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Supplemental oxygen is frequently prescribed. However, pro-
longed exposure to high concentrations of oxygen causes hyper-
oxic acute lung injury (HALI), which manifests as acute respiratory
distress syndrome in adults and leads to bronchopulmonary dys-
plasia in newborns (NBs). Nitric oxide (NO), NO synthases (NOSs),
andangiopoietin (Ang)2havebeen implicated in thepathogenesis
ofHALI.However, themechanismsof the contributionsofNOS/NO
and the relationship(s) betweenNOS/NO and Ang2 have not been
addressed. In addition, the relevance of these moieties in adults
and NBs has not been evaluated. To address these issues, we
compared the responses in hyperoxia of wild-type (NOS [1/1])
and NOS null (2/2) young adult and NB mice. When compared
with NOS21/1 adult controls, NOS22/2 animals manifest exagger-
ated alveolar–capillary protein leak and premature death. These
responses were associated with enhanced levels of structural cell
death, enhanced expression of proapoptotic regulatory proteins,
and Ang2. Importantly, silencing RNA knockdown of Ang2 decreased
the levels of cell death and the expression of proapoptoticmediators.
These effects were at least partially NOS2 specific, andwere develop-
ment dependent, because survival was similar in adult NOS31/1 and
NOS32/2miceandNBNOS21/1andNOS22/2mice,respectively.These
studies demonstrate that NOS2 plays an important protective role in
HALI in adult animals. They also demonstrate that this response is
mediated, at least in part, by the ability of NOS2 to inhibit
hyperoxia-induced Ang2 production and thereby decrease Ang2-
induced tissue injury.
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Supplemental oxygen is commonly employed to counteract tissue
hypoxemia. Although this is lifesaving in most circumstances,
prolonged exposure to high concentrations of oxygen can lead
to untoward effects. In the lung, exposure to hyperoxia is charac-
terized by an inflammatory response (mediated by cytokines)
and breakdown of the alveolar–capillary barrier, leading to

pulmonary edema and endothelial and epithelial cell injury/
death (1). In adults, hyperoxic acute lung injury (HALI) causes
acute respiratory distress syndrome (2). In neonates, HALI has
been shown to lead to a pulmonary phenotype suggestive of
bronchopulmonary dysplasia (3). Hence, HALI is a major cause
of morbidity and mortality in both adult (2) and neonatal (3, 4)
populations.

In addition, nitric oxide (NO) is known to have oxidant effects
(5), and has been implicated in the pathogenesis of HALI. NO is
generated via the action of NO synthases (NOSs). The inflam-
matory response in HALI is initiated and propagated, to a large
extent, by the release of cytokines (1), which are known to induce
NOS (6, 7). Most data suggest that hyperoxia exposure up-regulates
inducible NOS (NOS2) and endothelial NOS (NOS3) expression in
adult (8–16) and neonatal (7, 16–19) lungs. In ALI and cell death,
the endogenous production of NO is said to be mostly contributed
by up-regulation of NOS2 in the lung (20–22).

Previous work from our laboratory has reported on the signif-
icant contribution of angiopoietin (Ang) 2 to HALI in adults and
newborns (NBs) (23, 24). The interactive role and mechanism(s)
of NOS and Ang2 in HALI have not been explored to date.

Hence, we hypothesized that endogenous NOS2 is an im-
portant mediator of Ang2-regulated HALI. To test this hypothe-
sis, we studied the tissue responses that were induced by hyperoxia
in mice with wild-type and null (2/2) NOS2 loci. These studies
demonstrate that, in the absence of NOS2, hyperoxia-induced
alveolar protein leak, DNA injury, cell death, expression of cell
death regulators, and mortality were increased. In addition, we
noted increased expression of Ang2. Use of Ang2 silencing (si)
RNA significantly attenuated the HALI response in the young
adult NOS22/2 mice. Interestingly, there were significant develop-
mental differences as the NBNOS22/2 mice had similar survival as
NB NOS21/1 mice on exposure to hyperoxia. No differences in
mortality were noted in the adultNOS32/2 compared withNOS31/

1 controls on exposure to hyperoxia.

