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Abstract

Bronchopulmonary dysplasia (BPD), a common chronic respiratory
disease that occurs after premature birth, is believed to be secondary
to oxidative damage from hyperoxia and inflammation, which
leads to impaired alveolar formation and chronic lung dysfunction.
We hypothesized that extracellular superoxide dismutase (SOD)3,
an antioxidant uniquely targeted to the extracellular matrix (ECM)
and alveolar fluid, might have a different response (down-
regulation) to hyperoxic injury and recovery in room air (RA),
thereby contributing to the persistent airspace injury and
inflammation. We used a murine BPD model using postnatal
hyperoxia (O2) (4 or 5 d) followed by short-term recovery (14 d) in
RA, which mimics the durable effects after injury during alveolar
development. This was associated with significantly increased
mRNA expression for antioxidant genes mediated by nuclear factor
erythroid 2–related factor (Nrf2) in the O2 (n = 4) versus RA
group (n = 5). SOD3, an Nrf2-independent antioxidant, was
significantly reduced in the O2-exposed mice compared with RA.
Immunohistochemistry revealed decreased and disrupted SOD3
deposition in the alveolar ECM of O2-exposed mice. Furthermore,
this distinct hyperoxic antioxidant and injury profile was
reproducible in murine lung epithelial 12 cells exposed to O2.

Overexpression of SOD3 rescued the injury measures in the O2-
exposed cells. We establish that reduced SOD3 expression
correlates with alveolar injury measures in the recovered neonatal
hyperoxic lung, and SOD3 overexpression attenuates hyperoxic
injury in an alveolar epithelial cell line. Such findings suggest
a candidate mechanism for the pathogenesis of BPD that may lead
to targeted interventions.
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Clinical Relevance

We establish that reduced superoxide dismutase (SOD)3
expression correlates with alveolar injury measures in the
recovered neonatal hyperoxic lung and that SOD3
overexpression attenuates hyperoxic injury in an alveolar
epithelial cell line. Such findings suggest a candidate
mechanism for the pathogenesis of bronchopulmonary
dysplasia that may lead to targeted interventions.

Bronchopulmonary dysplasia (BPD), or
lung disease of prematurity, causes
significant morbidity and mortality in the
perinatal period (1). In addition, long-term
sequelae, such as reactive airway disease (2),
asthma (2), and chronic obstructive lung
disease (3), can develop from this early life
injury. The pathogenesis of BPD is

multifactorial but is punctuated by
inflammation and oxidative damage to
biomolecules, ultimately compromising
alveolar development and repair (4, 5).
Such damage is thought to be in part due to
the relative deficiency of antioxidant
defenses in the premature infant during the
transition from the relative hypoxic in utero

environment to the normoxic postnatal
environment (6). Thus, therapies that
inhibit inflammation and/or augment the
perinatal antioxidant milieu are being
explored in animal models and in
premature infants at high risk for BPD.
Despite the fact that interventions such as
systemic steroids and surfactant therapy
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have improved perinatal mortality, the
incidence of BPD has not been substantially
reduced (7).

One class of antioxidants proposed
as a candidate treatment for a variety
of inflammatory lung diseases is the
superoxide dismutase (SOD) family (8).
These enzymes catalyze the conversion of
superoxide anions into hydrogen peroxide
and oxygen. Three SODs have been
identified in rodents and humans
(SOD1–3), but extracellular SOD (SOD3,
ECSOD) is the only one with extracellular
distribution and with predominant lung
expression. In fact, SOD3 accounts for the
majority of SOD activity in airways and
lung vessels (9, 10). For this reason, SOD3
might provide targeted protection for the
extracellular milieu in the vertebrate
airspace. Transgenic mice deficient in
SOD3 display increased lung superoxide,
marked inflammatory cell infiltration,
increased arterial–alveolar gradient,
respiratory acidosis, histological changes
similar to those observed in adult
respiratory distress syndrome, and high
mortality (11). Oury and colleagues showed
reduced SOD3 activity and protein
expression but preserved RNA expression
in the lungs of adult mice exposed to
hyperoxia (12), suggesting that defective
SOD3 expression may confer susceptibility
to lung injury. Unfortunately, the pattern of
SOD regulation with various neonatal
lung insults remains largely unresolved,
especially in the setting of murine neonatal
hyperoxia exposure.

From a therapeutic standpoint,
pharmacologic and genetic augmentation
of SOD3 in the lung has been shown to
ameliorate a wide range of lung injuries in
animal models, including emphysema (13)
and bleomycin-induced pulmonary fibrosis
(14). In the neonatal lung, Auten and
colleagues (15) and Ahmed and colleagues
(4) showed that neonatal hyperoxic lung
injury is attenuated with transgenic
constitutive overexpression of SOD3 in the
lung. Because overexpression preceded
the injury in both studies, it was unclear
whether the SOD3 had a protective or
a therapeutic effect. Clinical trials using
recombinant human Cu-Zn SOD
intratracheally, an analog to SOD1, have
shown no reduction in mortality or in
the incidence of BPD (16). No clinical
studies using SOD3 augmentation in
the neonatal setting for premature infants
at risk for BPD have been pursued.

