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ABSTRACT—Hyperoxia is commonly used in the treatment of newborn respiratory distress. Although- -

essential and life saving, oxygen therapy can result in the development of lung injury. Oxygen toxicity is
associated with the production of reactive oxidant species. Nitric oxide (NO) is an oxidant formed by the
catalysis of L-arginine when acted upon by the enzyme nitric oxide synthase (NOS). We studied the
differential effects of prolonged normobaric hyperoxia (Fio, = .95, for 3, 4, and 5 days) on the two major
NOS enzymes, constitutive endothelial cell NOS (ecNOS) and inducible NOS (iNOS). Hyperoxia led to a
significant lung injury, as measured by pulmonary compliance studies. Hyperoxia did not increase serum
NO production, measured as the concentration of nitrite and nitrate. However, hyperoxia did result in a
small but significant increase in NO production in the bronchoalveolar lavage fluid, as measured by the
products of nitrite and nitrate concentration. This increase in NO was not associated with an induction of
whole lung iNOS, as measured by the conversion of L-[*H]arginine to L-[*H]citrulline or by Northern blot
analysis. Hyperoxia significantly decreased ecNOS activity as measured by the conversion of L-[*H]arginine
to L-[*H]citrulline. In addition, administration of the NOS inhibitor N®-nitro-L-arginine methyl ester worsened
the injury, as measured by lung compliance and survival. Further studies need to be performed to determine
whether this decrease in ecNOS activity during hyperoxia plays a role in the pathogenesis of hyperoxia-

related lung injury.

INTRODUCTION

Supplemental oxygen is administered for the treatment of
tissue hypoxemia, most commonly in an intensive care setting.
In the pediatric population, oxygen is administered to neonates
as part of the treatment of the newborn respiratory distress
syndrome. Although oxygen is one of the most commonly
prescribed treatments in the care of hospitalized patients, its
potent toxicity is well recognized. Acute pulmonary oxygen
injury is characterized by tissue and alveolar edema, surfactant
dysfunction, lung inflammation, and decreased pulmonary
compliance. Prolonged exposure to oxygen leads to the devel-
opment of chronic lung disease or death. In premature infants,
this chronic lung injury is called bronchopulmonary dysplasia.
Infants with bronchopulmonary dysplasia have persistent pul-
monary dysfunction, frequent hospitalizations, and often de-
velop secondary cardiac disease (1, 2).

Although the exact mechanisms of pulmonary oxygen tox-
icity are unknown, there is strong evidence to suggest that
oxygen toxicity is mediated in large part by the production of
reactive oxygen metabolites (ROMs), such as superoxide anion
(O,7) (1-3). ROMs induce cellular damage by several mech-
anisms, including peroxidation of membrane lipids, oxidation
of membrane proteins, and breakage of DNA strands (1-3).

Nitric oxide (NO) is a potent oxidant formed from L-arginine
and molecular oxygen by the enzyme nitric oxide synthase
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(NOS). In addition to direct cytotoxicity, NO can induce cellular
damage by combining with superoxide anion to form the potent
oxidant peroxynitrite (ONOO™). Peroxynitrite formation is in-
creased in animal models of septic shock and is associated with
the observed vascular hyporeactivity (4). Similarly, peroxynitrite
production has been demonstrated in the lungs of patients with
adult respiratory distress syndrome and also in the lungs of ro-
dents exposed to prolonged hyperoxia (5).

To date, three isoforms of NOS have been identified. Neu-
ronal NOS (nNOS) is formed constitutively in the central and
peripheral nervous systems and its activity is calcium depen-
dent. The other constitutive isoform of NOS, endothelial cell
NOS (ecNOS), is also calcium dependent and is expressed
constitutively by a variety of cells, including the pulmonary
vascular endothelium. The tonic production of NO by ecNOS
is important for maintaining blood flow to organs such as the
heart, lung, liver, and kidneys (6). In addition, NO derived
from ecNOS is an important regulator of platelet and neutro-
phil adhesion and activation (6). ecNOS activity is decreased
during experimental sepsis, can be increased during prolonged
hypoxia (6, 7), and has been shown to be decreased in patients
with pulmonary hypertension (8).