MATERIALS AND METHODS

Animals

NOS2 null (NOS22/2) and NOS3 null (NOS32/2) mice (both C57Bl/6
strain) were obtained from Jackson Laboratories (Bar Harbor, ME).
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CLINICAL RELEVANCE

The article reports novel data that increased hyperoxia-
induced lung injury in NOS2 null mutant mice is mediated
via angiopoietin-2, and highlights the developmental regu-
lation of this reponse. This has potential clinical implications
for hyperoxia-mediated pulmonary disorders in the newborn
(bronchopulmonary dysplasia) and adult (acute lung injury).
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Wild-type (NOS21/1 orNOS31/1) animals were used as controls. Young
adult mice were 4–6 weeks of age, whereas NB animals were exposed to
hyperoxia (100% O2) from Postnatal Day (PN) 1. All animal work was
approved by the Institutional Animal Care and Use Committee at the
Yale University School of Medicine (New Haven, CT).

Oxygen Exposure

Young adult mice (NOS22/2 or NOS32/2 and respective NOS21/1 or
NOS31/1control animals) were placed in cages in an airtight Plexiglass
chamber (55 3 40 3 50 cm), as described previously (25–27). For the
NB (NOS22/2 and NOS21/1 controls) exposure to hyperoxia, the NB
mice (along with their mothers) were placed in cages in the same
chamber. Exposure to oxygen was initiated on PN1. Two lactating
dams were used. They were alternated in hyperoxia and room air every
24 hours. The litter size was kept limited to 12 pups to control for the
effects of litter size on nutrition and growth.

Throughout the experiment, mice were given free access to food and
water. Oxygen levels were constantly monitored by an oxygen sensor
that was connected to a relay switch incorporated into the oxygen supply
circuit. The inside of the chamber was kept at atmospheric pressure, and
mice were exposed to a 12-hour light–dark cycle.

In separate experiments, young adult NOS21/1 or NOS22/2 mice were
killed 60 hours after oxygen exposure and lungs removed for RNA analysis.

Bronchoalveolar Lavage

Young adult mice were killed 60 hours after oxygen exposure, the trachea
was isolated by blunt dissection, and a small-caliber tube was inserted into
the airway and secured. Two volumes of 1ml of PBSwith 0.1%BSAwere
instilled and gently aspirated and pooled (bronchoalveolar lavage [BAL]
fluid). Samples were then centrifuged at 1,250 3 g for 5 minutes to
recover cells, and the supernatants were collected and stored at 2708C
for further analysis. Total protein was measured using the DC protein
assay (Bio-Rad, Hercules, CA), per the manufacturer’s recommenda-
tions, as previously described (28). Cell pellets were resuspended in
PBS and total cell counts determined using a hemocytometer.

Histology, Terminal Deoxynucleotidyl Transferase dUTP Nick

End Labeling/Ang2/Surfactant Protein C Staining, Analysis

of RNA, and Western Blotting

Details have been noted in MATERIALS AND METHODS in the online
supplement.

Ang2 siRNA Generation and Delivery

We generated Ang2 siRNA (and control scrambled siRNA), as previ-
ously described (23). We delivered the siRNA intranasally to the young
adult mice prior to starting hyperoxia exposure and repeating the doses
at 36 hours, as previously described (23). We delivered “high-dose”
siRNA, which we have previously documented to decrease the expres-
sion of Ang2 in NOS21/1 mouse lungs by 60–70% (23).

Statistical Analysis

Values are expressed as means (6SEM). Groups were compared with the
Student’s two-tailed, unpaired t test, one-way ANOVA or the log-rank
test using GraphPad Prism 3.0 (GraphPad Software, Inc., San Diego,
CA), as appropriate. A P value of 0.05 or less was considered statistically
significant.

