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Abstract
Inhaled nitric oxide is being evaluated as a preventative therapy for patients at risk for
bronchopulmonary dysplasia (BPD). Nitric oxide (NO), in the presence of superoxide, forms

© Springer Science+Business Media, LLC 2010
Correspondence to: Michael R. Stenger, Michael.Stenger@nationwidechildrens.org.

NIH Public Access
Author Manuscript
Lung. Author manuscript; available in PMC 2011 June 1.

Published in final edited form as:
Lung. 2010 June ; 188(3): 217–227. doi:10.1007/s00408-010-9235-6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



peroxynitrite, which reacts with tyrosine residues on proteins to form 3-nitrotyrosine (3-NT).
However, NO can also act as an antioxidant and was recently found to improve the oxidative
balance in preterm infants. Thus, we tested the hypothesis that the addition of a therapeutically
relevant concentration (10 ppm) of NO to a hyperoxic exposure would lead to decreased 3-NT
formation in the lung. FVB mouse pups were exposed to either room air (21% O2) or >95% O2
with or without 10 ppm NO within 24 h of birth. In the first set of studies, body weights and
survival were monitored for 7 days, and exposure to >95% O2 resulted in impaired weight gain
and near 100% mortality by 7 days. However, the mortality occurred earlier in pups exposed to
>95% O2 + NO than in pups exposed to >95% O2 alone. In a second set of studies, lungs were
harvested at 72 h. Immunohistochemistry of the lungs at 72 h revealed that the addition of NO
decreased alveolar, bronchial, and vascular 3-NT staining in pups exposed to both room air and
hyperoxia. The lung nitrite levels were higher in animals exposed to >95% oxygen + NO than in
animals exposed to >95% oxygen alone. The protein levels of myeloperoxidase, monocyte
chemotactic protein-1, and intracellular adhesion molecule-1 were assessed after 72 h of exposure
and found to be greatest in the lungs of pups exposed to >95% O2. This hyperoxia-induced protein
expression was significantly attenuated by the addition of 10 ppm NO. We propose that in the
presence of >95% O2, peroxynitrite formation results in protein nitration; however, adding excess
NO to the >95% O2 exposure prevents 3-NT formation by NO reacting with peroxynitrite to
produce nitrite and NO2. We speculate that the decreased protein nitration observed with the
addition of NO may be a potential mechanism limiting hyperoxic lung injury.

Keywords
Protein nitration; Peroxynitrite; Lung injury; Oxygen toxicity

Introduction
Inhaled nitric oxide (iNO) is a selective pulmonary vasodilator approved for the treatment of
term and near-term neonates with hypoxic respiratory failure associated with evidence of
pulmonary hypertension. The therapeutic use of iNO has expanded to older patients with
congenital heart disease and acute respiratory distress syndrome (ARDS). In the NICU, iNO
has also been used to treat premature infants with surfactant deficiency [1–4] and has been
evaluated as a preventative therapy for neonatal chronic lung disease, termed
bronchopulmonary dysplasia (BPD) [5–7].

Exposure to high levels of inspired oxygen increases the formation of superoxide [8].
Superoxide can react with NO to form peroxynitrite [9,10]. Peroxynitrite is a strong oxidant
capable of damaging the alveolar epithelium [11] as well as adversely affecting surfactant
function [12]. Furthermore, peroxynitrite can react with tyrosine residues in proteins to form
3-nitrotyrosine. Nitrotyrosine formation can result in alterations of protein function,
including redox cycling of proteins, post-translational incorporation of altered proteins into
the cytoskeleton, loss of catalytic tyrosine residues, and inhibition of protein
phosphorylation [13,14]. Nitrotyrosine formation has been implicated in the pathogenesis of
BPD; for example, Banks et al. [15] found that plasma 3-nitrotyrosine levels were elevated
in the first month of life in patients who went on to develop BPD.