The third isoform of NOS is the calcium-independent, induc-
ible isoform, iNOS. iNOS activity is induced by a variety of
pro-inflammatory cytokines both in vivo and in vitro. These in-
clude tumor necrosis factor, interferon gamma, and interleukin-1
(6). iNOS is also induced both in vivo and in vitro by adminis-
tration of bacterial endotoxin (lipopolysaccharide; LPS). How-
ever, the regulation of iINOS gene expression varies with the



346 SHOCK voL. 7, No. 5

specific cell type or animal model studied. In a rodent model of
sepsis produced by the administration of LPS, iNOS activity is
elevated in several organs, including the heart, lung, liver, kid-
neys, and aorta. Interestingly, the lung had the highest iNOS
activity of any of the organs studied (9). Subsequent studies
showed that the induction of iNOS was an important contributor
to the increased pulmonary trans-vascular flux associated with
systemic endotoxemia (10). iNOS is also induced in experimental
models of hemorrhagic shock and ischemia/reperfusion injury (6,
11). Based on these findings, it has been suggested that increased
iNOS activity contributes to the cardiovascular and pulmonary
dysfunction seen in these models of shock. This suggestion is
supported by the observation that humans with septic shock had
increased plasma nitrite and nitrate levels, the breakdown prod-
ucts of NO (12). More importantly, inhibition of NOS in septic
patients increased systemic vascular resistance and mean arterial
blood pressure (13).

Oxidant stress has recently been shown to induce iNOS in
pulmonary alveolar epithelial cells (14). Based on the regula-
tion of NO production by cytokines and oxidants, and the
possible role of NO and its metabolites in lung injury, we
hypothesized that prolonged hyperoxia would alter NO pro-
duction and NOS activity in mouse lungs.

MATERIALS AND METHODS

Female FVBN mice (Harlan, Indianapolis, IN), 6—8 weeks olds and weigh-
ing 20-23 g, were used for all experiments. Animals were housed and fed in
accordance with guidelines set forth by the Children’s Hospital Research
Foundation Institutional Animal Care and Use Committee. All animals were
allowed to acclimate for a minimum of 5 days before experimental use.

Exposure to hyperoxia

At time 0, experimental mice were placed into 1.5 cubic foot Plexiglas
chambers and exposed to normobaric hyperoxia (F1o, = .95). Each chamber
received oxygen at 4.0 L/min and oxygen concentration was measured con-
tinuously with an oxygen analyzer (Catalyst Research, Owing Mills, MD).
During the exposure period, CO, concentration in the chamber was less than
1%. Normoxic control animals (room air; RA) were maintained in open cages.
All animals were allowed food and water ad libitum.

Pressure volume (P/V) analysis

At various times after the start of the exposure to hyperoxia (2, 3, 4, and 5
days) animals were given a lethal intraperitoneal injection of pentobarbital (50
mg/kg) and were placed in 100% oxygen for 10 min to metabolically degas the
lungs. The tracheas were cannulated with a 20 gauge blunt tip needle. The
abdomen was then opened and the abdominal organs were eviscerated. The
diaphragm was then incised from below, taking great care not to injure the
lungs. The thorax was otherwise left undisturbed. The tracheal cannula was
then connected to a three-way stopcock, which was connected to a Motorola
pressure transducer model MPX5010DP (Motorola, Inc., Phoenix, AZ). The
reference port of the transducer was open to atmosphere. The pressure trans-
ducer was calibrated with a mercury manometer before each series of exper-
iments. The pressure transducer output signal was DC coupled, sampled at 20
Hz, and displayed in scrolling mode at 1 s per division with a Tektronix digital
oscilloscope model 2430A (Tektronix, Wilsonville, OR). A 3 mL glass syringe
was used to inject incremental volumes of air into the lungs through the
stopcock. The steady-state change in the transducer output with each incre-
mental volume change was recorded.