Accordingly, a careful assessment of
differential antioxidant expression in the
neonatal hyperoxic lung, a model for BPD,
will provide a preclinical context for
targeted enzyme replacement in the BPD
setting.

Although alterations in the antioxidant
milieu are thought to contribute to BPD
development and progression, no careful
analysis of the changes in antioxidant
expression, deposition, and activity in
a murine model is available. Neonatal mice
deficient in nuclear factor erythroid
2–related factor (Nrf2), a master regulator
of many antioxidants, are more susceptible
to hyperoxic lung injury (17). Because
many antioxidants, including SOD1, are
regulated by the Nrf2 transcription factor,
we considered whether all SODs were
regulated coordinately in this setting. We
specifically sought to characterize the
expression of SODs and known Nrf2-
regulated antioxidant genes in the lungs
of neonatal mice exposed to postnatal
hyperoxia (O2) followed by short-term
recovery in room air (RA). This model
recapitulates selective aspects of the
chronic sequelae seen in premature infants
with BPD (i.e., airspace enlargement, cell
death, and oxidative stress) and thereby
may have greater clinical relevance than
models examined immediately after
perinatal O2 exposure. Using such
a model, we investigate the expression and
deposition of SOD3, the only matrix-
localized antioxidant, in the context of
lung injury.

We found that neonatal mice exposed
to O2 followed by recovery display
discordant antioxidant induction compared
with RA mice. These lungs show enlarged
airspaces accompanied by enhanced
cytokine levels, inflammation, and measures
of oxidative stress and cell death. Whereas
SOD1, SOD2, and other known Nrf2-
regulated antioxidants are up-regulated,
SOD3 is down-regulated. We further show
fragmented deposition of SOD3
accompanied by abnormal partitioning
of the enzyme in the airspace of injured
lung. Whole cell studies confirm SOD3
down-regulation with O2 exposure in
an alveolar cell line. These findings
validate the use of cross-platform models
(in vivo and whole cell) to investigate
pathways that contribute to neonatal
lung disease. Some of these data have
been presented previously in abstract
form (18).

Materials and Methods

Animal Studies
Pups (24 h old) from timed-pregnant
C57Bl/6 female mice (Jackson Laboratory,
Bar Harbor, ME) were placed in an O2
(85–90% FIO2

) or RA chamber for 5 days
followed by RA recovery for 14 days.
Experiments were performed according to
institutional guidelines for animal care and
use at Johns Hopkins University School of
Medicine. Nursing dams alternated daily
between RA and O2-exposed litters.
Balanced litter sizes were maintained by
culling pups. Animals were anesthetized
and killed with isoflurane inhalation. Body
weights, gender, bronchoalveolar lavage
fluid (BALF), and lungs for histology and
frozen tissue were collected. Further details
regarding the BALF collection methodology
are provided in the online supplement.

Morphometry
Morphometric studies were performed as
previously described (19, 20) on mice
exposed to O2 for 4 days. Further details
are provided in the online supplement

Immunohistochemistry
Immunohistochemistry (IHC) was
performed as previously described (20).
Further details are provided in the online
supplement.

Cytokine ELISAs
Cytokine measurements in lung tissue
lysates (4 d exposure) were analyzed at the
Cytokine Core Laboratory at the University
of Maryland. Further details are provided in
the online supplement.

Total Glutathione Levels
Total glutathione (GSH) and oxidized GSH
(GSSG) levels were measured using the
GSH-GloTM Glutathione Assay (Promega,
Madison, WI). Further details are provided
in the online supplement.

Apoptosis
Terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) staining
was performed using the TdT-FragEL
DNA Fragmentation Detection Kit
(Calbiochem, San Diego, CA) per the
manufacturer’s protocol. Quantitation was
performed as described above.
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Western Blot Analysis
Western blot was performed as previously
described (20). Further details are provided
in the online supplement.

Quantitative Real-Time PCR Analysis
Real-time PCR was performed as previously
described (19). Further details are
provided in the online supplement.

SOD Total Activity
SOD total activity was determined by the
Superoxide Dismutase Assay Kit II
(Calbiochem). Further details are provided
in the online supplement.

Cell Culture and Hyperoxia Exposure
Murine lung epithelial (MLE)-12 cell line
(ATCC, Rockville, MD) is a transformed
clonal line representative of alveolar
epithelial type II cells. MLE-12 cells were
cultured in DMEM/F12 media containing
10% FBS and penicillin/streptomycin
(100 U/ml) following the published protocol
(21). Cells at 80% confluence were exposed
to hyperoxia (95% O

2
/5% CO

2
) using

a modular incubator chamber (Billups-
Rothenberg, del Mar, CA) or RA-5%CO

2

for 12 or 24 hours and harvested for cell
counting, proliferation assay, RNA
extraction, or protein extraction. A
hemocytometer was used to count total
cells.

MLE-12 SOD3 Overexpressor
Transient Transfection
Cells were transiently transfected using
a pIRES-hrGFP-1a vector containing mouse
SOD3 cDNA. Further details are provided in
the online supplement.

MTT-Based Proliferation Assay
The CellTiter 96 AQueous One Solution
Cell Proliferation Assay (Promega) was used
to determine the number of viable cells in
proliferation. Further details are provided in
the online supplement.

