Epithelial Cell Death Is an Important Contributor
to Oxidant-mediated Acute Lung Injury
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Rationale: Acute lung injury and the acute respiratory distress
syndrome are characterized by increased lung oxidant stress and
apoptotic cell death. The contribution of epithelial cell apoptosis to
the development of lung injury is unknown.

Objectives: To determine whether oxidant-mediated activation of the
intrinsic or extrinsic apoptotic pathway contributes to the develop-
ment of acute lung injury.

Methods: Exposure of tissue-specific or global knockout mice or cells
lacking critical components of the apoptotic pathway to hyperoxia,
a well-established mouse model of oxidant-induced lung injury, for
measurement of cell death, lung injury, and survival.

Measurements and Main Results: We found that the overexpression of
SOD2 prevents hyperoxia-induced BAX activation and cell death in
primary alveolar epithelial cells and prolongs the survival of mice
exposed to hyperoxia. The conditional loss of BAX and BAK in the
lung epithelium prevented hyperoxia-induced cell death in alveolar
epithelial cells, ameliorated hyperoxia-induced lung injury, and
prolonged survival in mice. By contrast, Cyclophilin D-deficient mice
were not protected from hyperoxia, indicating that opening of
the mitochondrial permeability transition pore is dispensable for
hyperoxia-induced lung injury. Mice globally deficient in the BH3-
only proteins BIM, BID, PUMA, or NOXA, which are proximal
upstream regulators of BAX and BAK, were not protected against
hyperoxia-induced lung injury suggesting redundancy of these pro-
teins in the activation of BAX or BAK.

Conclusions: Mitochondrial oxidant generation initiates BAX- or
BAK-dependent alveolar epithelial cell death, which contributes to
hyperoxia-induced lung injury.
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Approximately 200,000 people in the United States develop
acute lung injury (ALI) or the acute respiratory distress
syndrome (ARDS) annually (1). These clinical syndromes are
characterized by diffuse injury to the alveolar epithelium and
endothelium allowing the exudation of protein-rich fluid from
the blood into the alveolar space, which impairs gas exchange
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

High levels of oxidant stress have been observed in the
injured lung and have been shown to worsen the injury.
Apoptotic cell death is observed in patients with acute
respiratory distress syndrome and in animal models of
oxidant stress. Whether this cell death contributes to lung
injury or is a marker for the injury is not known.

What This Study Adds to the Field

Using nine strains of lung-specific and global knockout
mice deficient in or overexpressing proteins required for
apoptotic cell death, we show that activation of the intrinsic
apoptotic pathway contributes to oxidant-mediated lung in-
jury. These results suggest that therapies preventing alveolar
epithelial apoptosis may be beneficial in patients with acute
lung injury.

and causes oxygen-refractory arterial hypoxemia (2). Despite
two decades of research-driven improvements in the care of
these patients, the mortality from ARDS remains unacceptably
high (30-40%) (3).

In the lungs of patients with ALI-ARDS, investigators have
consistently observed increases in markers of oxidant stress and
evidence of apoptotic and necrotic cell death (4-6). Exposure
of rodents to hyperoxia causes oxidant-dependent respiratory
death of the animal and mimics many of the clinical and
pathologic features observed in patients with ALI-ARDS in-
cluding the development of lung injury, pulmonary edema, and
hypoxemic respiratory failure (7, 8). Pathologic evaluation of
the lungs from these animals shows evidence of apoptotic and
necrotic cell death (8, 9), and exposure of isolated lung epi-
thelial cells to hyperoxia in vitro causes oxidant-dependent cell
death (10). However, the molecular links between oxidant
production and cell death and the contribution of cell death
to the development of the injury remain unclear.

Exposure to a death stimulus triggers activation of the
extrinsic or intrinsic apoptotic pathways, both of which culmi-
nate in the activation of caspases, which are responsible for all
of the morphologic features of apoptosis (11). We and others
have proposed that oxidants generated in response to hyperoxia
might activate the intrinsic cell death pathway to induce
mitochondrial outer membrane permeabilization (12-15). Ac-
tivation of this pathway requires oligomerization of the proa-
poptotic Bcl-2 family members BAX or BAK on the outer
mitochondrial membrane, allowing the release of cytochrome ¢
and other proapoptotic proteins from the mitochondrial-
intermembrane space into the cytosol (16). Mitochondrial
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membrane permeabilization can also result from opening of the
mitochondrial permeability transition pore (MPTP) (17). On
opening, this macromolecular complex forms a pore in
the outer mitochondrial membrane sufficiently large to allow
the release of cytochrome ¢ and other macromolecules into the
cytosol (18). Opening of the MPTP has been implicated in
apoptotic and necrotic cell death induced by other forms of
oxidant stress, such as ischemia-reperfusion injury in the heart
and stroke (19-21).

In the present study, we used genetic mouse models to
address the following questions: (/) Do mitochondrial oxidants
generated in the alveolar epithelium contribute to cell death or
lung injury in response to hyperoxia? (2) Are mitochondrial-
derived oxidants required for the activation of BAX or BAK
and cell death in alveolar epithelial cells? (3) Does cell death
mediated by activation of the intrinsic apoptotic pathway or
opening of the MPTP contribute to the development of hyperoxia-
induced lung injury? Some of these data have been presented
previously in abstract form (22).

