0031-3998/04/5603-0345
PEDIATRIC RESEARCH
Copyright © 2004 International Pediatric Research Foundation, Inc.

Vol. 56, No. 3, 2004
Printed in U.S.A.

Oxygen Tension and Inhaled Nitric Oxide
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ABSTRACT

The oxidative environment within the lung generated upon
administration of oxygen may be a critical regulator for the
efficacy of inhaled nitric oxide therapy, possibly as a conse-
quence of changes in nitrosative and nitrative chemistry.
Changes in S-nitrosocysteine and 3-nitrotyrosine adducts were
therefore evaluated after exposure of rats to 80% or >95%
oxygen for 24 or 48 h with and without 20 ppm inhaled nitric
oxide. Exposure to 80% oxygen led to increased formation of
S-nitrosocysteine and 3-nitrotyrosine adducts in lung tissue that
were also associated with increased expression of iNOS. The
addition of inhaled nitric oxide in 80% oxygen exposure did not
alter any of these adducts in the lung or in the bronchoalveolar
lavage (BAL). Exposure to >95% oxygen led to a significant
decrease in S-nitrosocysteine and an increase in 3-nitrotyrosine
adducts in the lung. Co-administration of inhaled nitric oxide
with >95% oxygen prevented the decrease in S-nitrosocysteine
levels. The levels of S-nitrosocysteine and 3-nitrotyrosine re-
turned to baseline in a time-dependent fashion after termination

Inhaled nitric oxide (NO) is a relatively new but established
therapeutic modality for the treatment of a variety of respira-
tory diseases in neonates such as PPHN and CLD. Clinical
trials utilizing inhaled NO for the treatment of PPHN have
shown improved arterial oxygen tension and decreased ECMO
utilization with similar mortality rates (1-4). The use of in-
haled NO has been shown to improve oxygenation in prema-
ture infants with severe hypoxemic respiratory failure (5), and
a preliminary study of infants with established CLD has shown
both a reduced supplemental oxygen requirement and im-
proved arterial oxygen tension in 11 of 16 infants (6). More
recently, Schreiber ef al. (7) have demonstrated a decrease in
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of exposure to >95% oxygen and inhaled nitric oxide. These
data suggest the formation of S-nitrosating and tyrosine-nitrating
species is regulated by oxygen tensions and co-administration of
inhaled nitric oxide restores the nitrosative chemistry without a
significant impact upon the nitrative pathway. (Pediatr Res 56:
345-352, 2004)

Abbreviations
3NT, 3-nitrotyrosine
BAL, bronchoalveolar lavage
CLD, chronic lung disease
ECMO, extracorporeal membrane oxygenation
NO, nitric oxide
eNOS, endothelial nitric oxide synthase
iNOS, inducible nitric oxide synthase
nNOS, neuronal nitric oxide synthase
PPHN, persistent pulmonary hypertension
SNO, S-nitrosothiol

death and chronic lung disease in premature infants given
inhaled NO.

One of the concerns regarding the use of inhaled NO in
conjunction with hyperoxia has been the potential of forming
secondary reactive nitrogen species (§—10). Hyperoxia induces
the formation of reactive oxygen species, which may consume
NO, preventing its therapeutic effects. The reactive nitrogen
species formed may also contribute to oxidative injury, and
evidence for protein oxidation and nitration has been accumu-
lating in experimental models of hyperoxia-induced lung in-
jury. In particular, hyperoxia has been found to cause damage
to alveolar epithelium and endothelium (11, 12), and extensive
nitration in airway epithelium and alveolar interstitium has
been noted in female mice exposed to hyperoxia (13). Re-
cently, in a model of hyperoxia in newborn rats, macrophages
were demonstrated to play a significant role in the generation
of reactive oxygen species and 3-nitrotyrosine (14). Peroxi-
dases may also contribute to the formation of nitrative species
(15, 16), and myeloperoxidase specifically has been implicated
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in the generation of 3-nitrotyrosine in a rat model of hyperoxia
(17). Despite the anticipation that protein nitration may be
further augmented by inclusion of inhaled NO, inhalation of 20
ppm in the mouse model failed to show any significant increase
in nitrated proteins (13). Inhalation of NO at 20 ppm or less has
actually been associated with a reduction in local inflammatory
events and prolonged survival during hyperoxia (18, 19).

