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ABSTRACT: Inhaled nitric oxide (iNO) has many extrapulmonary
effects. As the half-life of nitric oxide (NO) in blood is orders of
magnitude less than the circulation time from lungs to the brain, the
mediator of systemic effects of iNO is unknown. We hypothesized
that concentrations of nitrite, a circulating byproduct of NO with
demonstrated NO bioactivity, would increase in blood and cerebro-
spinal fluid (CSF) during iNO therapy. iNO (80 ppm) was given to
six newborn lambs and results compared with six control lambs.
Blood and CSF nitrite concentrations increased 2-fold in response to
iNO. ¢cGMP increased in blood but not CSF suggesting brain guan-
ylate cyclase activity was not increased. When sodium nitrite was
infused i.v. blood and CSF nitrite levels increased within 10 min and
reached similar levels of 14.6 = 1.5 uM after 40 min. The reactivity
of nitrite in Hb-free brain homogenates was investigated, with the
findings that nitrite did not disappear nor did measurable amounts of
S-nitroso, n-nitroso, or iron-nitrosyl-species appear. We conclude that
although nitrite diffuses freely between blood and CSF, due to its lack
of reactivity in the brain, nitrite’s putative role as the mediator of the
systemic effects of iNO is limited to intravascular reactions. (Pediatr
Res 64: 375-380, 2008)

nhaled nitric oxide (iNO) is now a well-established therapy

for the treatment of pulmonary hypertension in term infants
(1-3). Although the vasodilatory effects of iNO are largely
selective to the pulmonary vasculature, peripheral actions are
also observed throughout the body (4—6). iNO therapy has
been shown to reduce the incidence of severe intracerebral
hemorrhage and periventricular leukomalacia in select groups
of premature infants (7,8) and cerebral palsy (9) and improves
neurodevelopmental outcome at 18 mo of age (10). These
studies indicate that nitric oxide (NO) bioactivity can be taken
up by blood flowing through the lungs and carried systemi-
cally. However, NO reacts rapidly with Hb and its half-life in
blood is only milliseconds (11). Therefore, attention has been
directed toward more stable circulating metabolites of NO that
might confer the systemic bioactivity of iNO.

The nitrite anion, NO, , meets many of the criteria for
being a mediator of the systemic effects of iNO. Nitrite,
produced in the plasma from the oxidation of NO (12), is
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present in the blood of mammals at mid-nanomolar concen-
trations (13). Although it was thought until recently to be
biologically inert at these concentrations, there is now evi-
dence that under hypoxic/ischemic conditions nitrite becomes
a significant source of NO by a number of biochemical pathways.
Evidence that nitrite is a potent cytoprotective source of NO
during hypoxic/ischemic stress is provided by animal studies in
the liver, heart, brain and kidney (Lundberg et al. (14)).

Based on evidence of systemic effects of iNO and bioactivity
of nitrite, we hypothesized that the neuroprotective effects of iNO
are mediated by its conversion to nitrite in the pulmonary capil-
laries followed by transport of nitrite into the brain where it
would be converted back into NO. To investigate this possibility,
experiments were carried out to detect changes in the concentra-
tions of nitrite and cGMP in the blood and cerebrospinal fluid
(CSF) of newborn lambs in response to treatment with iNO. In
addition, the kinetics of nitrite movement between the blood and
CSF, and metabolic clearance rate of NO,~ from blood in vivo
were determined. Finally, the bioactivity of NO,  in Hb-free
brain homogenates was assessed.

METHODS

Newborn lambs at 10-20 d of age were used for these studies. Protocols
were approved by the Loma Linda University Institutional Animal Care and
Use Committee. Additional details regarding the methods used herein may be
found in Supplemental Materials (available online at www.pedresearch.org).

The lambs were anesthetized with 10 mg/kg of short-acting i.v. barbiturate,
an endotracheal tube inserted, and anesthesia then continued with 1.5%
halothane in O, from a volume respirator. Lambs were instrumented with
bilateral brachial arterial and femoral venous catheters and a rectal thermistor
for monitoring arterial blood pressure and heart rate, drug infusions, blood
sampling, and temperature measure. A catheter was placed in the fourth
ventricle by passage from the suboccipital regions for CSF sampling. The
concentration of O, used during the instrumentation period was 1.0. Inhala-
tion anesthesia was then discontinued and anesthesia was maintained there-
after by morphine given i.v. (bolus 0.5 mg kg™ ' and continuing infusion of
0.1 mg kg~ ' h™") in association with vecuronium (0.1 mg kg~'-h™'). This
regime was used to mimic clinical maintenance of newborn humans receiving
NO therapy. Upon discontinuation of inhalation anesthesia, FiO, was also
decreased to 0.30 for the remainder of the experiment.