METHODS

Mice and Exposure to Hyperoxia

All experiments were approved by the Northwestern University
Animal Care and Use Committee. The Cyclophilin D=/~ (21), Bak~"~/
Bax"f (23), and Bid~'~ (24) mice were kindly provided by the late Dr.
Stanley Korsmeyer and Dr. Nika Danial. The vav-Bcl-2 mice were
a kind gift of Dr. Jerry Adams (25). The Bim =/~ (26), Puma—'~, and
Noxa™’~ (27) mice were kindly provided by Dr. Andreas Strasser. Rosa
26R LacZ mice were purchased from Jackson Laboratories (Bar
Harbor, ME). All of the mice except the CyclophilinD~'~ and
Mclk1™~ mice are on the C57BL/6 background. Wild-type littermates
were used as controls for the CypD~/~, Mclkl*/~, and Puma~'~ mice.
Age- and sex-matched wild-type control mice were purchased from
Jackson Laboratories for the Noxa ~/—, Bim ~/—, Bid~~, and vav-Bcl-2
mice. Male Sprague-Dawley rats used for the isolation of alveolar type
II cells were purchased from Charles River (Wilmington, MA). Mice
were exposed to hyperoxia in a Kirschner chamber with constant
temperature and humidity maintained with 10 L/min O, (>95% O,
except briefly [<5 min] after cage changes). The chamber is equipped
with Dry-Rite scrubbers (Dryrite, Nashville, TN) for the removal of
CO,. The oxygen concentration in the chamber was continuously
monitored with a MiniOx O, sensor (MSA Instrument Division,
Pittsburgh, PA).

Adenoviral Infection of Cells and Mice

Primary rat alveolar epithelial cells were infected with adenoviral
vectors as previously described and used 48 hours after infection (28).
Mice were infected with adenoviral vectors in 50% surfactant vehicle,
balance TE buffer as previously described, and were exposed to
hyperoxia 7 days later (adenoviral SOD2) or 30 days later (adenoviral
Cre) (29). Localization of the Ad-SOD?2 is shown in Figure E1 in the
online supplement.

Isolation and Culture of Alveolar Epithelial Type Il Cells

Alveolar epithelial type II cells were isolated from mice and rats as
previously described (10, 30). Cells were exposed to hyperoxia (95%
0,, 5% CO,) in Oxycycler (BioSperix, Ltd., Redfield, NY) chambers
or normoxia (room air) at 37°C, as previously described (10). Glucose
concentrations were estimated (Bayer Multistix; Bayer, Leverkusen,
Germany) at the end of the exposure to hyperoxia and were always in
excess of 200 mg/dL

Measurement of Reactive Oxygen Species

Mitochondrially generated reactive oxygen species were measured
using an oxidant-sensitive green fluorescent protein probe containing
a mitochondrial localization sequence delivered to cells in an adeno-
viral vector, as previously described. Oxidation of the probe was by

flow cytometry using a DakoCytomation CyAn high speed multilaser
droplet cell sorter (DakoCytomation, Glostrup, Denmark), as pre-
viously described (28).

Histology, lung wet-to-dry weight ratios, and bronchoalveolar
lavage analysis were measured as previously reported (29).

Cell Death Assays

Cell death was assessed using a commercially available photometric
immunoassay that detects histone-associated DNA fragments (Roche
Diagnostics, Indianapolis, IN) and using a commercially available assay
that measures lactate dehydrogenase, as previously described (10, 31).

Measurement of Bax Activation and Localization

Measurement of Bax activation and localization was performed using
a modification of a previously described method (10, 32).

Immunoblotting of Lung Homogenates

Animals were hemorrhaged by opening the abdomen and cutting the
renal artery. The heart and lungs were then removed en bloc and the
right lung cut from the hilum and placed into 1 ml of mild RIPA buffer
with protease and phosphatase inhibitors (Mini EDTA-Free Tablet
[Roche] and 1 mM sodium vanadate) in a 1.5-ml Eppendorf tube. The
lungs were then homogenized on ice for three cycles, 2 minutes each.
After each cycle, the homogenates were centrifuged (4°C, 10 min, 200 X g)
and the lysate between the floating and sedimented debris was stored
on ice. Immunoblotting was performed as previously described (10, 31).

Lentiviral shRNA Knockdown of Bid

The pLKO.1 vector was used to express shRNA targeting Bid. Con-
structs were ordered from Open Biosystems (Huntsville, AL) with the
following hairpin sequences. Sequence #1, 5'-CCGGGCTCCTTCAAC
CAAGGAAGAACTCGACTTCCTTGGTTGAAGGAGCTTTTT;
Sequence #2, 5'-CCGGCCACACGACTGTAACTTTATCTCGA
GATAAAGTTGACAGTCGGTGGTTTTT. The nonsilencing shRNA
was ordered from Addgene (Boston, MA) (plasmid 1864), 5'-CCTAAGG
TTAAGTCGCCCTCGCTCTAGCGAGGGCGACTTAACCTTAGG-3'.
Stable cell lines were generated using lentiviral infection using the
293FT packaging cell line and puromycin selection. Knockdown of Bid
in these cells has been previously described (33).

Statistical Analysis

Kaplan-Meier survival curves were used to explore differences in
survival. For all other experiments, differences between groups were
explored using analysis of variance. When the analysis of variance
indicated a significant difference, individual differences were explored
using ¢ tests with a Dunnett correction for multiple comparisons against
control conditions. All analyses were performed using Prism version
4.00 for Windows (GraphPad Software, San Diego, CA).