RESULTS

Role of NOS2 in HALI

To address the role of NOS2 in the pathogenesis of HALI, we
compared the survival of NOS21/1 and NOS22/2 young adult
mice in 100% O2. In accord with studies from our laboratory
and others, NOS21/1 young adult mice died after 3–5 days of
exposure to 100% O2 (25–27, 29, 30). In this setting, approxi-
mately 50% of NOS21/1 young adult mice were dead after 3.5
days and 100% had expired by day 5.25 (Figure 1). In contrast,
this response was accelerated in young adult mice that were de-
ficient in NOS2. In these experiments, 100% of the NOS22/2

young adult mice were dead after 3.5 days of exposure to
100% O2 (Figure 1). These studies demonstrate that endoge-
nous NOS2 plays a protective role in HALI.

Role of NOS2 in Hyperoxia-Induced Inflammation

Studies were next undertaken to define the role(s) of NOS2 in
the hyperoxia-induced inflammatory response. In NOS21/1

young adult mice, 100% O2 caused significant injury (see Fig-
ures E1A and E1B in the online supplement) and inflammatory
cell accumulation with enhanced BAL total cell recovery (Fig-
ure 2A) after 60 hours of exposure. NOS2 played a significant
role in these responses, because, in the absence of NOS2, the
injury was evident with septal polymorphonuclear infiltrate,
slightly thickened alveoli, proteinaceous alveolar exudates and
scattered areas of hemorrhage (Figures E1A and E1B); how-
ever, BAL total cell was significantly decreased (Figure 2A).
Thus, presence of NOS2 appears to have an important role in
the pathogenesis of hyperoxia-induced pulmonary injury and
inflammation.

Role of Endogenous NOS2 in Hyperoxia-Induced

Alveolar Permeability

HALI is characterized by endothelial cell damage and disruption
of the alveolar capillary barrier, which is manifest as an increased
protein leak. In accord with this conceptualization, there was in-
creased BAL total protein recovery in the NOS21/1 young adult
mice exposed to hyperoxia (Figure 2B). This protein leak was
significantly enhanced in the NOS22/2 null young adult mice
exposed to 100%O2 (Figure 2B) for 60 hours. These data suggest
that endogenous NOS2 has a protective role in the maintenance
of the alveolar–capillary barrier in the presence of hyperoxia.

Role of Endogenous NOS2 in Hyperoxia-Induced

Cell Death

Because oxidant-induced DNA injury and cell death are felt to
play important roles in the pathogenesis of HALI (26, 30, 31),
the role(s) of NOS2 in these responses was evaluated. In accord
with the above concept, 100% O2 caused DNA injury and cell
death that manifested as enhanced pulmonary tissue terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining inNOS21/1 young adult mice (Figure 3A) after 60 hours
of exposure. Endogenous NOS2 appeared to be a critical regu-
lator of this response, because the levels of TUNEL staining were
significantly increased in comparisons of hyperoxia-challenged
NOS22/2 and NOS21/1 young adult animals (Figure 3B). These
studies demonstrate that endogenous NOS2 is a critical inhibitor
of hyperoxia-induced DNA injury and cell death.

Figure 1. Role of nitric oxide (NO) synthase (NOS) 2 on survival in hyperoxia.
NOS21/1 (n ¼ 10) and NOS22/2 (n ¼ 12) young adult mice were

exposed to 100% O2 and survival was assessed. *P ¼ 0.0002.
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Endogenous NOS2 Modulation of Cell Death Regulators

To gain insights into the mechanisms that NOS2 might use to reg-
ulate tissue cell death responses, we compared the expression of cell
death regulators in lungs fromNOS21/1 andNOS22/2 young adult
mice in room air and 100% O2. In the NOS21/1 and NOS22/2

young adult mice in room air, mRNA encoding protein kinase C
(PKC)-d, Bcl-2–associated X protein (Bax), Bcl-2 antagonist/killer
(Bak), Fas, and Fas ligand (Fas-L) were readily apparent, whereas
the levels of mRNA encoding A1, B cell lymphoma protein (Bcl)-
2, Bcl-xl, BH3-interacting domain death agonist (Bid), Bcl2-
interacting mediator of cell death (Bim), and caspases were below
the limits of detection of our assays (Figure 4A). In NOS21/1