5-Bromo-29-deoxyuridine ELISA
The Amersham Cell Proliferation Biotrak
ELISA System (GE Healthcare, Amersham,
UK) was used to measure cell proliferation
to confirm any significant findings from the
MTT assay. Details are provided in the
online supplement.

Statistics
Student’s t test was used to determine
differences between groups with respect
to the readouts of MLI, SOD activity,
immunoblotting, proliferation assays,
apoptosis assays, oxidative stress assays,
nitrotyrosine staining, and TUNEL staining
using SigmaPlot 11 (Systat Software, San
Jose, CA). Values for measurements are
expressed as means 6 SEM, and P values
for significance are designated at , 0.05.

Results

Acute O2 followed by RA Recovery in
Neonatal Mice Leads to Increased
Airspace Size and Inflammation
The airspace (AS) defects resulting from
neonatal O2 in mice can be variable,
dependent upon the timing of exposure,
length of exposure, percent hyperoxia, and
inbred mouse strain used (22–24). Few
groups have incorporated a recovery phase
after short-term O2 exposure (24–26),
a modification that we submit best mimics
the current clinical situation in which
neonates are subjected to a severe short-
lived perinatal stress but receive little long-
term supplemental oxygen (given concerns
about oxygen toxicity). This constellation
causes transient injury and durable
changes in lung architecture and function,
leading to adverse chronic outcomes
(4, 24, 26). To establish whether our BPD
model induced adequate lung injury, we
measured AS size and markers of
inflammation in BALF and in lung tissue.
Four days of O2 exposure followed by
RA recovery resulted in significant AS
enlargement, as demonstrated by an
increase in the MLI in the O2 group
(Figure 1A). Pups exposed to O2 also
showed a significant increase in total cell
counts in BALF compared with the RA
group (Table 1). Although there was
a trend of increased macrophages and
neutrophils in the O2 group, this was not
significantly different from the RA
controls (data not shown). There was
also no significant difference in BALF
protein concentration between the two
groups. In addition to increased cells in
the BALF of O2-exposed mice, there was
an elevation of cytokine levels measured
in lung tissue lysates (Table 1). Although
TGF-b levels were borderline significantly
increased in O2-exposed mice compared
with RA controls (RA: 764 6 80 pg/ml;

O2: 1,169 6 163 pg/ml [P = 0.05]), IL-
6 and TNF-a levels were significantly
increased in the O2-exposed mice.
We wanted to determine if there was
a dysregulation in anti-inflammatory
cytokines and found that IL-10 levels
were significantly higher in the O2
group compared with RA controls.

Hyperoxic Injury followed by RA
Recovery in Neonatal Mice Leads to
Increased Markers of Oxidative
Stress, Proliferation, and Apoptosis
Oxidative stress was measured by IHC for
nitrotyrosine and 8-hydroxyguanine and
GSH/GSSG levels in tissue lysates. IHC
for nitrotyrosine and 8-hydroxyguanine
revealed significant increased staining in
the O2 versus the RA group (Figure 1B
and Figure E2 in the online supplement,
respectively). On the other hand, GSH/
GSSG levels in lung tissue lysates showed
no significant difference between the two
exposure groups (Figure E3). Whereas
GSH/GSSG levels were unaffected by
hyperoxia, proliferation as measured by
Ki67 staining was significantly reduced on
IHC (Figure 1C). As a measure of cell
death, TUNEL staining was significantly
increased in the O2 group compared with
RA controls (Figure 1D). However, there
were no detectable levels of cleaved caspase-
3 protein expression in either group
(data not shown). Protein expression
of prosurvival mediators, such as pSTAT-3,
pAKT, and pERK, were not significantly
different between the RA and O2
groups (data not shown). Taken together,
these studies demonstrate persistently
enhanced oxidative stress despite RA
recovery that is also accompanied by
increased cell death and reduced
proliferation.

Acute O2 Exposure followed by RA
Recovery in Neonatal Mice Is
Associated with Decreased and
Fragmented SOD3 Deposition within
the ECM
Adult O2 without a recovery phase results in
reduced SOD3 levels and activity in the
lung (12). We were interested in whether
the lung-abundant and ECM-associated
antioxidant SOD3 displays altered
deposition in our neonatal O2 model.
In adult O2, SOD3 deposition is
significantly diminished along the
alveolar epithelial lining (12). IHC staining
revealed qualitatively decreased and
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fragmented deposition of SOD3 within the
ECM, the site of maximal SOD3 activity,
and along the alveolar epithelium
(Figure 2) in mice exposed to O2 for 4
days followed by RA recovery compared
with RA controls (n = 3 per group).
Although there appears to be a difference
in deposition of SOD3, total SOD3

protein expression in lung tissue lysates
was not significantly different between
the two exposure groups (Figure E1). In
addition, total SOD activity (a reflection
of the activity of all SODs) in lung tissue
lysates did not differ between O2- versus
RA-exposed (5 d) mice (RA: n = 5,
0.11 6 0.01 U/ml; O2: n = 4, 0.12 6

0.01 U/ml [P = NS]). Total SOD activity
in whole lung tissue lysates is confounded
by compartmental differences in
expression of SOD isoforms. Nonetheless,
these data suggest that the most prominent
and consequential defect in SOD3
expression attending neonatal hyperoxia
occurs in the AS compartment.