However, iNO can also act as an antioxidant. For example, iNO has been shown to decrease
lipid peroxidation [9,16]. Recently, Hamon et al. [17] found that iNO therapy in premature
infants resulted in lower levels of malondialdehyde, a biomarker of oxidative stress. Lorch et
al. [18] measured plasma 3-nitrotyrosine levels in patients with BPD before and after 72 h of
iNO therapy and found that the patients who had a decrease in plasma 3-nitrotyrosine levels
were more likely to wean off of mechanical ventilation. Thus, we hypothesized that the
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addition of a therapeutically relevant concentration (10 ppm) of NO to a lethal (>95%)
hyperoxic exposure would lead to decreased 3-nitrotyrosine formation in the lung. To
address our hypothesis, we studied neonatal mice who were exposed to either room air or
>95% O2 within 24 h of delivery with or without added NO. To develop the animal model,
the first studies done were growth and survival studies; we then exposed animals for 72 h
based on these results. Lung wet weights were determined as a marker of severe lung injury.
The formation of 3-NT in the lungs was assayed using immunohistochemistry. Finally,
biomarkers of inflammation, including myeloperoxidase (MPO), monocyte chemotactic
protein-1 (MCP-1), and intracellular adhesion molecule-1 (ICAM-1), were evaluated by
Western blot of lung homogenate at 48 h.

Materials and Methods
Animals

Time-dated pregnant FVB mice were purchased from Charles River (Wilmington, MA) and
were maintained in the animal care facility of the Research Institute at Nationwide
Children’s Hospital. All animals were kept in polycarbonate cages with wire lids and 100%
aspen wood chip bedding. The animals were allowed free access to food and water, and a
12-h day:12-h night cycle was maintained throughout the study. All experimental protocols
were approved by the Institutional Animal Care and Use Committee of the Research
Institute at Nationwide Children’s Hospital.

Oxygen/NO Exposure
Dams delivered naturally at term. Within 24 h of birth, the cage containing the mother and
her pups was placed in a Plexiglas chamber designed specifically for oxygen exposures. The
21% O2 atmosphere was maintained using a flow of room air (21% oxygen) at
approximately 10 l/min, and the >95% O2 atmosphere was maintained with a flow of 100%
O2 at ~10 l/min through the chamber. For the NO-exposure groups, 800 ppm NO (Ikaria,
Clinton, NJ) was delivered at approximately 125 ml/min using an AeroNOx® delivery
system (Ikaria, Clinton, NJ). Soda lime (Fisher Scientific, Fair Lawn, NJ) was present in the
chamber during all exposures to absorb CO2 and NO2. Each litter was exposed to either (1)
21% O2 (room air), (2) 21% O2 + 10 ppm NO, (3) >95% O2, or (4) >95% O2 + 10 ppm NO.
O2 and CO2 levels in the exposure chamber were measured twice daily (AEI Technologies,
Pittsburgh, PA). NO and NO2 levels in the exposure chamber were measured continuously
using the AeroNOx®. For each exposure group, a room air control group was exposed
concurrently. Dams were switched between the exposure group and the room air controls
every 24 h to prevent oxygen toxicity to the dams.

Immunohistochemistry
Animals were sacrificed by an intraperitoneal injection of pentobarbital sodium (200 mg/
kg). The tracheas were cannulated with a 25-gauge Silastic catheter, and 10% neutral
buffered formalin was instilled at 25 cm H2O pressure over 5 min. After 5 min, the trachea
was tied and lungs removed and fixed overnight in 10% neutral buffered formalin. The next
day, lungs were washed five times in phosphate-buffered saline (PBS), transferred to PBS,
and stored at 4°C. Both intact left and right lungs were serially dehydrated in increasing
concentrations of ethanol and then paraffinized. For preparation of paraffin blocks, left lungs
were cut transversely (perpendicular to longitudinal or craniocaudal axis of the animal) at
the level of entry of the left main bronchus. The cut slices of lung tissue were identically
oriented and made into paraffin blocks. Five-micron sections of lung tissues were
deparaffinized for immunostaining. Tissues were immunostained with a polyclonal antibody
against 3-nitrotyrosine (1:1000 dilution; 0.6 µg/ml antibody protein concentration,
Millipore, Billerica, MA) as previously described [19]. Staining (isotypic) control tissues
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were exposed for the same duration to nonimmune rabbit IgG (0.6 µg/ml, Vector Labs,
Burlingame, CA) in place of primary antibody. In preliminary studies under identical
conditions, we demonstrated this antibody to be specific (preincubation of antibody with
excess free 3-nitrotyrosine, but not iodotyrosine, caused complete quenching of detectable
signal). Diaminobenzidine (0.06% w/v) was used to provide visualization of
immunoreactivity followed by methyl green counterstaining. Identically oriented tissue
sections were visualized with an Olympus Optical (New York, NY) BX-40 microscope
(800× magnification) and captured under identical lighting conditions and optical settings
using a Insight digital camera. Images were analyzed using digital image analysis software
(Image Pro Plus 4.0, Media Cybernetics, Silver Spring, MD). Images were then segmented
to eliminate background and nuclear counterstain from the analysis. Optical densities (OD)
were determined for each image in three different regions (alveolar, airways, and large
vessels). Using this procedure, we have found that the intraobserver and interobserver
variabilities are less than 5% and less than 10%, respectively.