young adult mice, hyperoxia increased the levels of mRNA encod-
ing mediators of cell death (Figure 4A). In the absence of NOS2,
the induction of Bcl-xl,, PKC-d, Bid, Bax, and caspase-6 by hyper-
oxia were not altered compared withNOS21/1 young adult mice in
hyperoxia (Figure 4A). However, the levels of mRNA encoding
A1 and Bcl-2 decreased, whereas Bim, Bak, Fas, Fas-L, and
caspase-3, -8, and -9 were increased compared with NOS21/1

young adult mice experiencing a similar hyperoxic challenge (Fig-
ure 4A). Figure 4B illustrates the protein expression of pro- and
cleaved caspase 3 in NOS21/1 and NOS22/2 young adult mice
exposed to 100% O2 for 60 hours. The level of procaspase 3 de-
creased, with concomitant increase in cleaved caspase 3 in

NOS22/2 mouse lungs. These studies demonstrate that, in hyper-
oxia, lack of endogenous NOS2 shifts the expression of mediators
toward increased cell death.

Endogenous NOS2 Modulation of Angs

Because Angs have been implicated in HALI, to gain further
insights into the mechanisms that NOS2 might use to regulate
tissue cell death responses, we compared the expression of Ang
in lungs from NOS21/1 and NOS22/2 young adult mice in room
air and 100% O2. In the NOS21/1 and NOS22/2 young adult mice
in room air, mRNA encoding Ang1 and Ang3/4 were apparent,
whereas the levels of mRNA encoding Ang2 were below the limits
of detection of our assays (Figure 4C). In contrast, hyperoxia in-
creased the levels of mRNA encoding Ang2 and 3/4, whereas it
decreased that of Ang1 (Figure 4C). Although there was no differ-
ence in the hyperoxia-induced mRNA expression of Ang1 and
Ang3/4 between NOS21/1 and NOS22/2 young adult mouse
lungs, Ang2 levels were markedly increased compared with
those in NOS21/1 young adult mice (Figure 4C). Next, we lo-
calized Ang2 protein and surfactant protein C protein with
TUNEL staining (Figures 4D and 4E, respectively; Figures
E2A and E2B). These studies demonstrate that, at baseline,
endogenous NOS2 inhibits the expression of Ang2 in the mu-
rine lung, and regulates its increase on hyperoxia exposure. This
increased Ang2 is mostly found in the TUNEL-positive type II
pneumocytes.

Figure 2. Role of NOS2 on bronchoalveolar lavage (BAL) cellularity and

total protein in hyperoxia. NOS21/1 and NOS22/2 young adult mice

were exposed to 100% O2 for 60 hours. (A) BAL total cell recovery.
The noted values represent assessments in a minimum of four animals

in each group. *P , 0.001, **P , 0.01, #P ¼ 0.03. (B) BAL total protein

levels. The values noted represent assessments in a minimum of four

animals in each group. **P , 0.001, #P , 0.01, ##P ¼ 0.02.

Figure 3. Role of NOS2 in hyperoxia-induced DNA injury and cell death.

NOS21/1 and NOS22/2 young adult mice were exposed to room air or
100% O2 for 60 hours and terminal deoxynucleotidyl transferase dUTP nick

end labeling (TUNEL) evaluations were undertaken. (A) A nitro-blue tetra-

zolium chloride/5-bromo-4-chloro-39-indolyphosphate p-toluidine salt

blue stain and a nuclear red counterstain of lungs from animals ex-
posed to room air or 100% O2 for 60 hours. The percentage of TUNEL

(1) cells is illustrated in (B). The noted values represent assessments in

a minimum of four animals in each group. *P , 0.0001, **P , 0.001.
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Regulation of Endogenous NOS2-Induced HALI

by Ang2 siRNA

To assess the role of Ang2, if any, in endogenous NOS2–induced
HALI, we delivered Ang2 (and scrambled) siRNA to NOS21/1