Figure 1. Measurements of lung injury in room air (RA)- versus hyperoxia (O2)-exposed neonatal mice. (A) Morphometry. Representative images of RA-
and O2-exposed (4 d) neonatal mice after RA recovery (original magnification: 320). O2-exposed mice (n = 4) have significant airspace enlargement
compared with RA mice (n = 5) as measured by the mean linear intercept (MLI). (B–D) Representative images of RA- and O2-exposed (5 d) neonatal mice
after RA (original magnification: 320; n = 3 for each group). (B) O2-exposed mice demonstrate increased nitrotyrosine staining compared with RA mice,
indicating increased oxidative stress. (C) Ki67 staining. O2-exposed mice have decreased Ki67 staining compared with RA mice, a measure of
proliferation. (D) O2-exposed mice have significantly increased TUNEL staining compared with RA mice.
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The Durable Effects of Hyperoxic
Lung Injury Are Associated with
a Lack of Induction of SOD3
mRNA Expression
Nrf2 is a major antioxidant transcription
factor that has been found to mediate the
expression of several phase II antioxidant
genes, such as heme oxygenase-1 (Ho-1),
glutamate-cysteine ligase catalytic subunit
(Gclc), and NAD(P)H dehydrogenase
[quinine]-1 (Nqo1) (27–29). Nrf2 has also
been reported to mediate expression of
SOD1 and SOD2 (30), and we asked
whether the induction of Nrf2 antioxidants
was maintained during the late AS
enlargement and inflammation observed in
mice exposed to neonatal O2. Such mice
demonstrated increased mRNA expression of
all three phase II antioxidant genes (Table 2).
Similar results were found for SOD1 and
SOD2 mRNA expression, but SOD3 was
significantly reduced in the O2 group
compared with RA controls (Table 2). These
data suggest that the SOD superfamily
regulation in the neonatal O2 setting is
discordant and that SOD3 down-regulation
solely corresponds with the architectural,
inflammatory, and biochemical injury
measures observed in neonatal mice exposed
to O2 followed by RA recovery.

Hyperoxia Exposure in MLE-12 Cells
Is Associated with Decreased Cell
Survival and Proliferation and
Increased Markers of
Oxidative Stress
Because SOD3 is expressed by alveolar
epithelial cells (31), we considered whether
hyperoxia resulted in epithelial cell oxidative
stress possibly secondary to disturbances in
SOD expression. We used MLE-12 cells,
a murine transformed alveolar epithelial cell

line, to examine cell-type–specific hyperoxic
responses. We found that total cell counts
decreased with greater O2 exposure times and
were significantly less compared with RA
controls at 24 hours of O2 exposure in MLE-
12 cells (Figure 3A). As a measure of
proliferation, we used an MTT-based
proliferation assay and found attenuated
proliferation with increasing O2 exposure
times, which became significantly reduced
compared with RA controls at 24 hours of O2
exposure (Figure 3B). This finding was also
confirmed with the 5-bromo-29-deoxyuridine
proliferation assay at 24 hours of O2 exposure
(data not shown). Measurements of oxidative
stress, which included GSH levels and total
SOD activity, were similarly reduced at
24 hours of O2 exposure. For example,
whereas GSH levels were initially increased at
12 hours of O2 exposure as a likely
compensatory response to oxidative injury,
total GSH levels eventually decreased
significantly at 24 hours of O2 exposure,
indicating the likely consumption of the
antioxidant in the setting of increasing O2
exposure (Figure 3C). Total SOD activity
was also decreased at this same time point
(Figure 3D). Thus, oxidative stress and cell
survival findings in the MLE-12 hyperoxia
system recapitulate the findings in mice
exposed to neonatal O2 followed by RA
recovery.

Hyperoxia Exposure in MLE-12 Cells
Is Associated with Increased Protein
Expression for Markers of Cell Death
and Dysregulated Expression for
Markers of Cell Cycle Growth and
Mediators of Survival
To explore the mechanism of impaired cell
survival in O2-exposed MLE-12 cells, we
investigated mediators of apoptosis and cell
cycle growth/regulation byWestern blot and

densitometric analysis (Table 3). Results
demonstrated that proliferating cell nuclear
antigen (PCNA) was significantly increased
at 24 hours of O2 exposure, whereas
the tumor suppressor gene p21 was
significantly increased at 12 hours of O2
exposure. Increased markers for cell death
included cleaved caspase-3 and cleaved poly
(ADP-ribose) polymerase (PARP) at 24
hours of O2 exposure. Bax expression was
not significantly increased between groups
at either exposure time. Protein expression
for mediators of survival varied. At 12
hours of O2 exposure, pSTAT3 and pAKT
were increased, whereas at 24 hours of O2
exposure, only pAKT was increased with
O2. This panel indicates a robust induction
of cell death and cell survival signaling
during the early phase of O2 exposure in
MLE-12 cells, which culminates in reduced
cell survival.