RESULTS

Mitochondrial Matrix-generated Superoxide Contributes
to Hyperoxia-induced Mortality

Mitochondrial electron transport complexes I, II, and III can
generate superoxide and release it into the mitochondrial
matrix (34). In the matrix, SOD2 catalyzes the conversion of
superoxide to hydrogen peroxide, which is further metabolized
to oxygen and water by catalase or glutathione peroxidase, both
of which are present in high concentrations in the mitochondrial
matrix (35). If the rate of mitochondrial matrix superoxide
generation exceeded the capacity of the SOD?2/catalase system,
oxidation of matrix proteins and lipids could occur, potentially
contributing to activation of the intrinsic apoptotic pathway. To
determine the role played by mitochondrially generated oxi-
dants in the development of hyperoxic lung injury and mortality
in vivo, mice were sham infected (50% surfactant vehicle alone)
or infected with an adenovirus encoding SOD2 (Ad-SOD?2) or
no transgene (Ad-Null). After 7 days, the animals were exposed
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to normoxia (21% O,) or hyperoxia (>95% O,) for 84 hours
and the lungs were harvested and immunoblotted using an
antibody against SOD2 (Figure 1A). Identically treated animals
were exposed to hyperoxia for up to 10 days for measurement of
survival. The LDs, for hyperoxia for sham and Ad-Null treated
animals were 110 and 120 hours, respectively. Because more
than 50% of the mice survived more than the 10 days allowed
under our animal protocol, the LDsy for hyperoxia was un-
defined in mice infected with Ad-SOD?2 and significantly longer
than that observed in sham or Ad-Null treated mice (110 and
120 h, respectively) (Figure 1B). To examine the effect of SOD2
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overexpression on the development of hyperoxic lung injury,
mice treated with Ad-Null or Ad-Cre 7 days earlier were
exposed to normoxia or sublethal hyperoxia (84 h) and lung
histology, wet-to-dry lung weight ratios, and the percentage of
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive nuclei were measured. Compared with Ad-
Null treated mice, mice treated with Ad-SOD2 demonstrated
significant improvements in all of these parameters (Figures 1D,
1F, and 1G).

To genetically test whether mitochondrial oxidant generation
contributes to the development of hyperoxia-induced mortality,

Figure 1. The generation of
mitochondrial superoxide dur-
ing exposure to hyperoxia con-
tributes to mortality. Mice were
intratracheally transfected with
1 X 10° pfu/animal of Ad-Null
or Ad-SOD2 in a 50% surfac-
tant vehicle or sham infected
(Sham). (A) After 7 days the
mice were exposed to sublethal
hyperoxia (84 h, >95% O,) or
maintained at normoxia (21%
0,) after which the lungs were
harvested and immunoblotted
for SOD2, a representative im-
munoblot and densitometry
(n = 3) is shown. (B) Mice
transfected with Ad-Null or
Ad-SOD2 7 days earlier were
exposed to hyperoxia for mea-
surement of survival (n = 6
sham; n = 5 null; n = 11
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we used mice partially deficient in the murine homolog of the
Caenorhabditis elegans gene clkl (Mclk1) (Mclkl*/~). MCLK1 is
a mitochondrial hydroxylase that is required for the biosynthesis
of ubiquinone (coenzyme Q). Ubiquinone plays a critical role in
mitochondrial electron transport and serves as an important lipid-
soluble antioxidant (36). In young adult mice (<12 wk) lacking
a single allele of this gene (Mclk-17/~), Lapointe and Hekimi
have observed increased levels of mitochondrial oxidant stress
including a reduction in aconitase activity, a marker of increased
superoxide production in the mitochondrial matrix (37). Com-
pared with their wild-type littermate controls, these mice dem-
onstrated a significantly shortened survival during exposure to
hyperoxia (LDso 100 and 116 h in the Mclk-1""" and Mclk-1""~
animals, respectively) (Figure 1C). Compared with wild-type
mice, Mclk-1""~ demonstrated more histologic evidence of lung
injury and more TUNEL-positive nuclei after exposure to sub-
lethal hyperoxia (84 h) (Figures 1E and 1H).

Cyclophilin D-dependent Opening of the MPTP
is Dispensable for Hyperoxia-induced Lung Injury

In mouse models of stroke and ischemia reperfusion in the heart,
investigators have reported that mitochondrial membrane perme-
abilization and cell death require formation of the MPTP (19-21,
38). The MPTP is a multiprotein complex that can form in the
mitochondrial membrane and includes the voltage-dependent
ion channel located in the outer mitochondrial membrane, the
adenine nucleotide translocator located in the inner mitochon-
drial membrane, and cyclophilin D located in the mitochondrial
intermembrane space (17). On its assembly, a pore of sufficient
size to allow the release of cytochrome ¢ from the intermembrane
space to the cytosol is transiently formed. To determine whether
MPTP opening might contribute to the development of hyper-
oxia-induced lung injury, we exposed mice deficient in cyclophilin
D (Cyclophilin D=/~) to hyperoxia and measured survival. Wild-
type mice and Cyclophilin D™/~ had similar survival times during
exposure to hyperoxia (LDsg 112 and 92 h for Cyclophilin D=/~
compared with Cyclophilin D */* littermate controls, respec-
tively) (Figure 2A). To examine the effect of the loss of cyclo-
philin D on the development of lung injury, wild-type and
CyclophilinD~'~ mice were exposed to hyperoxia and harvested
before the onset of mortality (84 h). Compared with wild-type
mice, Cyclophilin D~'~ mice had similar increases in TUNEL-
positive nuclei in the lung (Figure 2B); lung edema (wet-to-dry)
weight (Figure 2C); and changes in lung histology (Figure 2D).