and NOS22/2 young adult mice in room air and 100% O2 for
60 hours. Ang2 siRNA significantly increased total BAL cell recov-
ery when given to NOS22/2 adult mice in room air compared with
NOS21/1 controls (Figure 5A). Hyperoxia exposure significantly
decreased total BAL cell recovery in NOS22/2 young adult mice
administered Ang2 or scrambled siRNA compared with matched
NOS21/1 controls (Figure 5A). There was increased BAL total
protein recovery in the NOS21/1 and NOS22/2 null young adult
mice exposed to hyperoxia and administered scrambled or Ang2
siRNA compared with those exposed to room air (Figure 5C).
This protein leak was significantly decreased in the NOS21/1 and
NOS22/2 null young adult mice administered Ang2 siRNA com-
pared with their respective control mice administered scrambled
siRNA and exposed to hyperoxia for 60 hours (Figure 5C). Ex-
amination of TUNEL index revealed no significant difference in
the room air–exposed groups (Figure 5B). However, in hyperoxia-
exposed groups, NOS21/1 and NOS22/2 young adult mice given
Ang2 siRNA had significantly decreased TUNEL index scores
(Figure 5B). Taken together, our data demonstrate that endoge-
nous NOS2-induced HALI inflammatory cellular, protein leak,
DNA injury, and cell death responses are dependent on Ang2.

Regulation of Endogenous NOS2-Induced Cell Death

Regulators in HALI by Ang2 siRNA

We next evaluated the expression of cell death regulators in
NOS21/1 and NOS22/2 young adult mice given Ang2 (or
scrambled) siRNA. There was little difference noted in the
room air–exposed groups (Figure 6). NOS21/1 and NOS22/2

young adult mice given Ang2 siRNA and exposed to hyperoxia

for 60 hours had markedly decreased expression of A1, Bcl-2,
Bim, Bax, Bak, Fas, and casapse-3, -8, and -9 compared with
control animals administered scrambled siRNA. Compared
with hyperoxia-exposed NOS21/1 young adult mice given Ang2
siRNA, expression of A1, Bcl-2, Fas, Fas-L, and caspase-8 and
-9 were further suppressed. Thus, our data show that expression
of key cell death regulators are diminished markedly by inhib-
iting Ang2 on hyperoxia exposure in young adult mice lacking
endogenous NOS2.

Developmental Regulation of NOS2 in HALI

To address the developmental role of inducible NOS in the path-
ogenesis of HALI, we compared the survival of NB NOS21/1 and
NOS22/2 mice in 100% O2. In contrast to the effects on survival
noted in the young adult NOS22/2 mice, there were no differences
in survival when comparing the survival in hyperoxia of the NB
NOS21/1 and NOS22/2 mice (Figure 7A). There was no signifi-
cant difference in the Ang2 mRNA expression levels at PN7 in the
NBNOS21/1 andNOS22/2 mice in room air or hyperoxia (Figure
7B). These studies demonstrate that there is developmental regu-
lation of the response to hyperoxia in the NOS2-deficient state in
mice, which impacts on their survival in hyperoxia.

Role of NOS3 in HALI

To address the role of NOS3 in the pathogenesis of HALI, we
compared the survival of NOS31/1 and NOS32/2 young adult
mice in 100% O2. In contrast to the effects on survival noted in
the young adult NOS22/2 mice, but similar to the neonatal
response, there were no differences in survival when comparing
the survival in hyperoxia of the young adult NOS31/1 and
NOS32/2 mice (Figure 7C). These studies demonstrate that
endogenous NOS3 does not appear to play a critical role in
HALI at this age.

Figure 4. Role of NOS2 in hyper-

oxia-induced alterations in cell
death regulators and angiopoie-

tins (Angs). (A) Levels of mRNA

encoding A1, B cell lymphoma

protein (Bcl)-2, Bcl-XL, protein ki-
nase C-d, BH3-interacting domain

death agonist (Bid), Bcl2-interacting

mediator of cell death (Bim), Bcl-

2–associated X protein (Bax), Bcl-2
antagonist/killer (Bak), Fas ligand

(Fas-L), and caspase-3, -6, -8, and

-9 in NOS21/1 and NOS22/2

young adult mice exposed to
room air or 100% O2 for 60 hours.

Each lane in the gel is representa-

tive of the condition described,
with the corresponding b-actin as

control. This figure is illustrative of

a minimum of four experiments.

(B) Protein expression of pro- and
cleaved caspase-3 in NOS21/1 and

NOS22/2 young adult mice ex-

posed to 100% O2 for 60 hours.