In Vitro Hyperoxic Injury Is Associated
with a Lack of Induction of SOD3
mRNA Expression Despite Increased
Expression of Nrf2-Mediated
Antioxidant Genes
Given our findings of discordant induction
of SOD antioxidants in the lungs of neonatal
mice exposed to O2, we pursued a survey of
these genes by real-time PCR in MLE-12
cells exposed to O2 compared with RA
controls. When the relative fold-change was
compared between groups within each time
point, the Nrf2-mediated antioxidant genes
Ho-1 and Nqo1 had increased mRNA
expression after 24 hours of O2 exposure
(Table 4). Similar results were seen for
SOD1 and SOD2 mRNA expression
(Table 4). However, SOD3 had significantly
decreased mRNA expression at both time
points of O2 exposure. Such results are
similar to our in vivo data (Table 2). Taken

Table 1. Measurements of Inflammation in Room Air–exposed versus Hyperoxia-exposed Neonatal Mice*

Readout RA (n) O2 (n) P Value

BALF
Total cell counts 1.98 3 106 6 8.4 3 104 (6) 2.94 3 106 6 2.1 3 104 (4) 0.001
Protein concentration, ml/ml 0.08 6 0.01 (6) 0.11 6 0.02 (6) NS

Cytokines (lung tissue lysates), pg/ml
IL-1b 29.6 6 4.4 (6) 44.9 6 6.6 (6) 0.08
IL-6 9.2 6 1.1 (6) 17.5 6 1.7 (6) 0.002
TNF-a 2.4 6 0.3 (6) 4.0 6 0.6 (6) 0.045
IL-10 3.8 6 1.0 (6) 8.3 6 1.3 (6) 0.019
TGF-b 764 6 80 (6) 1169 6 163 (6) 0.05

Definition of abbreviations: BALF, bronchoalveolar lavage fluid; O2, hyperoxia; NS, not significant; RA, room air.
*Four days of RA versus O2 exposure followed by 14 d RA recovery.
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together, our whole cell studies of epithelial
cell hyperoxia selectively replicate our
findings in the murine neonatal O2 model,
suggesting that the defects in oxidative
stress and cell survival that punctuate the
in vivo model can be partially modeled
using a cell system.

In Vitro SOD3 Overexpression
Attenuates Cell Death and Increases
Proliferation Despite
Hyperoxia Exposure
To determine whether increased levels of
SOD3 in vitro could ameliorate selected
injury parameters we found increased in

the setting of hyperoxia, we transiently
transfected MLE-12 cells with an SOD3-
overexpressing plasmid (Figure 4A). Total
cell counts and Western blot for PARP
cleavage was assessed. We found that
although total cell counts were decreased in
the setting of O2 versus RA exposure, cell
survival was preserved in MLE-12 cells
transfected with SOD3 compared with
MLE-12 cells treated with media,
lipofectamine, or vector alone (Figure 4B).
Higher levels of SOD3 expression and the
vector control were associated with
increased cell toxicity, suggesting that
a therapeutic window for augmentation

exists in a whole cell system (data not
shown). In summary, increased levels of
SOD3 promote MLE-12 cell survival under
hyperoxic conditions by increasing
proliferation, as evidenced by higher cell
counts, suggesting that SOD3 augmentation
may provide significant protective and
therapeutic effects upon oxidative injury of
lung epithelial cells.

Discussion

In this study, we found that neonatal mice
exposed to O2 followed by RA recovery
demonstrated significant AS disease,
increased markers of inflammation and
apoptosis, and decreased proliferation. In
addition, we showed that, despite an
appropriate compensatory increase in the
mRNA expression of Nrf2-mediated
antioxidants, the durable effects of
hyperoxic lung damage was associated with
a lack of induction in SOD3 mRNA
expression and a qualitative decreased
deposition of SOD3 along the alveolar ECM.
We show here that an O2-induced alteration
in expression of a largely lung-specific
antioxidant correlates with the durable
manifestations of neonatal O2 lung injury. A
similar antioxidant profile of decreased
SOD3 mRNA expression was evident in our
whole cell model of O2 exposure. These
findings provide proof-of-concept evidence
that (1) a major site of antioxidant
protection during the neonatal period is in
the alveolar epithelial cell compartment and
(2) alveolar epithelial cell lines can be used
as convenient model systems to examine
critical events attending O2 lung injury.

Although most BPD animal studies have
looked at the acute effects of O2 exposure
(15, 23, 24, 32), our model of recovery after
injury provides valuable insight into the
late phase after acute O2 damage. It not
only mimics the clinical setting for neonates
at risk for developing BPD, but it also
gives a timeframe to determine the ideal
therapeutic window. Unfortunately, no
consensus exists on the best protocol for such
exposure/recovery maneuvers. For example,
Bozyk exposed C57Bl/6 neonatal mice to
14 days of 75% O2 versus RA (23), and Li
exposed neonatal TGF-b1 overexpressors
versus wild-type (WT) mice to 100% O2 for
7 days of O2 exposure only or 4 days of
O2 exposure with RA recovery for 10 days
(24). Another group that included a recovery
phase was McGrath-Morrow and colleagues,

Figure 2. Immunohistochemistry (IHC) of extracellular superoxide dismutase (SOD)3 in RA- versus
O2-exposed mice. (A) Brown 3,3’-diaminobenzidine staining denotes positive staining of SOD3 on
203 and 403 magnification. Representative images of RA-exposed mice demonstrate continuous
staining of SOD3 along the extracellular matrix, whereas O2-exposed (5 d) mice demonstrate
fragmented and decreased deposition of SOD3 along the extracellular matrix. (B) Quantitative IHC
confirms reduced SOD3 deposition in O2-exposed lungs (n = 3 per group) (P = 0.026).
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who exposed p21 knockout and WT neonatal
mice to O2 for 4 days followed by RA
recovery for 2 or 6 weeks (25). Clearly, the
timing of exposure, length of exposure,
percent hyperoxia, and inbred mouse strain
used are highly variable between studies.
The protocol used here is advantaged by
the clear confluence of late injury measures,
architectural defects, and discordant antioxidant
regulation. As such, our approach is an
attractive platform for intervention studies.