Mitochondrial Oxidant Production is Associated with the
Activation of BAX and Cell Death in Alveolar Epithelial Cells

Activation of the intrinsic apoptotic pathway to induce the
oligomerization of BAX or BAK in the mitochondrial outer
membrane is an alternative mechanism by which mitochond-
rially generated oxidants might cause cell death (16). To ex-
amine the role of BAX in hyperoxia-induced cell death in vitro,
we transfected primary rat alveolar type II cells with Ad-SOD2
and measured mitochondrial oxidant production, the activation
of BAX at the mitochondrial membrane, and cell death during
exposure to hyperoxia. Compared with Ad-Null transfected
cells, cells transfected with the Ad-SOD2 48 hours earlier
showed significantly higher levels of SOD2 as assessed by
immunoblotting (Figure 3A). We then directly measured the
effect of SOD2 overexpression on mitochondrial oxidant
generation during hyperoxia using an oxidant-sensitive GFP
probe containing a mitochondrial localization sequence (mito-
Ro-GFP) (localization of the probe and SOD2 vector is shown
in Figure E1). Cells were then cotransfected with an adenovirus
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Figure 2. The mitochondrial permeability transition pore is not re-
quired for hyperoxia-induced mortality. (A) Mice lacking cyclophilin D,
a critical component of the mitochondrial permeability transition pore,
or wild-type mice on an identical background were exposed to hyper-
oxia for measurement of survival. The median survival (LDsp) is in
parentheses (n = 18 for Cyclophilin D*/+; n = 12 for Cyclophilin D=/~).
The difference between wild-type and knockout mice was not signif-
icant (P = 0.79). The same mouse strains were exposed to hyperoxia
for 84 hours for measurement of lung injury. Hematoxylin and eosin
stained lung sections (original magnification X100) (B), wet-to-dry
weight ratios of the lung (C), and the percentage of TUNEL positive
nuclei (D) (n >4 animals per group). *P < 0.05 for comparison with
nomoxic controls. No significant differences were observed between
the Cyclophilin D*/* and Cyclophilin D=/~ animals.

encoding mito-Ro-GFP and Ad-Null or Ad-SOD?2 and 48 hours
later placed in an environmentally controlled chamber for
exposure to hyperoxia (95% O;, 5% CO,) or normoxia (21%
0,, 5% CO,). After 4 hours, oxidation of the probe was
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measured using flow cytometry (Figure 3B) (28). Also 48 hours
after infection, identically treated cells were exposed to hyper-
oxia for 24 hours and the cells were immunostained using an
antibody that recognizes a N-terminal epitope on the Bax
molecule that is exposed on its activation (32). Significant
staining for activated Bax was observed in sham and Ad-
Null-infected cells but not Ad-SOD2-infected cells after expo-
sure to hyperoxia (Figure 3C). The staining for activated Bax
colocalized with the mitochondrial marker MitoTracker Red.
Identically treated cells were also exposed to hyperoxia for 48
hours and cell death was measured (LDH release) (Figure 3D).
Cells overexpressing SOD2 were protected against hyperoxia-
induced cell death.

Conditional Loss of BAX and BAK in the Alveolar Epithelium
Prolongs Survival during Hyperoxia

BAX and BAK are Bcl-2 proteins that differ from other
members of the Bcl-2 family because they each contain three
Bcl-2 homology (BH) domains (11). These proteins are ubiqui-
tously expressed, are functionally redundant, and are required
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for activation of the intrinsic apoptotic pathway in most cells.
To determine whether the activation of BAX or BAK is
required for hyperoxia-induced cell death in alveolar epithelial
cells in vitro, mice floxed for the Bax gene and null for Bak
(Bak=—’~ Bax ™) were infected with an adenovirus encoding
Cre recombinase (Ad-Cre) or Ad-Null. Seven days later, ex-
pression of Cre recombinase was present only in whole lung
homogenates from Cre-infected mice as assessed by immuno-
blotting (Figure 4A). Furthermore, identically treated LacZ
reporter mice (Rosa 26R LacZ) showed diffuse LacZ staining in
intact lungs and in most alveolar cells identified on frozen
sections (Figure E2). To confirm that the Cre recombinase was
able to excise the gene for Bax in the lung epithelium, primary
alveolar epithelial type II cells were isolated from animals 30
days after intratracheal infection with Ad-Cre and Ad-Null. The
cells from three animals in each group were pooled and lysed
and the lysate was then immunoblotted using an antibody
against BAX. The levels of BAX protein were substantially
reduced in the primary alveolar type II cells freshly isolated
from mice treated 30 days earlier with Ad-Cre compared with
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oxidant-sensitive GFP targeted to the mitochondrial
matrix (mito-Ro-GFP) and either Ad-Null or Ad-SOD2
48 hours before exposure to hyperoxia or normoxia for
4 hours. The oxidation of mito-Ro-GFP was then assessed
using flow cytometry. (C) Sham transfected cells or cells
transfected with Ad-Null or Ad-SOD2 were exposed to
hyperoxia for 16 hours after which the cells were immu-
nostained with an antibody that recognizes an activated
form of Bax (green, left column) and the mitochondrial
marker MitoTracker Red (red, middle column). The right
column is a merged image. Each column is a representa-
tive image sampled from three separate isolations. (D)
Identically infected cells were exposed to hyperoxia for
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48 hours and cell death was measured (LDH release). *P <
0.05 compared with normoxic controls. TP < 0.05 for
comparison of difference between Ad-SOD2 and Ad-SOD
null transfected cells.
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those infected with Ad-Null (Figure 4B), providing direct
evidence of Cre recombinase-mediated removal of Bax in the
alveolar epithelium in vivo. To determine the effect of loss of
BAX on hyperoxia-induced cell death, primary mouse alveolar
epithelial type II cells were isolated from mice infected 30 days
earlier with Ad-Null or Ad-Cre and grown at air liquid in-
terfaces for 72 hours before exposure to hyperoxia (95% O,
5% CO,) for 48 hours, after which cell death was measured
using an ELISA to detect fragmented DNA. Hyperoxia-
induced cell death was significantly attenuated in alveolar
epithelial cells from Ad-Cre-infected mice compared with Ad-
Null-infected mice (Figure 4C).