Lung-Wet-to-Dry Weights
After euthanasia with pentobarbital, both lungs were dissected, removed, and weighed to
obtain the wet weight. Dry weights were obtained after drying the lungs in an oven at 70°C
for 6 days.

Experimental Protocols
Growth Curves and Survival Studies—A litter of neonatal mice was exposed to either
21% O2 + 10 ppm NO (n = 17), >95% O2 (n = 30), or >95% O2 + 10 ppm NO (n = 19) as
described above. For each exposure group, a room air control group (n = 61) was exposed
concurrently. Dams were switched between the exposure group and the room air controls
every 24 h to prevent oxygen toxicity to the dams. Each pup was weighed daily. To
determine survival for each exposure group, the number surviving was recorded at least
every 6 h.

Assessment of Pulmonary Edema—In a separate group of experiments, neonatal mice
were exposed to either 21% O2 (n = 6), >95% O2 (n = 10), or >95% O2 + 10 ppm NO (n =
10) for 72 h after which the lungs were harvested and lung wet-to-dry weight ratios were
determined.

Assessment of Protein Nitration—Neonatal mice were exposed to either 21% O2 (n =
6 animals, and 5–10 images per animal), 21% O2 + 10 ppm NO (n = 5 animals, and 5–10
images per animal), >95% O2 (n = 6, and 5–10 images per animal), or >95% O2 + 10 ppm
NO (n = 6, and 5–10 images per animal) for 72 h. The lungs were fixed for
immunohistochemistry for 3-nitrotyrosine as described above.

Protein Nitration of an Albumin Solution—To further evaluate the impact of nitric
oxide on protein nitration due to hyperoxia, we conducted a benchtop experiment in which
100% O2 was bubbled into a beaker containing 200 ml of a 10% albumin solution and
stirred continuously. The solution was sampled at 0, 1, and 2 h and assayed for protein
concentration, 3-NT, and NO2

− concentration. The experiment was repeated with 100% O2
and 800 ppm NO bubbled into the 10% albumin solution at 1.2 ml/min, and samples were
taken at 0, 1, and 2 h for protein, 3-NT, and NO2

− concentrations. Protein concentrations in
the samples were determined using the Bradford method (Bio-Rad, Hercules, CA). The
levels of 3-nitrotyrosine were assayed using Western blots as previously described [20]. The
nitrite (NO2

−) concentration was assayed using chemiluminescence (NOA, model 280i, GE,
Boulder, CO) as previously described [21]. Briefly, 100 µl of sample was placed in a
reaction chamber containing a mixture of NaI in glacial acetic acid to reduce NO2

− to NO.
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The NO gas was carried into the NO analyzer using a constant flow of He gas. The analyzer
was calibrated using a NaNO2 standard curve. The results for 3-NT and NO2

− were
normalized to protein concentration.

Western Blotting—The lung homogenate supernatants were assayed for MPO, MCP-1,
and ICAM-1 immunoreactivity using Western blot analyses as previously described [20].
Reduced samples were prepared using 10 µg of lung homogenate and were separated on a
4–12% Bis-Tris gel (Invitrogen Life Technologies, Carlsbad, CA) before transfer to
polyvinylidene difluoride (PVDF) membranes and blocked overnight with a 20% fish skin
gelatin solution. Membranes were then incubated with the primary antibody overnight: MPO
(1:1000, Cell Signaling Technology, Beverly, MA), MCP-1 (1:1000, Cell Signaling
Technology), and ICAM-1 (1:1000, Cell Signaling Technology). Protein concentrations
were corrected to β-actin (1:10,000, Abcam, Cambridge, MA) to ensure equal protein
loading.