Each lane in the gel is representa-
tive of the condition described,

with b-actin controls. (C) Levels

of mRNA encoding Ang1, -2, and -3/4 in NOS21/1 and NOS22/2 young adult mice exposed to room air or 100% O2 for 60 hours. Each lane in the
gel is representative of the condition described, with b-actin controls as in A. This figure is illustrative of a minimum of four experiments. (D) Localization of

Ang2 protein with TUNEL staining; (E) the localization of surfactant protein C protein with TUNEL staining in hyperoxia-exposed NOS21/1

and NOS22/2 young adult mouse lung samples. Original magnification, 403. The arrows point to the localization of type II pneumocytes.

Bhandari, Choo-Wing, Harijith, et al.: HALI in iNOS Null Mice 671



DISCUSSION

Our studies reveal that, in the absence of NOS2, exposure to
hyperoxia significantly increased mortality in the young adult mu-
rine model. In addition, HALI, as measured by alveolar protein
leak, DNA injury, cell death, and expression of key cell death reg-
ulators, was increased in the NOS2 null mutant young adult mice.

The role of endogenous NOS2 in HALI has been controversial.
Adult rats exposed to hyperoxia, in the presence of L-NAME
(nonspecific NOS inhibitor) and aminoguanidine (specific NOS2
inhibitor), had significantly increased mortality and HALI (32,
33). In 6- to 8-week-old mice (FVBN strain), hyperoxia exposure
did not impact on NOS2 expression or activity, but decreased
NOS3 activity (6). Interestingly, L-NAME significantly increased
the mortality in hyperoxia-exposed mice (6). We found both pro-
tective (12, 34, 35) and damaging (11) roles being ascribed to adult
NOS2-deficient mice in relation to HALI. Investigators have re-
ported that NOS2 expression increased in response to hyperoxia,
and there was worse HALI in NOS2-deficient, 4- to 6-week old
mice (C57Bl/6J and SV129 strain) (11). In NOS2-deficient mice
(z8–12 wk, based on the weights mentioned), hyperoxia exposure
was associated with decreased amounts of total surfactant when
compared with normoxia, but the values were not different from
those in wild-type control animals exposed to hyperoxia (36). In
8-week-old mice treated with an inhibitor of NOS2, there was
reduction in HALI (37). Similar protective responses in older
(8–16 wk) NOS2-deficient mice have been reported by other
investigators (12, 34, 35).

Our data of increased mortality and HALI in young adult (4–
6 wk of age) NOS2 null mutant mice is in accord with the above
observations in that there appears to be an age-related depen-
dence on whether NOS2 is protective or harmful in the context
of HALI. Our results are also supported in another form of
oxidant injury (ozone-induced), in which NOS2 null mutant
mice (z6 wk of age) were noted to be significantly more sus-
ceptible to lung injury than NOS21/1 control mice (38). We
speculate that, as mice age, the increased endogenous NOS2
levels (39), in combination with hyperoxia, result in enhanced
lung injury, as has been reported for an LPS-induced injury
model (39). Such effects may be augmented by a concomitant
interactive decrease in antioxidant inducibility, as has been re-
ported in other lung injury models (40–42).

Inflammation and lung injury are often seen together in animal
models of HALI. This observation has led to studies investigating
the mechanisms of hyperoxia-induced inflammation and the rela-
tionship between injury and inflammation in this disorder (31, 43–
45). In our present study, we demonstrate evidence of HALI in
the absence of a significant cellular inflammatory response (total
BAL cell recovery). We have previously reported a similar re-
sponse in IL-13 null mutant mice on hyperoxia exposure (28),
and such has also been noted in peptide substance P receptor
(NK1R) null mutant mice on hyperoxia exposure (46). It is plau-
sible that there may be defects in inflammatory cell transmigra-
tion to and/or from the parenchymal compartment to the
bronchial tree, leading to low BAL total cell counts, despite
evidence of increased cell injury and death in the IL-13, NOS2,
and NK1R null mutant mouse lungs exposed to hyperoxia. This
dissociation demonstrates that HALI cannot always be attributed
to local tissue inflammation. In addition, although structural cell