To determine whether alveolar epithelial cell death induced
by the activation of BAX or BAK contributes to hyperoxia-
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Figure 4. BAX or BAK are required for hyperoxia-induced cell death in
primary mouse alveolar epithelial cells. (A) Mice deficient in Bak with
loxP sites flanking the Bax gene Bax"fBak=/~ were intratracheally
infected with an adenovirus encoding no transgene (Ad-Null) or one
encoding Cre recombinase (Ad-Cre) (1 X 10° pfu/animal) and 7 days
later Cre abundance in lung homogenates was measured by immuno-
blotting. (B) Thirty days after infection with Ad-Null or Ad-Cre, primary
ATIl cells were harvested from mice and immunoblotted for the
abundance of BAX (each lane represents pooled samples from four
animals, densitometry represents three replicates). (C) These cells were
exposed to hyperoxia for 48 hours and cell death was measured using an
ELISA that detects DNA fragmentation (n = 3). *P < 0.05 for comparison
with normoxic controls. TP < 0.05 for comparison of difference between
Ad-Null and Ad-Cre transfected cells after exposure to hyperoxia.

induced mortality in vivo, we exposed Bak™'~ Bax ™ mice
infected with Ad-Null or Ad-Cre 30 days earlier to hyperoxia
(>95% 0O,) for measurement of survival. Mice infected with
Ad-Cre had significantly longer survival during hyperoxia than
mice infected with Ad-Null (LDsy 159 h and 114 h in Ad-Cre—
and Ad-Null-infected Bak™'~ Bax /' animals, respectively)
(Figure 5A). We then compared the levels of apoptosis and lung
injury in Bak™'~ Bax ™ mice infected 30 days earlier with Ad-
Null or Ad-Cre after exposure to sublethal hyperoxia (84 h).
The fraction of TUNEL-positive nuclei after exposure to
hyperoxia was significantly reduced in lung sections obtained
from mice infected with Ad-Cre compared with those infected
with Ad-Null (Figure 5B). Consistent with the survival data,
mice infected with Ad-Cre had significantly less lung edema
(wet-to-dry ratios) and attenuation of lung injury on histologic
examination (Figures 5C and 5D).

Depletion of hematopoietic cells before hyperoxic exposure
does not alter the severity of hyperoxia-induced injury or
prolong the survival of hyperoxia-exposed animals, suggesting
that inflammation is dispensable in this model. Nevertheless, we
wondered whether the loss of BAX or BAK in inflammatory
cells within the lung might be responsible for the observed
protection against hyperoxia observed in the Bak~'~ Bax
mice treated 30 days earlier with adenoviral Cre. To test this
hypothesis, we exposed transgenic mice in which the antiapop-
totic protein Bcl-2 is overexpressed in all cells of hematopoietic
origin under control of the vav promoter (vav-Bcl-2 mice) (25).
Although overexpression of Bcl-2 has been reported in circu-
lating inflammatory cells from these mice and other cells of
hematopoietic origin, it has not been confirmed in alveolar
macrophages, the predominant cell in the mouse lung (25). We
isolated alveolar macrophages (CD11B[—], CD1l1c [+]) from
bronchoalveolar lavage fluid and assessed intracellular levels of
Bcl-2 using flow cytometry. Alveolar macrophages comprised
94% of the bronchoalveolar lavage cells. Alveolar macrophages
from vav-Bcl-2 mice had approximately 100-fold higher levels
of Bcl-2 than wild-type control mice (Figure 6A). Despite this,
hyperoxia-induced mortality was similar in wild-type and vav-
Bcl-2 mice (Figure 6B).

The Extrinsic Apoptotic Pathway Is Not Required
for Hyperoxia-induced Mortality

On binding of death ligands to their receptors, a multiprotein
complex is assembled in the plasma membrane. This death-
inducing signaling complex (DISC), which includes the death li-
gand, its receptor, caspase-8, and a protein containing a “death
domain,” is responsible for cleavage of procaspase-8 to its active
form (39). For example, binding of FasL with its cell surface
receptor Fas induces the formation of a DISC containing the
Fas-Associated Death Domain (FADD) protein, which is re-
quired for FasL. mediated caspase-8 activation and cell death
(39). To determine if binding of FasL with Fas was required for
hyperoxia-induced cell death, we infected a mouse expressing
FADD:GFP flanked by loxP sites in a FADD ™/~ background
(FADD:GFP/") with either Ad-Null or Ad-Cre (40). Thirty
days later, we isolated alveolar type II cells from these mice and
immunoblotted cell lysates using an antibody against the GFP
tag (Figure 7A). A significant loss of GFP staining was observed
in alveolar type II cells from the Ad-Cre- compared with
Ad-Null-infected animals. These mice were then exposed to
hyperoxia for measurement of survival (LDs 94 and 112 h for
Ad-Null and Ad-Cre, respectively; P = 0.3) (Figure 7B).