Another NO-mediated protein modification is the S-
nitrosation of cysteine residues yielding SNO. This protein
modification may profoundly regulate the reactivity of NO by
directly altering the activity of nitrosated proteins, or possibly
by consuming NO, thereby decreasing the formation of nitrat-
ing species. The number of proteins identified that are regu-
lated by nitrosation continues to grow, and there is mounting
evidence that nitrosative chemistry plays a significant role in
signaling processes including regulation of cell homeostasis
and survival (20-24). Previous studies have shown that S-
nitrosocysteine adducts are increased with the use of inhaled
NO with or without concurrent hyperoxia (13).

The effects of different oxygen tensions in modulating the
formation of nitrosating and nitrating species within the lung
remain largely unexplored with the exception of one small
clinical study that has reported a positive correlation between
premature infant plasma 3-nitrotyrosine levels and supplemen-
tal oxygen (25). Moreover, the effect of returning to room air
after exposure to hyperoxia and inhaled NO on the dynamic
changes of NO-mediated protein modifications has not been
evaluated. This study explored the effects of exposure to 80%
and >95% oxygen in the presence or absence of inhaled NO
administration on the regional distribution within the lung of
S-nitrosocysteine and 3-nitrotyrosine and quantified the
changes of NO adducts over time in BAL, plasma, and lung
tissue. The same indices were assessed 24 and 48 h after return
to room air.

METHODS

Adult Fisher 344 male rats were treated with one of six
conditions: 1) room air (21% inhaled oxygen concentration); 2)
20 ppm inhaled NO; 3) 80% inhaled oxygen; 4) 80% inhaled
oxygen plus 20 ppm inhaled NO; 5) >95% inhaled oxygen; or
6) >95% inhaled oxygen plus 20 ppm inhaled NO. Eight
animals were assigned to the room air control group, and six
animals were treated in each experimental condition. Oxygen
was provided through canisters of the desired concentration of
oxygen prepared by the manufacturer. Inhaled NO was pro-
vided through 400 ppm canisters titrated through an INOvent
analyzer (INO Therapeutics, Inc., Clinton, NJ). Concentrations
of each gas as well as nitrogen dioxide were monitored during
the experiment using chemiluminescence methodology. All
animals were housed in a sealed Plexiglas container with
positive pressure instillation of both study gases. Feeding was
ad libitum. The institutional animal care and use committee of
the Children’s Hospital of Philadelphia approved this project.

For each of the experimental conditions, animals were
treated for either 24 or 48 h and then killed after anesthesia
with pentobarbital. Study samples were obtained after anesthe-
sia but before death. For one group of animals treated with

LORCH ET AL.

>95% inhaled oxygen plus 20 ppm inhaled NO, the experi-
mental condition was stopped after 24 h and the animals
allowed to recover on room air for 24 or 48 h before anesthesia
and sacrifice. After anesthesia with pentobarbital, a tracheos-
tomy tube was placed under direct visualization. BAL was then
performed by instilling 30 mL/kg of 50 mM PBS directly into
the tracheostomy tube, divided into two aliquots. Lung tissue
was then obtained through saline washing of the tissue, re-
moval en bloc, and fixation of one lung in 4% paraformalde-
hyde in PBS. The other lung was snap frozen in liquid nitrogen.
Finally, whole blood was obtained in heparinized test tubes
under direct cardiac puncture and centrifuged at 500 X g for 10
min. Fifty microliters of plasma and BAL fluid was placed in
a buffered solution of 5 mM N-ethylmaleimide and 100 uM
diethylenetriaminepentaacetate (DTPA) for measurement of
SNO levels. The rest of the sample was set aside for nitrate and
nitrite measurements.