;

Figure 5. Role of NOS2 in hyperoxia and Ang2 silencing (si) RNA ad-

ministered alterations in BAL cellularity and DNA injury and cell death.
NOS21/1 and NOS22/2 young adult mice were exposed to room air or

100% O2 for 60 hours and administered Ang2 siRNA or scrambled

siRNA. (A) BAL total cell recovery was assessed. The noted values rep-

resent assessments in a minimum of four animals in each group. *P ,
0.001, #P , 0.01, ##P , 0.05. (B) BAL total protein levels. The noted

values represent assessments in a minimum of three animals in each

group. *P , 0.0001, #P , 0.05. The percentage of TUNEL (1) cells is
illustrated in (C). The noted values represent assessments in a minimum

of four animals in each group. *P , 0.0001, **P ¼ 0.001, #P < 0.01.

HYP, hyperoxia (100% O2); Scram siRNA, scrambled siRNA.
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apoptosis (such as that seen in HALI) can stimulate tissue infla-
mmation (47, 48), these studies also demonstrate that hyperoxia-
induced inflammation cannot be attributed solely to the nearby cell
death response.

Cell death response on exposure to hyperoxia is modulated by
the balance of pro– and anti–cell death signals. The involvement
of key cell death regulators in the process of HALI has been
reported by us (23, 27, 28, 49) and others (50). Aside from the
membrane (extrinsic) pathway that triggers cell surface “death
receptors,” such as Fas, which binds Fas-L and activates caspase
8 (51, 52), many other stimuli use mitochondrial dysfunction to
signal the cell death response. In this intrinsic pathway, BH3

only domain family members, such as Bid, are activated to trun-
cated Bid and interact with Bax-type proteins to form and in-
teract with mitochondrial pores, release cytochrome C, activate
caspase 9, and induce cell death (30, 53–55). In accord with prior
studies of HALI (23, 27, 28, 30, 49, 56, 57), our studies demon-
strate that hyperoxia stimulates both of the above cell death
pathways in the murine lung.

Our studies highlight the fact that loss of endogenousNOS2 in
young adult mice, in the presence of hyperoxia, diminishes the
induction of the antiapoptotic proteins A1 and Bcl-2, while en-
hancing the expression of Fas, Fas-L, Bim, Bak, and caspase-3,
-8, and -9. Previous studies from our laboratory and others have
demonstrated that these cell death mediators are critical regula-
tors of HALI (30, 50, 56). To understand the mechanism of
increased HALI in NOS2 null mutant young adult mice, we
documented increased expression of Ang2, a molecule previ-
ously shown by us to be a critical regulator of cell death in
HALI (23). We were also able to localize Ang2 protein with

TUNEL staining, and confirmed the location in type II pneumo-
cytes, as previously reported (23). Inhibition of Ang2 signifi-
cantly attenuated the cell death response and mediators (A1,
Bcl-2, Fas, Fas-L, and caspase-8 and -9), when compared with
NOS21/1 young adult mice, on exposure to HALI. When
viewed in combination, these studies demonstrate that endoge-
nous NOS2 suppresses the ability of hyperoxia to activate the
Ang2-dependent death receptor and mitochondrial cell death
pathways. We also show increased cleaved caspase 3 protein
expression in NOS22/2 mouse lungs, suggesting that the
mRNA expression of cell death regulators were translated.

Our studies also reveal the interesting observation that there is
developmental regulation of the response of NOS2-null mutant
mice to hyperoxia. In contrast to the increased mortality of the
young adult mice (4–6 wk of age), there was no difference in
survival of the neonatal mice exposed to hyperoxia. In 3-day-
old premature neonatal rats, hyperoxia exposure significantly in-
creased NOS2 and NOS3 expression, along with evidence of lung
injury (19). However, nonspecific inhibition of NOS (using
L-NAME) worsened HALI (19). Interestingly, the protein expres-
sion of pulmonary NOS2 increased by PN7, and then decreased
by PN14 in room air in NB rats (7). Hyperoxia-exposed NB lungs
had similar levels at PN7, but significantly decreased levels at
PN14, compared with age-matched room air control lungs (7).
In NB rats, NOS inhibition (using L-NAME) started 7 days before
birth and continued until PN14, with hyperoxia exposure from
PN1 to PN14, significantly increased their mortality (58). In rat
pups exposed to hyperoxia from PN21 to PN29, hyperoxia in-
duced a fivefold and twofold increase in NOS2 and NOS3 levels,
respectively (17). Interestingly, using specific inhibitors of NOS2