In most cells, the activation of caspase-8 is insufficient to
induce apoptosis in the absence of BAX- or BAK-dependent
mitochondrial outer membrane permeabilization (41). This
linkage between the extrinsic and intrinsic apoptotic pathways
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Figure 5. BAX or BAK contribute to hyperoxia-induced mortality in
mice. (A) Bax"Bak=/~ mice were intratracheally infected with an
adenovirus encoding no transgene (Ad-Null) or one encoding Cre
recombinase (Ad-Cre) (1 X 107 pfu/animal) 30 days before exposure to
hyperoxia (= 95% O,) for measurement of survival (n = 11 for Ad-Null;
n = 13 for Ad-Cre; findicates P < 0.001 for comparison between
Ad-Null and Ad-Cre infected mice after exposure to hyperoxia).
Identically treated Bax™fBak=/~ mice were exposed to hyperoxia or
room air for 84 hours for assessment of lung injury. (B) Hematoxylin
and eosin stained lung sections (original magnification X100). (C)
Wet-to-dry weight ratios of the lung. (D) Percentage of TUNEL-positive
nuclei. n = 4 for all measures. *P < 0.05 for comparison with normoxic
controls. TP < 0.05 for comparison of difference between Ad-Null and

Ad-Cre transfected animals after exposure to hyperoxia.

results from cleavage of the proapoptotic Bcl-2 protein BID
into an active form by caspase-8. Truncated BID can directly
activate BAX or BAK or negate the function of one or more of
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Figure 6. Resistance of inflammatory cells to apoptosis does not alter
hyperoxia-induced mortality. (A) Alveolar macrophages were identified
in bronchoalveolar lavage fluid from wild-type mice and transgenic
mice overexpressing Bcl-2 in cells of hematopoietic origin (vav-Bcl-2) as
CD11c (+), CD 11b (=) cells and then intracellularly stained using an
antibody against Bcl-2 . (B) Wild-type and vav-Bcl-2 mice were exposed
to hyperoxia for measurement of survival (n = 8 each group). P = 1.

the antiapoptotic Bcl-2 proteins (e.g., Bcl-XL) (42). We have
reported BID is required for the development of pulmonary
fibrosis and others have suggested it is required for hyperoxia-
induced lung injury (30, 43). We exposed mice globally deficient
in Bid or wild-type C57B1/6 mice to hyperoxia for measurement
of survival. No significant difference was noted between the
two strains (LDso 120 h for both wild-type and Bid ™/~ mice)
(Figure 7C).

A Single BH3 Protein Is Unlikely to Be Required
for the Hyperoxic Activation of BAX or BAK

The activation of BAX and BAK is regulated by members of
the Bcl-2 family of proteins that contain only a single Bcl-2
homology domain (BH3 domain—only proteins) (44). When
activated by a death stimulus, the BH3-only proteins BIM,
PUMA, and BID can directly induce BAX- or BAK-dependent
cell death, whereas other BH3 domain-only proteins (e.g.,
NOXA) negate the function of antiapoptotic proteins (45, 46).
To determine whether activation BIM or PUMA was required
for hyperoxia-induced lung injury, we exposed Bim ™~ and
Puma™~ mice to hyperoxia. These mice had similar rates of
survival during hyperoxia as their appropriate controls (Figures
8A and 8B). Increased expression of the antiapoptotic protein
Al has been reported as a potential mechanism by which mice
overexpressing IL-11 are protected against hyperoxia-induced
lung injury (13). Because the antiapoptotic function of Al can
be inhibited by the BH3-only protein NOXA, we also examined
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Figure 7. The extrinsic apoptotic pathway is not required for hyperoxia-
induced mortality in mice. (A) FADD"" mice were intratracheally
infected with an adenovirus encoding no transgene (Ad-Null) or one
encoding Cre recombinase (Ad-Cre) (1 X 10° pfu/animal), and 30 days
later alveolar type Il cell lysates from four mice in each group were
pooled and immunoblotted for the presence of the GFP-labeled Fas-
Associated Death Domain (FADD). (B) Identically treated mice were
exposed to hyperoxia (95% O;) for measurement of survival (n = 14
for Ad-Null; n = 9 for Ad-Cre; P = 0.28 for comparison between
FADD/f mice treated with Ad-Null or Ad-Cre). (C) Mice globally
deficient in the proapoptotic BH3 protein Bid were exposed to
hyperoxia for measurement of survival (n = 12 for wild-type; n = 14 for
Bid=/=; P = 0.8).

survival in Noxa™~ mice during exposure to hyperoxia (45).
These mice had similar survival during hyperoxia as wild-type
controls (Figure 8C). Based on these observations, we conclude
that the activation of a single BH3-only protein is not sufficient
to explain the hyperoxic activation of BAX or BAK.