Measurement of SNO. Protein SNO and low-molecular-
weight SNO were measured by a chemiluminescence-based
assay through the reaction of NO with ozone. Five milliliters of
50 mM potassium iodine in glacial acetic acid were placed in
the purge container of the Sievers 280 chemiluminescence
analyzer (Sievers Instruments, Boulder, CO, U.S.A.). Sulfanil-
amide was added to each sample at a final concentration of
0.1% to eliminate nitrite. Ten microliters of the unknown
sample, either plasma or BAL fluid, were injected into the
purge container. The reading in millivolts was compared with
a standard curve using SNO-glutathione, obtaining a concen-
tration of SNO. This value was then standardized to the protein
concentration of the sample assessed via colorimetric tech-
niques using a Bio-Rad protein assay (Bio-Rad, Hercules, CA,
U.S.A).

Measurement of nitrate and nitrite. Nitrite and nitrate
levels were measured by the same chemiluminescence tech-
niques using 5 mL of 0.05 M vanadium chloride mixed with 1
N HCI in the purge vessel of the Sievers 280 chemilumines-
cence analyzer heated to 97°C. Ten microliters of the unknown
sample, either plasma or BAL fluid, were injected into the
purge container. The reading in millivolts was compared with
a standard curve generated with authentic nitrate and nitrite,
obtaining a combined concentration of nitrate plus nitrite.

Immunohistochemical analysis of lung tissue. Paraffinized
lung tissue was deparaffinized and stained with either rabbit
polyclonal anti-3NT antibodies as developed by Viera et al.
(26) or rabbit polyclonal anti-SNO antibodies as developed by
Geflard et al. (27) as previously described (13). 3-Nitrotyrosine
staining was confirmed with a polyclonal anti-3NT antibody
(polyclonal 432) raised against a synthetic peptide as described
previously (28). Fluorescently tagged goat anti-rabbit second-
ary antibodies were used to localize 3NT and SNO signal
within the lung tissue. Fab fragments of these secondary
antibodies were used to minimize nonspecific Fc binding to
lung macrophages. Slides were examined using an Olympus
(Tokyo, Japan) fluorescence-inverted microscope and random
areas were quantified with the Metamorph imaging system
(Universal Imaging Corporation, Downington, PA) under 20X
magnification. Dithionite or mercuric chloride was used to
create negative controls.
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Additional samples were stained with polyclonal anti-iNOS
antibodies (Transduction Laboratories, Lexington, KY,
U.S.A)) at 1:1000 dilution after antigen retrieval in boiling
sodium citrate. Antibody binding was visualized by use of
Vector goat anti-rabbit secondary antibody and a Vector Elite
ABC staining kit (Vector Laboratories, Burlingame, CA,
U.S.A.) for DAB according to the manufacturer’s instructions.
The sections were counterstained with hematoxylin and
mounted for light microscopy. One section for each animal was
treated without primary antibody as a negative control.

Statistical methods. Nonparametric statistical methods were
used to compare measurements of SNO and nitrite/nitrate
levels between experimental groups and the room air controls.
To assess the effects of individual treatments on these mea-
surements, ordinary least-squares regression analysis was used
via Stata version 7.0 (StatSoft, College Station, TX, U.S.A.).
Image quantification of immunohistochemically stained slides
was analyzed using nonparametric statistical techniques and
compared with room air controls.