Do other studies, with and without
recovery phases, show similar results?
Although most studies with a recovery
phase demonstrate persistent changes
in lung architecture and function (4,
24–26), data are limited on surveys of
contemporaneous inflammatory, apoptotic,
proliferative, and oxidative stress profile in
a murine model of BPD and especially in
describing the attendant antioxidant profile
(17, 33). In a study by Auten and

colleagues, hyperoxia markedly impaired
bronchiolar and alveolar epithelial
proliferation at postnatal day 3 and 5, as
measured by 5-bromo-29-deoxyuridine
uptake or Ki67 labeling (15). These studies
were performed without a recovery phase.
This is similar to our results in that Ki67
was reduced in the O2 group compared
with RA. However, although we noted
a significant decrease in mRNA SOD3
expression in the O2 group, Auten and
colleagues found that mouse SOD3
mRNA expression was unaffected by O2
and did not comment on the expression of
other antioxidants (15). Furthermore, we
found that there was fragmented and
decreased deposition of SOD3 along the
alveolar ECM, an observation in neonatal
mice that to our knowledge has not been
reported by other investigators. We
submit that the combination of reduced
expression and reduced deposition that
we report here culminate in a critical
impairment in antioxidant protection in
the AS, conferring susceptibility to O2
injury.

Why does SOD3 behave differently
from other antioxidant genes? A plausible
scheme is that SOD3 is regulated on two

Table 2. mRNA Gene Expression by Real-Time PCR in Room Air–exposed versus
Hyperoxia-exposed Neonatal Mice*

Gene RA (n = 5) O2 (n = 4) P Value

Nrf2-mediated antioxidant genes (FC)
Ho-1 1.06 6 0.17 ↑ 5.48 6 1.12 0.003
Gclc 1.08 6 0.24 ↑ 3.22 6 0.38 0.002
Nqo-1 1.017 6 0.10 ↑ 9.09 6 0.90 ,0.001

SOD antioxidant genes (FC)
SOD1 1.039 6 0.15 ↑ 3.96 6 0.98 ,0.001
SOD2 1.01 6 0.06 ↑ 1.86 6 0.03 ,0.001
SOD3 1.01 6 0.07 ↓ 0.36 6 0.06 ,0.001

Definition of abbreviations: FC, fold change; Gclc, glutamate-cysteine ligase catalytic subunit; Ho-1,
heme oxygenase-1; Nqo-1, NAD(P)H dehydrogenase [quinine]-1; Nrf2, nuclear factor erythroid 2; O2,
hyperoxia; RA, room air; SOD, superoxide dismutase.
*Five days RA versus O2 exposure followed by 14-d RA recovery.

Figure 3. Measurements of injury in murine lung epithelial 12 cells. (A) Total cell counts were significantly lower at 24 hours of O2 exposure. (B) Using the
MTT-based proliferation assay, proliferation was significantly reduced at 24 hours of of O2 exposure. (C) Total Glutathione (GSH) was significantly
increased at 12 hours of O2 exposure but significantly decreased at 24 hours of O2 exposure. (D) Total SOD activity was significantly reduced at 24 hours
of O2 exposure. *P , 0.05.

ORIGINAL RESEARCH

386 American Journal of Respiratory Cell and Molecular Biology Volume 51 Number 3 | September 2014



levels: gene expression and tissue deposition.
In this way, alterations in SOD3 gene
expression that compromise tissue
homeostasis can be partially modulated
by preserved or even enhanced tissue
deposition of the secreted protein onto
the matrix. From a gene expression
standpoint, the mechanism by which O2
might dampen SOD3 expression is obscure.
Whereas many antioxidant genes harbor
antioxidant response elements suggestive
of Nrf2 as the upstream regulator, the
specifics of SOD3 gene regulation are poorly
understood but are thought to be in part
regulated by Sp1 and Sp3 transcription
factors (34). An active area of inquiry in our
laboratory is to identify the upstream
mediators of SOD3 expression that
converge on tissue injury cascades. From
a matrix deposition standpoint, SOD3
contains a heparin-binding domain that is
sensitive to proteolysis, which allows it to

exist in relatively high concentrations in
specific regions of the ECM and on cell
surfaces. In adult mice exposed to acute O2
for 72 hours, there is proteolytic clearance
of SOD3 from the lung during O2,
which is believed to contribute to the
oxidant–antioxidant imbalance in lung
tissue and BALF (12). Another possibility is
that the underlying ECM is altered in the
setting of O2 due to an imbalance between
exaggerated elastin (35) and collagen
(22, 32) deposition and activation of
metalloproteases/collagenases (32, 36).
Human SOD3 is known to bind to heparan
sulfate (37) but has also been shown to bind
to ECM components, such as type I
collagen (38) and fibulin-5 (39), in mice. In
the present study, we found decreased and
fragmented deposition of SOD3 along the
ECM in O2-exposed neonatal mice, which
is similar to findings in TSK mice, a murine
model of genetic emphysema with known

altered fibrillin-1 incorporated into the
lattice of the ECM (20). Thus, our neonatal
O2 model may well exhibit alterations
in the alveolar matrix scaffold that
compromise the deposition of critical
protective factors such as SOD3.