Combined Loss of the Proapoptotic Bcl-2 Proteins BID, BIM,
and PUMA Does Not Protect against Hyperoxia-induced Cell
Death In Vitro

Among the described BH3 domain-only proteins, only BID,
BIM, or PUMA are capable of directly activating BAX or
BAK; the remaining BH3 domain-only proteins act to negate
the function of antiapoptotic Bcl-2 proteins (47). To determine
whether a combined loss of these three activator proteins was
responsible for the hyperoxic activation of BAX or BAK and
the resulting cell death, we exposed murine embryonic fibro-
blasts (MEF) from mice deficient in Bax and Bak and mice
deficient in Bim and Puma to hyperoxia and measured cell
death after 48 hours. MEFs that were deficient in both Bax and
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Figure 8. The loss of an individual BH3 protein is not sufficient to
prevent hyperoxia-induced mortality. Mice globally deficient in the
proapoptotic BH3 proteins (A) Bim, (B) Puma, or (C) Noxa were
exposed to hyperoxia for measurement of survival. Bim: n = 5 for
wild-type and Bim~/~, P = 0.8. Puma: n = 5 for wild-type and Puma—/",
P = 0.87. Noxa: n = 21 for wild-type, n = 23 for Noxa=/—, P = 0.87.

Bak were protected against hyperoxia-induced cell death (Fig-
ure 9A). By contrast, cell death was similar in wild-type MEFs
and MEFs from mice doubly deficient in Bim and Puma (Figure
9B). To determine whether the combined loss of the activating
BH3 domain-only proteins BID, BIM, and PUMA prevented
cell death, we exposed MEFs doubly deficient in Bim and Puma
that had been stably transfected with two lentiviral shRNA
constructs against Bid or control transfected to hyperoxia for
measurement of survival. These cell lines were described and
the knockdown efficacy demonstrated in our previous publica-
tion (33). The levels of hyperoxia-induced cell death were
similar in control transfected MEFs from mice doubly deficient
in Bim and Puma and the same cells in which BID was stably
knocked down (Figure 9C). These results suggest that redun-
dant activation of these BH3-only proteins is unlikely to
contribute to hyperoxia-induced cell death. Another possibility
is that endoplasmic reticulum stress during hyperoxia results in
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Figure 9. Neither the BH3 domain only proteins Bim, Bid, and Puma
alone or in combination nor ER localized BAK are required for BAX or
BAK dependent cell death. (A and B) murine embryonic fibroblasts
(MEFs) from Bax~/~ Bak=/~ and Bim~/~Puma~/~ mice or from their
wild-type controls were exposed to hyperoxia for measurement of cell
death (LDH release). (C) MEFs from Bim~—/~ Puma~/~ double knockout
mice were stably transfected with two shRNA constructs against Bid
(33) and exposed to hyperoxia for measurement of cell death (LDH
release). (D) MEFs from Bax~/~ Bak=/~mice were stably transfected
with a control retrovirus (GFP) or retroviruses encoding wild-type BAK,
a mitochondrially localized BAK (BAK-ActA) or an ER localized BAK
(BAK-cb5). n = 3 for all measures, * indicates P < 0.05 for comparison
with wild-type air exposed cells, TP < 0.05 between wild-type and
mutant cells exposed to hyperoxia.

BAX/BAK-dependent cell death. To test this possibility, we
infected BAX/BAK null MEFs with retroviruses containing
GFP alone; wild-type BAK; and BAK targeted either to the
mitochondria (BAK-ActA) or ER (BAK-cb5) (48). Cells de-
ficient in BAX/BAK were resistant to hyperoxia-induced cell
death. The reconstitution of BAX/BAK null cells with wild-type
BAK or mitochondrial targeted BAK-ActA restored their
sensitivity to hyperoxia-induced cell death. By contrast, re-
constitution of BAX/BAK null cells with ER-directed BAK-cb5
failed to restore the sensitivity to hyperoxia-induced cell death.
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These results suggest that the BAX/BAK pool in the ER is
unlikely to contribute to hyperoxia-induced cell death.

DISCUSSION

Apoptosis of alveolar epithelial cells is present in biopsy
specimens from patients with ARDS and in the lungs of animals
exposed to hyperoxia; however, it is not clear whether apoptosis
is a contributor to or a marker of the injury (6, 8, 49). Exposure
of mice to hyperoxia is a well-established model of ALI (50).
We found that inhibiting mitochondrial matrix oxidant pro-
duction significantly prolonged the survival of mice exposed to
hyperoxia. Conversely, mice prone to excess mitochondrial
matrix oxidant production had shortened survival during expo-
sure to hyperoxia. In other models of mitochondrial oxidant-
mediated cell death (e.g., ischemia reperfusion in the heart and
stroke) mitochondrial outer membrane permeabilization and
cell death requires assembly of the MPTP (19-21). Surprisingly,
we observed that mice lacking a critical component of the
MPTP, cyclophilin D, were not protected against hyperoxia-
induced mortality or lung injury. Instead, mitochondrial oxidant
production in the lung epithelium resulted in the activation of
BAX or BAK, key effectors of the intrinsic apoptotic pathway
(51). The importance of BAX- or BAK-dependent death in this
pathway was confirmed by the protection from death observed
in alveolar epithelial cells isolated from mice deficient in BAX
and BAK and the protection against hyperoxia-induced lung
injury conferred by the conditional knockdown of BAX and
BAK in the lung. The functional specificity of BAX and BAK
allows us to conclude from the protection we observed in mice
with a conditional knockdown of Bax and Bak in the lung that
activation of the intrinsic apoptotic pathway directly contributes
to hyperoxia-induced lung injury.