RESULTS

S-nitrosocysteine adducts. The SNO adducts in the BAL
fluid collected in a solution of N-ethylmaleimide and DTPA
were evaluated by potassium iodide/iodine reduction and gas
phase chemiluminescence detection in sulfanilamide treated
samples. Data in Figure 1 reveal that treatment with 80%

347

oxygen for 48 h resulted in a significant increase in SNO levels
compared with room air control animals, and that co-
administration of inhaled NO did not change these levels. In
contrast, exposure to >95% oxygen for the same time resulted
in a significant decline to nearly undetectable levels. The
co-administration of inhaled NO with >95% oxygen resulted
in SNO levels comparable to baseline control levels after 24 h
of exposure. In animals maintained in room air, treatment with
inhaled NO increased SNO levels by an average of 60% in
BAL.

The quantitative assessment of SNO adducts in BAL appears
to be reflective of changes in the lung tissue as determined by
immunohistochemical evaluation of the regional distribution of
SNO adducts (Fig. 2). Increased staining in the bronchial and
alveolar tissue as compared with controls was observed in the
lung tissue of animals treated with 80% oxygen. Consistent
with the decline of SNO adducts in BAL, exposure to >95%
oxygen revealed a significant decrease (statistically significant
when analyzed digitally with MetaMorph software) in the
staining in both bronchial and alveolar tissue. Addition of
inhaled NO to animals exposed to 80% oxygen did not increase
staining, whereas inhaled NO in the presence of >95% oxygen
increased SNO staining in bronchial airway epithelium. Pre-
treatment of the lung tissue with HgCl eliminated the binding
of the anti-S-nitrosocysteine antibody, demonstrating the spec-
ificity of staining.
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Figure 1. Quantification of S-nitrosocysteine and low-molecular-weight SNO in BAL fluid of animals treated with 80% or >95% oxygen with or without 20
ppm inhaled NO. Data reported as pmol SNO/mg of protein. *p < 0.05 compared with room air controls by nonparametric rank sum test. Ordinary least-squares
regression was used to evaluate the independent effects of oxygen concentration and inhaled NO treatment on SNO in BAL fluid. Exposure to 80% oxygen was
found to significantly increase SNO levels in the BAL when used for 48 h (n = 6, p < 0.001). Exposure to >95% oxygen, though, was found to decrease SNO
levels in BAL (n = 6, p < 0.001). Inhaled NO treatment increased SNO levels in the BAL independent of oxygen concentration (p < 0.001).
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Figure 2. Representative photos of the immunohistochemical staining for SNO in lung tissue using polyclonal rabbit anti-SNO. (4) Room air control; (B) 80%
oxygen, 48 h of treatment; (C) 80% oxygen plus 20 ppm inhaled NO, 48 h of treatment; (D) >95% oxygen, 48 h of treatment; (E) >95% oxygen plus 20 ppm
inhaled NO, 48 h of treatment; () negative control treated with mercuric chloride. Magnification X20.

3-Nitrotyrosine adducts. Localization of 3-nitrotyrosine ad-
ducts in lung tissue is shown in Figure 3. Exposure to either
80% or >95% oxygen concentration increased 3-nitrotyrosine
staining in both bronchial and alveolar tissue. Compared with
>95% oxygen, animals treated with 80% oxygen had signifi-
cantly higher staining, especially in alveolar tissue. Use of
inhaled NO did not change the intensity of staining at any
oxygen concentration. There was no difference in localization
or intensity of the staining between animals treated for 24 or
48 h.

NO metabolites. Figure 4 shows BAL measurements of
vanadium-reducible NO metabolites, which principally reflect
nitrate and nitrite, stable byproducts of NO reactivity and
metabolism. The levels of these NO metabolites in BAL
showed significant animal-to-animal variation without signifi-

v am)
300 am

cant differences between treatment groups except for a decline
in animals exposed to 80% oxygen for 48 h. Use of inhaled NO
failed to significantly change the concentration of nitrate and
nitrite in the BAL fluid at either 80% or >95% oxygen
exposure, except for an increase seen at 48 h in >95% oxygen
exposure. In contrast to the BAL measurements, plasma nitrate
and nitrite increased significantly with administration of in-
haled NO in animals exposed to room air or 80% or >95%
oxygen.