We present data showing a
corresponding pattern of detailed injury
measures in neonatal mouse lung and MLE-
12 cells exposed to O2. Our findings of
increased cell death and increased cleaved
caspase-3 protein expression in MLE-12
cells exposed to O2 are similar to previous
studies (40, 41). However, no survey of
Nrf2-mediated antioxidant expression in
MLE-12 cells has been reported. In terms of
the effects of O2 in A549 cells, a human
lung epithelial tumor cell line, Gehen and
colleagues found an increase in p21 protein
expression, a tumor suppressor gene, with
a decrease in PCNA protein expression
after 72 hours of O2 exposure (42). We

Table 3. Protein Expression of Markers for Cell Cycle Regulation, Apoptosis, and Mediators of Survival

Protein

12 Hours 24 Hours

RA (n) O2 (n) P Value RA (n) O2 (n) P Value

Cell cycle
PCNA 0.42 6 0.02* (4) 0.45 6 0.01 (3) NS 0.42 6 0.01 (4) 0.52 6 0.02 (3) ,0.001
p21 1.71 6 0.06 (3) 2.07 6 0.03 (3) 0.005 1.94 6 0.01 (3) 1.41 6 0.29 (3) NS

Apoptosis
Cleaved PARP 0.66 6 0.01 (3) 0.75 6 0.05 (4) NS 0.73 6 0.05 (3) 0.97 6 0.04 (4) 0.012
Cleaved caspase-3 0.73 6 0.02 (3) 0.85 6 0.05 (3) NS 0.68 6 0.04 (3) 0.83 6 0.03 (3) 0.044
Bax 0.54 6 0.05 (3) 0.69 6 0.03 (3) NS 0.54 6 0.03 (3) 0.67 6 0.05 (3) NS

Mediators of cell survival
pAKT 1.01 6 0.02 (4) 1.15 6 0.05 (4) 0.039 1.75 6 0.11 (3) 2.55 6 0.17 (3) 0.017
pERK 0.83 6 0.09 (5) 0.93 6 0.06 (3) NS 0.46 6 0.04 (3) 0.79 6 0.13 (3) NS
pSTAT3 0.70 6 0.03 (6) 0.80 6 0.03 (5) 0.049 1.01 6 0.04 (3) 1.02 6 0.02 (3) NS

Definition of abbreviations: NS, not significant; O2, hyperoxia; PARP, poly(ADP-ribose) polymerase; PCNA, proliferating cell nuclear antigen; RA, room air.
*Units are in net pixel density after normalization to actin control or total protein for pAKT, pERK, and pSTAT3.

Table 4. mRNA Gene Expression by Real-Time PCR in Murine Lung Epithelial 12 Cells at 12 and 24 Hours of Room Air versus
Hyperoxia Exposure

Gene

12 Hours 24 Hours

RA (n = 3) O2 (n = 3) P Value RA (n = 3) O2 (n = 3) P Value

Nrf2-mediated antioxidant genes (FC)
Ho-1 1.39 6 0.09 1.61 6 0.01 NS 1.00 6 0.02 2.15 6 0.12 ,0.001
Gclc 1.53 6 0.10 1.41 6 0.05 NS 1.02 6 0.02 1.27 6 0.10 NS
Nqo-1 1.48 6 0.05 1.71 6 0.08 NS 0.77 6 0.04 1.69 6 0.08 ,0.001

SOD antioxidant genes (FC)
SOD1 1.63 6 0.02 2.36 6 0.11 0.002 1.43 6 0.02 2.06 6 0.13 0.009
SOD2 1.76 6 0.03 1.54 6 0.20 NS 1.24 6 0.03 1.83 6 0.21 0.009
SOD3 1.00 6 0.04 0.57 6 0.07 0.006 1.00 6 0.09 0.71 6 0.08 0.01

Definition of abbreviations: FC, fold change; Gclc, glutamate-cysteine ligase catalytic subunit; Ho-1, heme oxygenase-1; Nrf2, nuclear factor erythroid 2;
NS, not significant; Nqo-1, NAD(P)H dehydrogenase [quinine]-1; O2, hyperoxia; RA, room air; SOD, superoxide dismutase.
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reported similar results with increased p21
protein expression at 24 and 48 hours of O2
exposure but no significant difference in
PCNA protein at similar time points (43).
Pagano and colleagues noted increased
LDH levels, a measure of cell death, with 72
hours of O2 but no significant difference in
cleaved PARP protein expression (44).
However, none of these studies described
the expression of Nrf2-mediated
antioxidant and SOD genes in response to
O2 or attempted to conflate findings in an
in vivo model with the in vitro studies as we
report here.