Nitrite Assay in Lung Tissue—Evaluation of the production of nitrite in the lungs
required reduction of nitrate to nitrite prior to nitrite analysis as described above, since
nitrite in the lungs can be rapidly oxidized to nitrate. The NO2

− levels were determined in
lung homogenate samples by adding 50 µl NADPH (β-nicotenamide adenine dinucleotide
phosphate-reduced form [Sigma], 0.8 mg/ml, in 0.1 M KPO4 buffer) and 20 µl nitrate
reductase (from Aspergillus species [Sigma], 100 mU/ml, in 0.1 M KPO4 buffer) to either
100 µl of thawed lung homogenate or 100 µl of sodium nitrate standards. These samples
were then assayed in duplicate for nitrite using a chemiluminescence NO analyzer (model
280i, GE, Boulder, CO) as previously described above. The analyzer was calibrated using a
NaNO2 standard curve.

Statistics—Results are given as the mean ± SEM. The correlation between body weight
and day of life was assessed using linear regression (SigmaStat, Jandel Scientific, Carlsbad,
CA). The percent animals that survived was compared among the four groups using the
Fisher exact test (SigmaStat). In the physiologic studies and the benchtop studies, the groups
were compared using one-way analysis of variance (ANOVA). Differences were identified
using a Neuman–Keuls post hoc test (SigmaStat). Differences were considered significant
when p < 0.05.

Results
Hyperoxia Decreases Growth in Neonatal Mice

Pups exposed to room air had an essentially linear (r = 0.99, p < 0.001) weight gain over the
7-day exposure period, with an average weight gain of 0.38 g/day. The addition of 10 ppm
NO to room air had no effect on weight gain through 1 week of age (Fig. 1). Hyperoxia with
or without added NO impaired the weight gain of pups through 1 week of age (Fig. 1). At 96
h of exposure, the mean body weights were 2.10 ± 0.03 g in >95% O2, 2.34 ± 0.05 g in
>95% O2 + NO, 2.68 ± 0.09 g in 21% O2 + NO, and 2.67 ± 0.05 g in the room air controls
(p < 0.01). Those pups that survived past 96 h in >95% O2 did not gain weight after 72 h of
exposure.

Hyperoxia Decreased Survival in Neonatal Mice
The results of the survival studies are presented in Fig. 2. There was no mortality observed
in either the room air controls or the 21% O2 + 10 ppm NO groups through 1 week of
exposure. Pups exposed to >95% O2 with or without NO were noticeably less active than
room air-exposed pups after 72 h. The mortality curve for >95% O2 + NO was different
from the mortality curve for >95% O2 alone by Kaplan-Meier analysis (p < 0.01), with
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mortality occurring sooner in the >95% O2 + NO group than in the >95% O2 alone group,
although both groups experienced essentially 100% mortality by 168 h. Mortality was
observed in the pups exposed to >95% O2 + 10 ppm NO group beginning at 72 h, whereas
pups exposed to >95% O2 alone exhibited mortality beginning at 96 h, and by 168 h only 1
of 28 pups survived.

Hyperoxia Did Not Effect Lung Weights
We examined lung tissue at 72 h, before the onset of most hyperoxia-induced mortality. To
assess lung injury, we used lung weight-to-body weight ratios, and surprisingly they were
not different after 72 h of exposure to >95% O2, >95% O2 + NO, or 21% O2 + NO
compared to room air controls (19.2 ± 0.6 mg/g, >95% O2; 18.5 ± 0.4 mg/g, >95% O2 +
NO; 16.9 ± 1.0 mg/g, 21% O2 + NO; and 18.5 ± 0.6 mg/g, room air controls). To assess
whether other organs were affected, we compared liver weights. Similarly, we found no
difference in liver weight-to-body weight ratios at 72 h between any of the four exposure
groups (28.3 ± 1.8 mg/g, >95% O2; 27.0 ± 0.7 mg/g, >95% O2 + NO; 29.2 ± 0.8 mg/g, 21%
O2 + NO; and 28.1 ± 1.4 mg/g, room air controls). As another measure of pulmonary edema
formation, we determined wet-to-dry lung weight ratios in an additional 28 pups after drying
the lungs at 70°C for 6 days. At 72 h, wet-to-dry lung weight ratios were not different
between groups (5.65 ± 0.14, room air; 5.56 ± 0.21, >95% O2; and 5.39 ± 0.13, >95% O2 +
NO, p = 0.58).