Expression of NOS isoforms in the lung tissue. To inves-
tigate the mechanism for increased nitrosated and nitrated
protein adducts detected in animals treated with 80% oxygen
versus >95% oxygen, expression of NOS isoforms was ex-
plored. Immunohistochemistry for iNOS demonstrated a
marked increase in staining for iNOS in large peribronchial

Figure 3. Representative photos of the immunohistochemical staining for 3-nitrotyrosine in lung tissue using polyclonal rabbit anti-3-nitrotyrosine. (4) Room

air control; (B) 80% oxygen, 48 h of treatment; (C) 80% oxygen plus 20 ppm inhaled NO, 48 h of treatment; (D) >95% oxygen, 48 h of treatment; (£) >95%
oxygen plus 20 ppm inhaled NO, 48 h of treatment; (F) negative control treated with dithionite. Magnification X20.
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Figure 4. Quantification of total nitrite and nitrate in BAL fluid treated with

80% or >95% oxygen with or without 20 ppm inhaled NO. Data are reported in

M. *p < 0.05 compared with room air controls by nonparametric rank sum test; » = 6 in each group.

blood vessels in the 80% oxygen group consistent with previ-
ous studies (29). In contrast, there was no increase in staining
in animals treated with >95% oxygen (Fig. 5). Inhaled NO did
not influence staining. Western blotting of frozen lung tissue
for eNOS demonstrated no difference in expression between
groups, and nNOS was undetectable by Western blot (data not
shown).

Assessment of S-nitrosocysteine, 3-nitrotyrosine adducts,
and vanadium-reduced NO metabolites during recovery at
room air. A total of 12 animals were treated for 24 h with
>95% oxygen and 20 ppm inhaled NO. Six animals were
killed immediately after treatment as a control group; three
animals recovered in room air for 24 h before sacrifice; and the
last three animals recovered in room air for 48 h before
sacrifice. Figure 6 shows the analysis on plasma and BAL
samples taken from these animals. The levels of nitrate and
nitrite in BAL showed no significant change in any treatment
group over room air controls. However, plasma levels of nitrate
and nitrite increased with treatment, then returned to baseline
levels after 24 h of room air recovery. The levels of SNO
adducts in BAL did not increase significantly until 48 h of
recovery.

Immunohistochemical evaluation of the lung tissue is shown
in Figure 7. Staining for SNO is increased in both bronchial
and alveolar tissue after 24 h of >95% oxygen and inhaled
nitric oxide. Twenty-four hours into room air recovery, local-
ization of SNO in bronchial tissue declined significantly below
room air control levels (p < 0.05 by digital image quantifica-
tion using Metamorph software) and alveolar staining has
returned to control levels. Forty-eight hours into the recovery
period, SNO staining is significantly higher in both bronchial
and alveolar tissue compared with the other three conditions.
3-Nitrotyrosine staining, also shown in Figure 7, was elevated
in bronchial and alveolar tissue after 24 h of treatment and 24 h

into the room air recovery period. Bronchial staining had
begun to decrease 48 h into the recovery period, but still
remained significantly elevated compared with room air con-
trols. Alveolar staining had returned to near-control baseline
levels.