Inhaled NO. A total of twelve lambs were randomly assigned to either a
control (n = 6) or iNO (n = 6) group. To exclude endogenous NO production,
N-nitro-L-arginine-methyl-ester (L-NAME) was administered (60 mg - kg~
bolus i.v. followed by 2 mg-kg ' -h™' continuous infusion) beginning 15
min before of the start of iNO treatment. After a baseline period, iNO (80
ppm) was administered for 30 min (INOvent, iNO Therapeutics, Clinton, NJ)
followed by a 1-h recovery period. As discussed later, this dose of iNO was

Abbreviations: iNO, inhaled nitric oxide; CSF, cerebrospinal fluid; HbNO,
iron nitrosyl hemoglobin
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chosen to ensure detectable increases in blood nitrite concentrations against
which CSF could be compared. Blood and CSF samples were collected
simultaneously at baseline (before initiation of L-NAME), 1 min before
initiation of iNO, and 15, 30, 60, and 90 min after initiation of iNO. A control
group of lambs was also studied in which L-NAME was administered but iNO
was withheld.

Sodium nitrite infusion. In nine of the twelve lambs studied above (six
from the control group and three from the iNO group), and on completion of
the recovery period of the iNO protocol, sodium nitrite was infused i.v. for
120 min (0.6-2.5 mg - kg~ ! bolus followed by 1 mg-kg~'-h™ ! infusion).
Blood and CSF samples were collected simultaneously at baseline, 10, 20, 40,
60, 80, 100, and 120 min during the infusion and 30 min after termination of
the infusion.

Blood and CSF sample processing. Two-milliliter arterial blood samples
were collected in heparinized syringes for determination of blood gases, pH,
Hb, oxyhemoglobin, and methemoglobin concentrations (ABL5 and OSM3
hemoximeter, Radiometer, Copenhagen). An aliquot of the sample was added
to a nitrite stabilization solution for measurement of nitrite by triiodide
chemiluminescence method (15). CSF and plasma cGMP concentrations were
determined via competitive enzyme immunosorbent assay (EIA; Cayman
Chemical, Ann Arbor, MI).

Calculation of a blood-CSF transfer coefficient. A transfer coefficient (z.)
for the movement of nitrite between the blood and CSF was determined by
fitting experimental data to a two-compartment model of blood-to-CSF
transfer during constant infusion of nitrite. Details of this model, written in
BASIC, are found in the Supplemental Materials (available online at www.
pedresearch.org).

Nitrite metabolism in brain homogenates. To investigate nitrite metabo-
lism in brain tissue, homogenates of adult ovine brain were studied in vitro.
After both carotids had been perfused with 1 liter of cold saline to remove
blood from the cerebral circulation brain samples were excised, mixed with 2
volumes of Tris-buffered saline, and homogenized (Polytron, Brinkman Instr,
Westury, NY). Oxygen tensions were reduced to 1020 Torr tonometrically
by equilibration with 3% CO, in a balance of N,, and homogenates were
transferred anaerobically to sealed vials and warmed to 39°C.

Sodium nitrite was injected to achieve an initial concentration of 100 uM.
Samples were collected over time for measurement of nitroso species includ-
ing s-nitrosothiols, nitrosylated iron, and n-nitrosamines as previously de-
scribed (16), as well as nitrite. Total nitrite and nitroso-species concentrations
were determined by injection of the first aliquot into the triiodide solution in
line with a chemiluminescence NO analyzer. The second aliquot was treated
with acid sulfanilamide to remove free nitrite before chemiluminescence
detection. The third aliquot was treated with both sulfanilamide and HgCl, to
remove both nitrite and s-nitrosothiols for measurement of iron-nitrosyl and
n-nitrosamine species.

Statistical analysis. One-way analysis of variance was used to detect
significant changes from baseline measurements over time. Two-way analysis
of variance with repeated measures was used to detect differences between
control and iNO groups. Bonferroni’s post hoc test was used to detect
differences at specific data points. Means are presented with their standard
errors. The software GraphPad Prism v5.0 for Macintosh (GraphPad Soft-
ware, Inc, San Diego, CA) was used for statistical analyses.

RESULTS

The weight of the twelve lambs studied averaged 5.5 = 0.5
kg, with no significant baseline differences between the iNO
and control groups. Baseline blood gases, methemoglobin
levels and arterial blood pressures are provided in Figure 1
and were in the normal range.

Effects of iNO. Administration of iNO resulted in signifi-
cant increases in blood nitrite after 15 and 30 min of inhala-
tion, with a return to baseline values within 30 min after the
end of iNO treatment (Fig. 2). Nitrite concentrations in the
CSF increased more slowly and did not become significantly
elevated above baseline levels until 30 min after the end of the
iNO treatment period, and then returned to baseline levels 30
min later. Plasma cGMP concentrations increased signifi-
cantly above baseline during iNO treatment and also above
levels in control animals (Fig. 3). cGMP concentrations in the
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Figure 1. Time course of changes in mean arterial blood pressure and arterial
Po,, oxygen content (O, ct), Pco,, pH, and methemoglobin (MetHb) concen-
trations. Both control (@) and iNO (O) animals received L-NAME infusion.
*Indicates significant difference from baseline values (p = 0.01); §indicates
significant difference between control and experimental values (p = 0.01).

CSF were measurably higher than plasma levels at all time
points and remained stable throughout the experiments.