Figure 6. Role of NOS2 in hyperoxia and Ang2 siRNA administered alterations in cell death regulators. The levels of mRNA encoding A1, Bcl-2, Bim,

Bax, Bak, Fas, Fas-L, and caspase-3, -8, and -9 in NOS21/1 and NOS22/2 young adult mice exposed to room air or 100% O2 for 60 hours and
administered Ang2 or scrambled siRNA are shown. This figure is illustrative of a minimum of four experiments. HYP, hyperoxia (100% O2); Scram

siRNA, scrambled siRNA.
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and NOS3 did not reverse the hyperoxia-induced pathologic
changes in the lung (17). Interestingly, the lack of difference in
Ang2 mRNA expression at PN7 in the NBNOS21/1 andNOS22/2

mice in hyperoxia (Figure 7B) could be contributing to the lack of
difference in survival of these mice in hyperoxia until PN7.

Thus, there appears to be a biphasic response to exposure to
hyperoxia in terms of the endogenous NOS2. Inhibition of endog-
enous NOS2 in the premature lung worsened HALI, with no sig-
nificant impact in the neonatal lung (birth to 4 wk), but worsening
in the young adult lung. Hence, overall, endogenous NOS2 has
a protective role to play in cell death responses in HALI in rodent
models until approximately 6 weeks of age. In striking contrast,
older mice (.8 wk of age) appear to be somewhat protected
from HALI in the NOS2-deficient state (12, 34, 35, 37), which
may be dependent on other factors (15). We speculate that the
developmentally regulated response of endogenous NOS2 in
HALI could be enhanced due to age-related differences in anti-
oxidant inducibility (40–42).

In mouse lungs, NOS2 is expressed constitutively in bronchial
epithelial cells, alveolar type II pneumocytes, and interstitial cells
(11). Earlier reports have suggested that hyperoxia can up-regulate
NOS2 in type II cells (11, 19), airway epithelium (15), and macro-
phages (12). In rat lungs, NOS2 up-regulation in hyperoxia has
been noted in alveolar epithelial cells and macrophages (9, 18,

59). Possible differences in alveolar macrophages obtained from
adult (2 mo old) and NB (PN7) rats in response to hyperoxia, with
the latter having increased production of NO, have been suggested
(16). Cell source–specific source of up-regulation of NOS2 has
been proposed to explain the differential effects of NOS2 inhibi-
tion in HALI (20, 60). We would like to suggest that a critical
mediator of the effect of endogenous NOS2 in HALI is the de-
velopmental stage/age of the lung, as we have reported in addi-
tional murine models of HALI (61, 62).

We noted no difference in survival in NOS3 null mutant
young adult mice compared with NOS31/1 control animals on
exposure to hyperoxia. Our data is concordant with the results
of indices of HALI in NOS32/2 mice exposed to hyperoxia for
72 hours (35).

Oxidative injury is a key element in the pathogenesis of a va-
riety of diseases and disorders. In neonates, for example, it is
a key element in the pathogenesis of bronchopulmonary dyspla-
sia (3), whereas, in adults, it is said to significantly contribute to
acute respiratory distress syndrome/ALI (63). Our studies add
to the paradigm of the contribution of NOS in adult and neo-
natal lungs. These observations point to specific pathways that
can be potentially modified to decrease cell death and HALI.
They also highlight the significant impact of developmental reg-
ulation of such responses. An important caveat to remember is
that, whereas rodent inflammatory cells, on up-regulation of
NOS2, can generate significant amounts of NO, the same is
not true of human immune cells (64, 65). Hence, caution must
be exercised in the translation of data from animal studies to
human disease.

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