Hyperoxia Causes Protein Nitration and NO Prevents Protein Nitration
To evaluate protein nitration in the lungs of these neonatal mice, we performed
immunohistochemistry for 3-NT on fixed lung tissue from mice exposed for 72 h to either
21% O2, 21% O2 + NO, >95% O2, or >95% O2 + NO. Representative sections are shown in
Fig. 3. Animals exposed to 21% O2 for 72 h had some 3-NT staining (Fig. 3a). Interestingly,
the addition of 10 ppm NO to the 21% O2 exposure decreased 3-NT in the lungs (Fig. 3b).
We found the highest levels of 3-NT staining in sections from lungs of mice exposed to
>95% O2 alone (Fig. 3c). The lungs from animals exposed to >95% O2 + NO had levels of
3-NT staining similar to that found in the lungs from the 21% O2-exposed controls (Fig. 3d).

The 3-NT staining was quantified from the alveolar, vascular, and large airway regions of
the lungs. Control animals exposed to 21% O2 had some basal levels of 3-NT staining in all
lung regions (Fig. 4). Interestingly, the 3-NT staining was significantly less in all three lung
regions studied in the animals exposed to 21% O2 + NO than it was in control animals (Fig.
4). As expected, exposure to >95% O2 resulted in significantly greater 3-NT staining in all
of the lung regions studied than in the lungs from mice exposed to 21% O2 (Fig. 4). The 3-
NT levels were significantly lower in the lungs from mice exposed to >95% O2 + 10 ppm
NO than in the lungs from those animals exposed to >95% O2 alone (Fig. 4a). Indeed, the
levels of 3-NT in the lungs of animals exposed to >95% O2 + NO were significantly lower
in all of the lung regions studied than in the corresponding lung regions from those control
animals exposed to 21% O2 (Fig. 4).

To evaluate a potential mechanism for the decreased protein nitration observed in the lungs
of mouse pups exposed to >95% O2 + NO, we measured nitrite levels in the lung
homogenate from animals sacrificed at 72 h. The hypothesis was that in animals exposed to
pharmacologic levels of NO in their inhaled gas, the excess NO would scavenge radicals
capable of protein nitration (i.e., ONOO−) before they could react with protein tyrosine
residues to form 3-NT. As seen in Fig. 5, we found greater levels of nitrite in the lungs of
pups exposed to >95% O2 + NO than in the lungs of pups exposed to >95% O2 alone (p <
0.05). To further evaluate the role of pharmacologic levels of NO gas in protein nitration, we
performed a series of benchtop studies utilizing a 10% albumin solution and bubbling the
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solution with either O2 alone or O2 + NO. These cell-free experimental conditions clearly
differ from a complicated in vivo system, yet the results were consistent with our animal
data. We found that 3-NT formation, as assessed by Western blot analysis, increased over
the 2-h study period in the albumin solution bubbled with O2 alone, while there was no
increase in 3-NT formation in the albumin solution when bubbled with O2 + NO (Fig. 6a).
The level of nitrite in the albumin solution at 1 and 2 h increased only in the albumin
solutions bubbled with O2 + NO, and there was little nitrite formed over the 2-h
experimental period in the albumin solution bubbled with O2 alone (Fig. 6b). Furthermore,
the levels of 3-NT in the albumin solution bubbled with O2 + NO were less at each time
point than those in the albumin solutions bubbled with O2 alone, while the levels of nitrite
were greater at each time point from the albumin solutions bubbled with O2 + NO than in
those bubbled with O2 alone (Fig. 6).

NO Attenuates the Inflammatory Response in the Lungs due to Hyperoxia
Inflammatory biomarkers measured in lung homogenates after 48 h of age were lower in
neonatal mice exposed to hyperoxia plus nitric oxide versus hyperoxia alone. At 48 h, MPO
levels increased significantly compared to animals exposed to room air + NO or room air
controls (Fig. 7a). The addition of NO to the >95% O2 exposure significantly attenuated
MPO protein levels after 48 h of exposure. ICAM-1 and MCP-1 protein levels were
significantly greater in lungs of animals exposed to >95% O2 for 48 h than in lungs of
animals exposed to either room air or room air with 10 ppm NO.