DISCUSSION

NO plays multifaceted roles in most organ systems and cells.
The pleotrophic biologic functions of NO are under the control
of NO synthesis by the NOS, whereas specific chemical reac-
tions of NO with proteins may regulate protein function and
transduce downstream signaling events. The binding of NO to
the reduced iron in the heme pocket of the soluble guanylate
cyclase is the prototypical signaling interaction of NO with
proteins. Recent data have also revealed that the reaction of
NO and NO-derived oxides with reduced cysteine residues
results in the formation of S-nitrosocysteine, which is proposed
to preserve NO bioactivity as well as modulate the function of
numerous proteins (20). Higher oxides of NO have also been
shown to modify aromatic residues and specifically tyrosine
residues forming 3-nitrotyrosine, which is considered a bi-
omarker of NO-mediated stress and a potential modulator of
protein function (30). The formation of higher oxides of NO
such as dinitrogen dioxide, nitrogen dioxide, and peroxynitrite
could also be facilitated by the presence of reactive oxygen
species, metal catalysts, and peroxidases. Despite the reason-
ably well-defined chemical reactions that may lead to the
formation of S-nitrosocysteine and 3-nitrotyrosine, the forma-
tion of these adducts in vivo under pathophysiological condi-
tions has not been explored. By employing well-established
models of hyperoxia, which alters the pulmonary levels of
reactive oxygen species, this study investigated the formation
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Figure 5. Representative photos of the immunohistochemical staining for
iNOS in lung tissue using polyclonal rabbit anti-INOS antibody (Transduction
Laboratories). (4) 80% oxygen, 48 h of treatment; (B) 80% oxygen plus 20
ppm inhaled NO, 48 h of treatment; (C) >95% oxygen, 48 h treatment; (D)
>95% oxygen plus 20 ppm inhaled NO, 48 h treatment; (£) room air control.

of SNO and 3-nitroyrosine adducts in the presence or absence
of inhaled NO.

The data indicated that exposure to 80% oxygen led to an
increase in SNO levels in BAL and lung tissue indicating that
this oxygen tension is conducive to nitrosative chemistry.
Expression of iNOS was increased in the pulmonary vessels,
and the associated increase in NO concentration is evident in
part by the elevated SNO levels. Proteins with cysteine(s)
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modified to SNO potentially provide a stable pool of bioactive
NO adducts mediating some biologic activity of endogenous
NO, regulating airway and pulmonary artery tone (31-33).
Rats exposed to >95% oxygen, however, had a decrease in
SNO in BAL and tissue. This could result from either increased
destruction of SNO, or a suppression of nitrosative chemistry,
specifically the availability of reduced cysteine residues. We
speculate that exposure to 95% oxygen (lethal in nearly 50% of
rats by 60 h of exposure) will increase the oxidative burden and
therefore the oxidation of cysteine residues when compared
with 80% oxygen exposure (a condition that is not lethal to rats
until 7 d of continuous exposure). Alternatively, under >95%
oxygen, nitrosated proteins might be rapidly turned over
through proteolytic or enzymatic processes. Expression of
iNOS was not increased in these animals, and, as a result, the
endogenous concentration of NO was likely lower than in the
rats exposed to 80% oxygen. Inhaled NO leads to increased
levels of nitrosation, lending further support to the concept that
NO concentration drives nitrosation of proteins. The different
levels of nitrosated proteins noted under varying oxygen ten-
sions may have clinical correlates. Recently, Schreiber et al.
(7) demonstrated a decrease in the incidence of chronic lung
disease and mortality with the administration of inhaled NO to
premature infants. Interestingly, a post hoc analysis found that
infants with a lower oxygenation index were the patients most
likely to benefit from inhaled NO (7). We speculate that
varying oxygen tensions in the clinical setting may alter the
metabolic fate of NO, thereby influencing the therapeutic
effect. Conditions that favor the formation of SNO, which
could support pulmonary physiologic functions (32), are likely
to be beneficial and inhaled NO may sustain formation of SNO
adducts even in the presence of highly oxidizing conditions as
seen in the rats exposed to >95% oxygen.