The lungs were slowly inflated to 30 cm of H,O pressure and the volume
instilled into the trachea was recorded as V30. In previous studies, it was
determined that 30 cm of H,O pressure is needed to inflate the lungs maxi-
mally without over distending the alveoli (15). This pressure was maintained
for 3 min before deflation. A drop in pressure of more than 5 cm H,O during
this period was considered to result from an air leak, and the animal was
excluded from analysis. After a period of equilibration, the lungs were incre-
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mentally inflated and deflated with .1-.2 cc of air, and the pressure was
recorded at each volume. P/V compliance curves during both inflation and
deflation were thus generated. For all experiments, 8 to 10 animals were used.

iNOS and cNOS enzyme activity

A separate group of mice was treated identically to those analyzed for P/V
determination. At 2, 3, 4, and 5 days of hyperoxia, the lungs were excised and
frozen at —80°C for later measurement of iNOS and c¢NOS activities. The
lungs were first homogenized in N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid (HEPES buffer; pH 7.5). Conversion of L-[3H]arginine to
L-[*H]citrulline was measured in the homogenates, as previously described (9).
Briefly, 50 pL of tissue homogenate (approximately 100 ug of protein per
sample and equal for all groups) was incubated in the presence of L-arginine/
[*Hlarginine (10 uM, 5000 Bq per tube), and NADPH (1 mM), calmodulin (30
nM), tetrahydrobiopterin (5 M), and calcium (2 mM) for 20 min. in HEPES
buffer. Reactions were stopped by dilution with 1 mL of ice-cold HEPES
buffer, pH 5.5, 2 mM EGTA/2 mM EDTA. Reaction mixtures were applied to
Dowex 50W (Na™ form) columns; L-[*H]citrulline was eluted and measured
by scintillation counting. Parallel experiments done in the absence of NADPH
determined the extent of L[*H]citrulline formation, independent of a specific
NOS activity (<3% above background in the lung). To measure the calcium-
independent (i.e., induced) NOS activity, incubations were done with NADPH
and EGTA (5 mM) and without calcium. L-[*H]arginine was obtained from
DuPont NEN (Boston, MA). All other chemicals were from Sigma Chemical
Co. (St. Louis, MO). Protein concentration was measured spectrophotometri-
cally in 96-well plates using a Bio-Rad protein assay (Hercules, CA). Six
animals were used for all experiments.

Bronchoalveolar lavage (BAL) fluid nitrite/nitrate

In a separate group of mice exposed to oxygen, the trachea were cannulated
and lavaged with 5 aliquots of .8 mL of sterile phosphate-buffered saline. The
fluid was centrifuged at 600 X g for 5 min and the undiluted supernatant was
assayed for total nitrite/nitrate production by the modified Griess reaction.
Briefly, 50 puL was placed in a 96-well plate and incubated for 3 h at room
temperature with 25 pL of nitrate reductase and 25 uL of BNADPH (Sigma
Chemical Co.). Thereafter, 50 uL of 1% sulfanilamide and 50 uL of .1%
naphthylethylene diamine dihydrochloride/2.5% H;PO, were added to each
well and incubated for 10 min at room temperature. The absorbance of the
mixture at 546 nm was determined by a microplate reader (Molecular Devices
Corporation, Menlo Park, CA). All samples were assayed in triplicate. Five
mice per group were used. In all animals, lavage returns were at least 85% and
were not significantly different between groups.

Northern blot analysis

Total RNA was isolated from the lungs of another group of normoxic
control (RA) or oxygen-exposed mice. Immediately after removal, lungs were
homogenized in 2 mL of 4 M guanidine thiocyanate (Sigma Chemical Co.).
The homogenate was layered over 5.7 M cesium chloride (Sigma Chemical
Co.) and centrifuged at 35,000 X g for 18 h. The RNA was dissolved in water,
phenol extracted, and precipitated with ethanol. Total RNA was quantified by
spectrophotometry (260 nM) and 20 ug of RNA per sample was separated by
electrophoresis in a 1% agarose, 3% formaldehyde gel. RNA was transferred
to nitrocellulose membranes (Micron Separations Inc., Westboro, MA) and
ultraviolet cross-linked (UV Stratalinker 1800; Stratagene, La Jolla, CA).
Membranes were hybridized overnight at 42°C with a murine iNOS probe
labeled with [**P]dCTP (16) (specific activity 3000 Ci/mM, Dupont NEN) by
random priming (Pharmacia, Piscataway, NJ). The hybridized filters were
serially washed at 53°C using 2X SSC (sodium citrate/sodium chloride/.1%
sodium dodecyl sulfate and 25 mM NaHPO,/1 mM EDTA/.1% sodium dode-
cyl sulfate solutions). To normalize for loading differences, the membranes
were stripped with boiling 5 mM EDTA and rehybridized with an end-labeled
([**P]dATP) oligonucleotide probe for 18 S rRNA. The iNOS and 18 S RNA
was quantitated by exposure of the membrane on a Phosphorlmager screen
(Molecular Dynamics, Sunnyvale, CA). iNOS mRNA was normalized to 18 S
rRNA for comparative purposes. Three animals were used for each group.