Discussion
The main findings of this study in neonatal FVB mice were that (1) exposure to >95% O2
resulted in mortality, which was somewhat hastened when NO was added to the >95% O2
exposure; (2) there was little evidence of pulmonary edema in these lungs; (3) exposure to
>95% O2 increased protein nitration; (4) the addition of NO to the >95% O2 exposure
substantially decreased protein nitration in all lung regions studied; (5) the decrease in
protein nitration seen with the addition of NO to the >95% O2 exposure is associated with an
increase in nitrite levels; and (6) the addition of NO decreased protein levels of
inflammatory markers in the lung at 48 h. These findings support our hypothesis that the
addition of a therapeutically relevant concentration of NO to a lethal hyperoxic exposure
decreases 3-nitrotyrosine formation in the lung. Indeed, our findings are also consistent with
the concept that pharmacologic levels of NO in the hyperoxic exposure “scavenge” protein
nitrating species to form nitrite.

Hyperoxia has been reported to cause pulmonary pathology and mortality in several species
[22–24]. The addition of NO to >95% O2 has been found to either improve or to have no
effect on survival. We previously found greater survival in adult rats exposed to >95% O2 +
100 ppm NO versus >95% O2 alone [22]. In newborn guinea pigs, Gries et al. [25] found
that the addition of 20 ppm NO to >95% O2 delayed the onset of respiratory distress but did
not improve lung compliance. Garat et al. [26] reported no effect of either 10 ppm NO or
100 ppm NO on survival of rats in >95% O2, but treatment with L-NAME or
aminoguanidine (specific and nonspecific blockers of iNOS, respectively) reduced survival,
suggesting that endogenous NO is protective in the presence of hyperoxia [27]. Taken
together, these studies suggest that NO may reduce the harmful effects of hyperoxia. We
chose to evaluate the effect of hyperoxia with or without a therapeutically relevant
concentration of NO (10 ppm) in neonatal mice for two reasons. First, a newborn mouse has
a relatively immature lung structure at birth that in some ways mimics the lung development
of a premature human infant. Second, the availability of knockout animals should prove
useful for future studies.

Stenger et al. Page 7

Lung. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pups exposed to >95% O2 with or without 10 ppm NO were noticeably less active and were
dyspneic after 60 h. The decrease in weight gain starting at 72 h likely reflects this because
the exposed pups had to work harder at breathing, which likely resulted in greater caloric
expenditure without the ability to increase caloric intake. Nitric oxide alone does not affect
weight gain, as pups exposed to 21% O2 + NO grew at the same rate as room air controls
through 1 week of age. In this study we found that NO did not have a protective effect on
survival in >95% O2− exposed mice; in fact, there was a somewhat more rapid mortality
found in the neonatal mice when NO was added to >95% O2 exposure. The mortality
appears to be related to >95% O2 since we observed no mortality in pups exposed to 21%
O2 + 10 ppm NO for a week, and adult mice have breathed NO for up to 6 months without
evidence of lung injury [28]. In the gas phase, NO and O2 spontaneously form NO2 [7], and
inhaling NO2 causes lung damage. However, it is unlikely that NO2 was related to
differences in the onset of mortality in this study since NO2 buildup in the exposure chamber
was minimized by the use of a high rate of turnover (10 l/min) and the presence of soda lime
in the chamber. Indeed, in these studies NO2 levels were measured and were always found
to be less than 1.2 ppm, well below the current OSHA standard for peak exposure to NO2 of
5 ppm in an 8-h period [28]. Pulmonary edema does not seem to contribute to the morbidity
of the pups exposed to >95% O2 with or without NO, at least at 72 h of age. No measurable
amount of pleural effusion fluid was found for any of the exposure groups at 72 h, and
neither the lung-to-body weight ratios nor the lung wet-to-dry weight ratios were different
among groups. This differs from adult rats exposed to >95% O2 + 100 ppm NO who had
increased lung weight and pleural effusions after 60 h of exposure [22]. While this could be
due to differences in species or NO concentration, it may reflect the relative tolerance of
newborn mice to hyperoxia compared to adult animals [24] or reflect differences between
strains [29]. On the other hand, it has been found that exposure to hyperoxia can cause
central nervous system (CNS) damage, including through alterations in blood flow caused
by the elaboration of reactive oxygen and nitrogen species in the brain. Thus, it may be that
the addition of NO to the hyperoxic exposure results in greater formation of free radicals in
the brain and thereby has a greater effect on brain blood flow than does exposure to
hyperoxia alone [30]. Further studies will need to be done to elucidate the exact mechanisms
of hastened mortality in the hyperoxia + NO-exposed group, and attention should be paid to
both pulmonary causes as well as CNS causes [31].