As seen in prior studies (13), use of inhaled NO at 20 ppm
not only increased SNO production, it did not significantly
increase the formation of 3-nitrotyrosine adducts. 3-Nitroty-
rosine was elevated in rats exposed to either 80% or >95%
oxygen, indicating that hyperoxia enhances formation of nitra-
tive species, consistent with results reported in other models of
hyperoxia (13, 17, 34). There is mounting evidence that in-
flammatory cells are largely responsible for nitration in hyper-
oxic conditions. Recently Jankov and colleagues (14) treated
newborn rats with 60% oxygen and demonstrated injury and
elevated 3-nitrotyrosine levels in lung tissue. Administration of
gadolinium, which prevents infiltration of the lung with mac-
rophages, attenuated injury and nitration, demonstrating that
hyperoxia creates an inflammatory state in which macrophages
are a probable source of nitrating species. Narasaraju and
colleagues (17) documented increased numbers of activated
macrophages in the lungs of rats exposed to >95% oxygen for
>48 h. In a separate experiment, co-culture of macrophages
and neutrophils from these animals with rat epithelial L2 cells
generated nitrated proteins. Interestingly, 3-nitrotyrosine has
also been detected in iNOS knockout mice exposed to >95%
oxygen, indicating that 3-nitrotyrosine formation is not solely
dependent on iNOS (35). Results presented here are consistent
with these findings in that both 80% and >95% oxygen created
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Figure 6. Quantification of NO-mediated metabolites and adducts in room air controls, animals treated with >95% oxygen plus 20 ppm inhaled NO for 24 h

(n = 6), and room air recovery animals (n = 3 at 24 h recovery and n = 3 at 48 h recovery). Diagonally hatched bars represent total nitrite and nitrate levels

in BAL fluid in uM. Solid bars represent S-nitrosocysteine and low-molecular-weight S-nitrosothiol measurements in BAL fluid in pmol/mg of protein.

Horizontally hatched bars represent total nitrite and nitrate levels in plasma in uM. *p < 0.05 compared with room air controls by nonparametric rank sum test;
tp < 0.05 compared with >95% oxygen plus 20 ppm inhaled NO animals by nonparametric rank sum test.
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Figure 7. Representative photos of the immunohistochemical staining for SNO and 3-nitrotyrosine in lung tissue using polyclonal rabbit anti-SNO or
anti-3-nitrotyrosine antibody. (4) Room air controls; (B) >95% oxygen plus 20 ppm inhaled NO, 24 h of treatment; (C) 24-h room air recovery; (D) 48-h room
air recovery. Magnification X20.

enhanced nitrative conditions even though iNOS expression for formation of nitrotyrosine, and the addition of exogenous
was elevated only in rats exposed to 80% oxygen. Oxidative NO in the form of inhaled NO has little impact on the forma-
stress and inflammation appear to be the primary driving forces  tion of nitrating species.
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The results from the room air recovery animals suggest that
the level of NO-mediated protein adducts return to baseline in
a time-dependent fashion. NO metabolite levels returned rap-
idly to baseline after administration of hyperoxia and inhaled
NO, consistent with other studies investigating sepsis and
endogenous NO (36, 37). SNO and 3-nitrotyrosine levels,
though, continued to show changes from baseline up to 48 h
after removal of >95% oxygen and inhaled NO. The ability to
metabolize and properly remove proteins modified by nitrosa-
tion and nitration may be critical for restoring normal biologic
function. Recent studies with mice deficient in the ability to
metabolize S-nitrosoglutathione were hypotensive and showed
increased levels of SNO adducts in red blood cells (38).
Similarly it has been suggested that inappropriate accumulation
of tyrosine-nitrated proteins may lead to cellular dysfunction
and triggering of immune responses (30).

Overall, hyperoxia appears to drive nitration of proteins
through infiltration of inflammatory cells and an associated
increase in the formation of nitrative species. Nitrosation,
however, may be elevated or depressed depending on the
specific oxygen tension and appears to be driven by NO
concentration. An increase in expression of iNOS or provision
of exogenous NO in the form of inhaled NO leads to an
increase in nitrosated proteins. This may be an important
mechanism for the therapeutic effect of inhaled NO in condi-
tions requiring high oxygen tensions such as persistent pulmo-
nary hypertension of the neonate.
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