The Bcl-2 family comprises a diverse set of proteins that
contain one or more conserved BH3 domains (52). BAX and
BAK contain three BH3 domains and function to create
channels in the mitochondrial outer membrane, allowing the
cytosolic release of cytochrome c¢ and other proapoptotic
molecules normally sequestered in the mitochondrial intermem-
brane space (52). Caspase-8-mediated cleavage of the BH3-
only protein BID is one mechanism by which BAX or BAK are
activated. This extrinsic apoptotic pathway is initiated when
death ligands, such as FasL, bind to receptors on the surface of
cells to recruit FADD and caspase-8 to form a DISC. In the
absence of FADD, the FasL-induced DISC fails to activate
caspase-8 (40). We found that mice conditionally deficient in
FADD in epithelial cells and mice globally deficient in BID
were not protected against hyperoxia-induced lung injury,
suggesting that the extrinsic apoptotic pathway does not con-
tribute to hyperoxia-induced lung injury. Our observation that
the overexpression of Bcl-2 in inflammatory cells did not alter
the sensitivity of animals to hyperoxia-induced lung injury
further suggests that apoptotic cell death in inflammatory cells
plays little role in the lung injury and mortality induced by
hyperoxia.

A second mechanism by which BAX or BAK are activated is
through activation of other BH3-only proteins, such as BIM,
PUMA, and NOXA. However, we observed no protection
against hyperoxia in mice globally deficient in Bim, Puma, or
Noxa. Furthermore, our observation that the loss of BAX and
BAK, but not the combined loss of BIM, PUMA, and BID,
prevented hyperoxia-induced cell death in MEFs suggests that
redundant activation of these BH3-only proteins is unlikely to
be required for hyperoxia-induced lung injury and mortality.
The activation of BAX or BAK in the ER has also been shown
to be required for some cell death stimuli that cause ER stress.
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However, the reconstitution of MEFs doubly deficient in BAX
and BAK with BAK localized exclusively to the ER failed to
restore their sensitivity to hyperoxia-induced cell death. In
contrast, MEFs reconstituted with a mitochondrially targeted
BAK showed a similar sensitivity to hyperoxia-induced cell
death because MEFS reconstituted with a wild-type BAK,
suggesting that the activation of BAX or BAK in the ER does
not play a major role in hyperoxia-induced cell death. Although
these results were generated in MEFS, they suggest that the
most likely mechanism by which BAX/BAK are activated
during hyperoxia is via the negation of the prosurvival Bcl-2
proteins, which are normally present in excess and bind to BAX
and BAK to prevent their activation. Consistent with this
hypothesis, Vitiello and colleagues (53) recently reported that
the overexpression of p21 diminished hyperoxia-induced cell
death by preventing the hyperoxia-induced fall in Mcl-1 and
Bel-XL.

Our results strongly implicate mitochondrial matrix oxidant
production in the lung injury and mortality induced by exposure
to hyperoxia. Similar to our findings, Ilizarov and colleagues
(54) observed in a mouse lung epithelial cell line that SOD2, but
not SOD1 or catalase prevented hyperoxia-induced cell death.
By contrast, other investigators have observed that strategies
that prevent the assembly of the NAD(P)H oxidase on the
plasma membrane of endothelial cells prevent hyperoxia-
induced oxidant generation and cell death (55-57). Several
possibilities might explain these results. First, it is possible that
different types of cells within the lung generate oxidants from
different sources during hyperoxia. Second, it may be that a
“threshold” of oxidant generation is required to trigger cell
death and both NAD(P)H and mitochondrially generated
oxidants are required without being sufficient to activate
BAX or BAK and induce cell death. Finally, mitochondrially
generated oxidants might provide a signal that induces assembly
of the NAD(P)H complex on the plasma membrane to amplify
the reactive oxygen species signal.

Mice deficient in BAX and BAK in the lung had significantly
longer survival and less lung injury than control mice; however,
the protection was incomplete. One of several nonexclusive
mechanisms might explain these results. First, knockdown of Bax
in the lung epithelium after adenoviral Cre infection might have
been incomplete and progressive BAX- or BAK-dependent
apoptosis of the uninfected epithelium could have allowed for
the development of lung injury and mortality. Second, BAX- or
BAK-dependent apoptosis in the endothelium, which is relatively
resistant to adenoviral infection, may have resulted in lung injury
and mortality. Third, the oxidants generated during hyperoxia
might have activated inflammatory pathways or produced suffi-
cient metabolic stress to induce lung injury and mortality. Finally,
the progressive accumulation of oxidants in the cells might have
caused BAX- or BAK-independent cell necrosis in the lung
epithelium.

In conclusion, we found that mitochondrial matrix—generated
oxidants contribute to the development of hyperoxia-induced
mortality in mice. In the lung epithelium, these oxidants activate
the intrinsic apoptotic pathway through BAX or BAK to induce
cell death. The resulting cell death contributes to the develop-
ment of lung injury and worsens survival in mice. Neither the
formation of the MPTP nor activation of the extrinsic apoptotic
pathway plays an important role in the mortality induced by
exposure to hyperoxia. Loss of the activator BH3 domain-only
proteins BID, BIM, and PUMA alone or in combination does
not seem to protect cells against cell death. Our results provide
a potential mechanism underlying the protective effects of other
interventions that have been shown to attenuate hyperoxia-
induced lung injury. For example, growth factors (keratinocyte

growth factor and vascular endothelial growth factor) and
myristilated Akt have been shown to directly inhibit activation
of the intrinsic apoptotic pathway and to provide protection
against hyperoxia-induced lung injury (58-60). Similarly, the
protection against hyperoxia-induced lung injury conferred by
overexpression of the cytokines IL-6, IL-11, and IL-13 has been
attributed to their induction of antiapoptotic genes including
BCL-2 and Al (12-14, 61). We speculate that strategies that
prevent oxidant-mediated activation of the intrinsic apoptotic
pathway might limit lung injury severity in patients with ARDS.
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