
ubiquitination and proteosomal degradation. The cadherin path-
way is thought to regulate the available cytoplasmic �-catenin
pool available for Wnt-mediated signaling (54). Activation of
the canonical pathway is probable and may play an important
role for cellular proliferation disordered lung repair, as pre-
viously described in idiopathic pulmonary fibrosis (6).

Lung cellular apoptosis is a dominant mechanism of injury
in hyperoxia-mediated ALI (55). Recognition and controlled
phagocytic engulfment and removal of apoptotic cells are impor-
tant in resolution of inflammation. The amplification of acute
lung injury in our model with increased early mortality in mice
cotreated with the pan-caspase inhibitor z-ASP during BHT/O2

supports the hypothesis that caspase-mediated apoptosis is a
necessary component of lung defenses against overwhelming
oxidant stress injury. The presence of TUNEL-positive cells
in z-ASP–cotreated lungs is consistent with oxidant-mediated,
necrosis-predominant cell death and/or caspase independent
apoptosis. z-ASP cotreatment was associated with a relative re-
duction in �-catenin expression after 6 d of BHT/O2 exposure,
suggesting a caspase-mediated effect on cellular �-catenin turn-
over. This might be explained by inhibition of caspase-mediated
proteolytic cleavage of �-catenin (22) or alternative mechanisms
of �-catenin pathway regulation. Although incomplete, the level
of caspase 3 inhibition in these studies is comparable to that
achieved in studies using chronic z-ASP infusion in rats for
periods of up to 1 mo (56). Although the association between
increased lung injury and reduced expression of �-catenin in
z-ASP–treated, BHT/O2-exposed mice suggests that caspase-
mediated cell death is necessary for �-catenin pathway activa-
tion, it is probable that other factors, including secreted Wnt
molecules or lysophosphatidic acid, are involved (57).

Because the present findings have been derived from analysis
of whole lungs, we recognize that changes of the cadherin-catenin
pathway represent aggregate signals from resident lung paren-
chymal, airway, and migratory inflammatory cells. To address
this, we have used immunohistochemical localization to identify
the distribution of proteins where possible. However, the contri-
bution of individual cell populations, in particular the contribu-
tion of mononuclear leukocytes that are increased in number
during the acute inflammatory response, requires future investi-
gation. In addition, the absolute requirement for �-catenin sig-
naling in the fibroproliferative response and the involvement of
the canonical Wnt pathway are important questions for future
study.

In conclusion, we have demonstrated in a sublethal model of
acute lung injury and fibroproliferative remodeling an associa-
tion with enhanced expression of the cadherin–catenin axis with
epithelial regeneration and EMT (Figure 6). We have identified
the requirement for caspase-mediated apoptosis as an important
survival component of the pulmonary response to acute lung
injury.
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