As we initially hypothesized, there was increased production of 3-NT in lung tissue from
mouse pups exposed to >95% O2 compared to room air controls. Our findings are consistent
with previous studies that found increased protein nitration in the lungs after exposure to
hyperoxia for 48–72 h in adult mice [32,33] and adult rats [34–36]. Human studies have also
found elevated 3-NT levels in patients exposed to supplemental oxygen, including adult
patients with ARDS [36] and premature infants who went on to develop bronchopulmonary
dysplasia [15]. This increase in 3-NT could be due to a rise in superoxide production under
hyperoxic conditions, with subsequent formation of peroxynitrite: •NO + O2

•− → ONOO−.
The formation of peroxynitrite occurs at a nearly diffusion-limited rate [37]. In situations
where NO and/or O2

•− production are increased, e.g., during exposure to hyperoxia, the
amount of peroxynitrite is increased, which would be expected to lead to greater 3-NT
formation. However, if NO is present in great excess (as would be expected when an animal
is inhaling 10 ppm NO), then the excess NO can react with peroxynitrite to form nitrogen
dioxide and nitrite: ONOO− + •NO → NO2 + NO2

− [38]. This may lead to a decrease in 3-
NT formation. The NO2

− formed by the reaction of NO with peroxynitrite could then
conceivably be metabolized to either •NO2 or NO2Cl by myeloperoxidase in activated
neutrophils in the lung. However, although neutrophil activation in the lung is well
described in hyperoxic exposure, we found a decrease in 3-NT formation in the lungs
exposed to >95% O2 + NO. It may be that the conversion of NO2

− by myeloperoxidase to
protein-nitrating species does not account for a large portion of the 3-NT formed in the lung
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during exposure to >95% O2. Alternatively, it may be that the pharmacologic concentrations
of NO scavenge •NO2 and/or NO2Cl through radical-radical interactions [39] before they
can react with tyrosine residues to form 3-NT. This concept is consistent with a study using
activated monocytes wherein high levels of NO flux resulted in diminished protein nitration
[40]. Thus, we propose that in animals exposed to hyperoxia, iNO scavenges peroxynitrite
(and perhaps other nitrating species) before it can react with tyrosine residues to form 3-
nitrotyrosine.

The reported effects of iNO on lung 3-NT formation have been varied, and in some cases
contradictory. In a rat model of acute lung injury induced by meconium, no change in lung
3-NT formation was found after the addition of 20 ppm NO [41]. The addition of 20 ppm
NO to >95% O2 did not decrease 3-NT formation in either adult mice at 72 h [32] or in adult
rats at 24–48 h [35]. These results are in contrast to our observed decrease in 3-NT
formation in neonatal mice and may be related to differences in animal species or strain,
dose of iNO employed, or the developmental stage of the lungs studied. We found similar 3-
NT staining in the alveolar, bronchial, and vascular areas of the lung, indicating that changes
were not confined to one area of the lung. This staining pattern suggests that the reactive
nitrogen species produced during hyperoxia apparently were formed in parenchymal cell
types and not confined to immune cell infiltrates. Lorch et al. [32] similarly found
significant elevations in 3-NT staining in the airway epithelium, alveolar interstitium, and
vasculature of adult rats exposed to hyperoxia.

The increased protein levels of MPO and MCP-1 in lung homogenate of pups exposed to
hyperoxia have previously been shown to correlate with neutrophil activation and infiltration
[42,43]. NO appears to attenuate the inflammation from neutrophil accumulation in the lung
due to hyperoxia as demonstrated by the decrease in MPO levels at 48 h (Fig. 7a) and
previous work in preterm lambs and in isolated rat perfused lungs [44,45]. ICAM-1 has
previously been implicated in neutrophil-mediated hyperoxic lung injury in adult mice [46],
and our finding that the addition of NO to the hyperoxic exposure attenuates this is
consistent with previous reports in adult animals. For example, NO decreased ICAM-1
levels in the lungs of rats after 60 h in 100% oxygen [47] and after experimental pneumonia
in 40 and 100% oxygen [48]. The decreased early inflammatory response observed with the
addition of NO to hyperoxia could be beneficial clinically, as premature infants with
elevated levels of MCP-1 or ICAM-1 in tracheal aspirates have an increased risk for
developing BPD [49,50].