Lung epithelial cells can be used as
testing platforms for SOD augmentation
with potential extension to more complex
animal models. In A549 cells overexpressing
SOD1 or SOD2, AP-1 activation and IL-8
levels were significantly reduced in the
setting of O2 compared with controls (45).
Koo and colleagues found that MLE-12
cells overexpressing SOD2 and glutathione
peroxidase had increased cell viability at
48 and 72 hours of O2 exposure (46).
Ilizarov and colleagues found similar
results in MLE-12 cells overexpressing
SOD2 alone or SOD2 and catalase after
5 and 10 days of O2 exposure (47).
Translating these findings of using either
SOD1 or SOD2 to the successful clinical
treatment of BPD in neonates has proven
to be more challenging. Davis and
colleagues studied the 1-year follow-up of
premature infants who received rh-SOD1
intratracheally every 48 hours during
intubation or for up to 1 month
postnatally and found that there was
no difference in the incidence of BPD
between the treatment and control groups

(16). However, our studies here and
previously published (20) suggest that the
SODs may still have distinct antioxidant
roles in the lung and that SOD3 might be
uniquely involved in airspace protection
during hyperoxic injury.

Whether or not an increase specifically
in SOD3 levels can prevent or repair damage
caused by O2 has yet to be determined.
However, pursuing such a route may be
pivotal given that our study demonstrates
that the lack of SOD3 induction is associated
with lung injury despite increased
expression of SOD1, SOD2, and Nrf2-
mediated antioxidant genes. Furthermore,
our findings of SOD3 overexpression
in vitro provide some insight that increased
levels of SOD3 can decrease cell death and
increase proliferation. In adult mice,
Folz and colleagues found that the
overexpression of SOD3 in the airways of
mice attenuated the hyperoxic lung injury
response, decreased morphologic evidence
of lung damage, reduced numbers of
recruited inflammatory cells, and reduced
lung wet/dry ratio (48). In neonatal mice
constitutively overexpressing SOD3 in
ATII cells, 21 days of postnatal O2 resulted
in preserved alveolar volume and density
when compared with WT mice (4). Auten
and colleagues reported that lung-specific
constitutive overexpression of SOD3 in
neonatal mice partially rescued the
reduced alveolar and airway epithelial
proliferation observed in WT mice
exposed to 3 days of O2 (15). Whether
augmentation of SOD3 is effective after
neonatal lung injury is established is
unknown. Accordingly, an inducible
murine model of SOD3 expression

would be useful in determining whether
increased SOD3 levels initiated postnatally
can repair O2 lung injury.

From our study, we propose that such
a detailed in vivo analysis of the antioxidant
profile at a postinjury time point at which
durable effects are observed creates an
important foundation for possible
therapeutic targeting. We also submit that
the development of a parallel whole cell
model with corresponding injury measures
provides a strong mechanistic platform, one
in which we were able to demonstrate
attenuation of apoptosis and increased
proliferation with SOD3 overexpression.
Distinct from our findings in the murine
model, however, we suspect that the
protective effects of SOD3 on hyperoxic
MLE-12 cells are likely to occur with several
antioxidants. We also recognize the
drawbacks of using an established tumor
cell line in studying the in vitro effects of
hyperoxia, including that such cells may be
more resistant to cell death and oxidative
stress. Because such models are highly
manipulable, often used, and widely
reported, they can still provide valuable
information in elucidating certain pathways
involved in O2 injury. Although primary
AEII cells would be a more accurate model to
study O2 in vitro, the yield is often low during
the isolation process, thus making analyzing
various readouts difficult. However, there
have been a few studies that have isolated
murine primary AE II cells (40, 49, 50) with
varying O2 exposure times between 24 to 48
hours. Although most described the overall
cell survival and proliferation in such settings,
none commented on the antioxidant profile
associated with their findings.

Figure 4. Cell death and proliferation in MLE-12 cells overexpressing SOD3. (A) There was significantly increased SOD3 protein expression in MLE-12
cells transiently transfected with SOD3 DNA compared with lipofectamine only–treated cells. (B) Total cell survival was significantly lower in O2-exposed
cells in media, lipofectamine, or vector alone but was unchanged in cells overexpressing SOD3 (n = 3 per group). *P , 0.05.
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Our study presents novel findings of
decreased lung SOD3 mRNA expression
and airspace deposition in the setting of
neonatal O2 exposure followed by RA
recovery, a murine BPD model with
evidence of AS injury, inflammation,
apoptosis, and decreased proliferation.
This model not only validates the value of
having a recovery phase after injury but,

more importantly, demonstrates that the
lack of induction of SOD3 is associated
with the durable effects of neonatal O2
lung injury despite an appropriate
compensatory increase in Nrf2-mediated
antioxidant genes, SOD1, and SOD2.
Furthermore, these results were
reproducible in an in vitro model of
epithelial cell hyperoxia, with

improvement in injury markers with
SOD3 overexpression. Future studies are
needed to determine if increasing SOD3
levels initiated postnatally can rescue the
lung from injury and prevent damage
found in BPD. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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