A separate group of normoxic mice were given an intraperitoneal injection
of Escherichia coli LPS (0127:B8, Difco Laboratories, Detroit, MI; .5 mg/
mouse). Lung and serum samples were harvested at either 6 or 18 h after LPS
administration and used as positive controls for lung iNOS determinations,
serum nitrite/nitrate determinations, and iNOS mRNA analysis.
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Nonisoform selective NOS inhibition

Another group of oxygen-exposed or normoxic (RA) mice received an
intraperitoneal injection of N®-nitro-L-arginine methyl ester (L-NAME, Sigma
Chemical Co.; 20 mg/kg intraperitoneally) dissolved in normal saline. The first
dose was given 8 h after putting the mice into oxygen, with subsequent doses
given every 8 h. Control mice received an injection of normal saline only.
Administration of L-NAME in doses similar to our study have previously been
shown to significantly inhibit constitutive NOS activity (17-20). For all
experiments, 8 to 10 animals were used. For survival studies, the number of
surviving mice was recorded every 8 h.

Statistical analysis

Statistical analysis was performed using analysis of variance, followed by
a Tukey-Kramer post hoc analysis. Data are expressed as mean = SE. Survival
studies were analyzed using chi-square at all time points. Differences were
considered significant at p < .05.

RESULTS
Oxygen-induced lung injury

To determine the time course of oxygen-induced lung injury,
we performed compliance studies after 2, 3, 4, and 5 days of
hyperoxia. Fig. 1 shows that the V30 was not significantly
reduced after 2 days of hyperoxia. Similarly, there was no
difference in any points along either inflation or deflation P/V
curves after 2 days of exposure to hyperoxia (data not shown).
The V30 was, however, significantly reduced after 3 days of
hyperoxia. Fig. 2 shows that after 3 days of hyperoxia, the P/V
curves of hyperoxia-exposed mice also began to differ from
normoxic controls and were significantly different at three
points on the deflation curve. These curves also show the
normal hysteresis pattern during inflation and deflation. That
is, at any given intratracheal pressure, the volume during
deflation is greater than the volume during inflation.

The difference in V30 between normoxic controls and oxy-
gen exposed mice was greater after 4 days of exposure (Fig. 1).
After 5 days of hyperoxia, the lungs of the mice were too
fragile to perform compliance studies. Inflation of even the
smallest amounts of air resulted in rupture of the alveoli with
resultant air leak. After 4 days of hyperoxia, the P/V curves
separated completely and were significantly different at almost
all points along both the inflation and deflation curves (Fig. 3).
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Fia. 1. V30 versus length of normobaric hyperoxia exposure in
days. Results are mean + SEM. *p < .05 vs. normoxic controls; +p <
.05 vs. 3 days of hyperoxia.
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Fic. 2. P/V curve of mice after 3 days of normobaric hyperoxia
(—O—) or room air (—{1—). Graph plots the volume of intratracheal air
on the y axis versus the intratracheal pressure on the x axis. Each point
on the plots represent mean + SEM. *p < .05 vs. normoxic controls at
deflation only.
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Fic. 3. P/V curve of mice after 4 days of normobaric hyperoxia
(—{—) or room air (——O—). Graph plots the volume of intratracheal air
on the y axis versus the intratracheal pressure on the x axis. Each point
on the plots represent mean = SEM. *p < .05 vs. normoxic controls at
inflation and deflation.

Once again, the lungs of the surviving mice exposed to hyper-
oxia for 5 days were too friable to perform P/V studies.

BAL fluid nitrite/nitrate production

To determine whether hyperoxia caused local changes in NO
production, we determined total nitrite/nitrate levels in the
BAL fluid from mice exposed to hyperoxia or normoxic con-
trols (RA). Fig. 4 shows that after 4 days (4.3 = .6 uM vs.
1.8 .2 uM,p <.05) and 5days 3.5+ 4 uMvs. 1.8 £ .2
M, p < .05) of hyperoxia, the BAL total nitrite/nitrate was
significantly increased from normoxic controls.