In conclusion, the results of this study demonstrate that 3-NT is formed in the lungs of
newborn mice and exposure to hyperoxia results in greater 3-NT formation. Consistent with
our hypothesis, the addition of NO to either room air or >95% O2 results in decreased 3-NT
formation. We propose that this decreased 3-NT formation is due to the reaction of excess
NO with peroxynitrite before it can react with tyrosine residues to form 3-NT. Further
studies are needed to determine the role of iNO on subsequent lung development when the
inspired O2 concentration is weaned to sublethal levels.

Abbreviations

3-NT 3-Nitrotyrosine

ARDS Acute respiratory distress syndrome

BPD Bronchopulmonary dysplasia

CO2 Carbon dioxide

ICAM-1 Intracellular adhesion molecule-1
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iNOS Inducible nitric oxide synthase

L-NAME Nitro-L-arginine methylester

MCP-1 Monocyte chemotactic protein-1

MPO Myeloperoxidase

NO Nitric oxide

NO2
− Nitrite

NO2 Nitrogen dioxide

O2 Oxygen

Superoxide

Ppm Parts per million
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Fig. 1.
Daily body weight in grams for mouse pups exposed to room air (RA) ± NO or >95% O2 ±
NO. The open circles represent the pups exposed to >95% O2 alone (n = 30); the closed
triangles represent the pups exposed to >95% O2 + 10 ppm NO (n = 19); the open triangles
represent the pups exposed to RA + 10 ppm NO (n = 17); and the closed circles represent
pups exposed to RA (n = 61). * Different from 21% O2, p < 0.01

Stenger et al. Page 14

Lung. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Survival for mouse pups exposed to room air (RA), RA + NO, and >95% O2 ± NO. The
closed triangles connected by the dashed line represent the pups exposed to >95% O2 alone
(n = 30); the open circles connected by the dotted line represent the pups exposed to >95%
O2 + 10 ppm NO (n = 19); the open triangles connected by the dashed line represent the
pups exposed to room air + 10 ppm NO (n = 17); and the closed circles connected by the
solid line represent pups exposed to room air (n = 61)
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Fig. 3.
Effect of hyperoxia ± NO on 3-NT immunolabeling. Representative images of fixed lung
sections stained for 3-nitrotyrosine from pups exposed for 72 h to 21% O2 (A), 21% O2 + 10
ppm NO (B), >95% O2 (C), >95% O2 + 10 ppm NO (D)
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Fig. 4.
Effect of hyperoxia ± NO on 3-NT immunolabeling for alveolar, bronchial, and vascular
lung sections. Optical density of 3-nitrotyrosine staining from lung tissue of mouse pups
exposed to 21% O2, 21% O2 + 10 ppm NO, >95% O2, and >95% O2 + 10 ppm NO for
specific areas of the lung tissue. a, c, e Representative lung section demonstrating how the
lung sections were divided into alveolar (a), bronchial (c), and vascular (e) sections. b, d, f
Data from all of the lungs studied. * Different from 21% O2, p < 0.01. ‡ 95% O2 + 10 ppm
NO different from 95% O2 alone, p < 0.05

Stenger et al. Page 17

Lung. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Effect of hyperoxia ± NO on nitrite levels. The lung nitrite levels are normalized to protein
concentration in the lung tissue homogenate. n = 5 for each group, * >95% O2 + NO
different from >95% O2, p < 0.05
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Fig. 6.
Effect of adding NO on 3-NT and nitrite formation in albumin solution in hyperoxia. a 3-
Nitrotyrosine formation in a 10% albumin solution bubbled with either O2 or O2 + NO. The
3-NT densities for each time point are corrected for the protein concentrations at each time
point, and the fraction of normalized 3-NT levels are expressed as the fraction of 3-NT
content at time 0. n = 4 for O2 and n = 3 for O2 + NO. * O2 alone different from O2 + NO, p
< 0.05. b The amount of nitrite formed per milligram of protein in the 10% albumin solution
after 0, 1, and 2 h of exposure to either O2 alone or O2 + NO. * O2 + NO different from O2
alone, p < 0.05
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Fig. 7.
Effect of hyperoxia ± NO on MPO, MCP-1, and ICAM-1 protein levels in the lung. Protein
levels from lung homogenate of pups after normalizing to β-actin are shown for a MPO after
48 h of exposure, b MCP-1 after 48 h of exposure, and c ICAM-1 after 48 h of exposure. *
O2 different from RA, p < 0.05; # O2 + NO different from O2 alone, p < 0.05
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