Methemoglobin concentration increased from baseline lev-
els of 1.7 = 0.2% to reach a peak of 2.5 * 0.2 after 30 min
of iNO, a change that did not reach significance.

Results of i.v. infusion of nitrite. Sodium nitrite was in-
fused to measure the 7. of nitrite between blood and CSF.
Physiologic responses to the nitrite infusion are shown in
Figure 4, and blood and CSF nitrite concentrations are shown
in Figure 5. After about 45 min, blood and CSF nitrite
concentrations were stable and no longer measurably different
from one another. The average blood level thereafter was used
to calculate the clearance rate for each lamb. Blood nitrite
concentrations averaged 14.6 = 1.5 uM and the metabolic
clearance rate was then readily calculated as the rate of nitrite
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Figure 2. Time profile of whole blood (A) and CSF nitrite (B) concentrations
in response to L-NAME and addition of 80 ppm NO to inspired air (O)

compared with controls (@®). *Indicates significant difference from baseline
reached after L-NAME infusion (p = 0.01).
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Figure 3. Plasma cGMP concentrations before, during, and after 80 ppm iNO
(W) compared with controls ([J). Baseline samples were collected after
initiation of L-NAME infusion but before initiation of iNO. *Indicates sig-
nificant difference from baseline values (p = 0.01); §indicates significant
difference from control values (p = 0.01).

infusion (0.24 wmol - min~' - kg~ ') divided by this blood
level. The result averaged 16.4 + 1.7 mL+min ' -kg ' for
these lambs weighing 5.5 kg. After stopping the infusion,
whole blood nitrite concentrations decreased with an apparent
half time of 28.3 * 3.6 min, somewhat longer than found
earlier after bolus injections (17), suggesting nitrite had en-
tered slower equilibrating compartments during the prolonged
infusion. In the CSF, nitrite levels fell with an apparent
half-life of 61 = 9 min.

The highly diffusible compound urea was used as a time
marker for passage from the fourth ventricle to sampling site.
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Figure 4. Time course of changes in mean arterial blood pressure, Po,,
oxygen content (O, ct), Pco,, pH, and methemoglobin (MetHb) levels before
and during a 120-min i.v. infusion of nitrite. *Indicates significant difference
from baseline values (p = 0.01).

After an i.v. bolus (0.2 g+ kg™ "), its concentration had peaked
in less than 5 min and thereafter declined (n = 3, data not
shown). Because this time interval is appreciably less than the
15 min that elapsed before the first collections were made for
nitrite infusion, it was felt justified not to correct for delays
occasioned by transit of nitrite from the CSF-formation site to
the sampling catheter.

Nitrite infusion resulted in significant increases in both
plasma and CSF cGMP concentrations. Levels remained ele-
vated for 30 min after the end of nitrite infusion, as shown in
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Figure 5. Blood (®) and CSF (O) nitrite responses to an initial bolus and then
continuing infusion of nitrite, showing apparent steady state after ~40 min.
Average values thereafter were used to calculate the metabolic clearance rate
of nitrite.
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Figure 6. Blood (A) and CSF (B) cGMP concentrations before, during, and
after continuous i.v. infusion of nitrite. *Indicates significant difference from
baseline reached after L-NAME infusion (p = 0.01).

Figure 6. The blood-to-CSF transfer coefficient, ¢, averaged
3.7 + 0.6 X 10~* micromoles of nitrite flux per min per unit
micromolar blood-to-CSF difference.

Nitrite metabolism in homogenates of ovine brain tissue.
After addition of sodium nitrite to an initial concentration of
100 uM no significant changes in nitrite concentrations were
observed during a 60-min period of observation. Nor was
there significant production of nitroso species during this time.
The average results for three adult sheep are shown in Figure
7A. A demonstration of the specificity of the analytical method
for SNO is shown in Figure 7B.

DISCUSSION

The present experiments provide evidence that nitrite levels
increase in blood and CSF because of iNO treatment in
newborn lambs. Circulating concentrations of cGMP, a down-
stream product of NO-mediated activation of guanylate cy-
clase, also increase 2-fold as a result of iNO. The experimental
findings also demonstrate for the first time that circulating
nitrite, provided either by i.v. infusion or indirectly by inha-
lation of NO, freely, rapidly and reversibly enters the CSF and
reaches levels comparable to those in the blood. These obser-
vations of the movement of nitrite between the blood and
brain are consistent with a neuroprotective role for iNO acting
via nitrite. However, the experiments provide no evidence of
NO production from nitrite within the brain, suggesting any
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Figure 7. (A) Time course of changes in nitrite and nitroso-species concen-
trations in brain homogenate after addition of 100 uM nitrite (n = 3). (B)
Demonstration of the selectivity of the assay for nitrosothiols. Nitrosated
cysteine standard was injected into the triiodide purge vessel either untreated
(Injection 1), after treatment with acidified sulfanilamide to remove free
nitrite (Injection 2), or after treatment with HgCl, and acidified sulfanilamide
to convert s-nitrosothiols to nitrite which is then removed from detection by
the sulfanilamide (Injection 3).

neuroprotective role for nitrite may be limited to vascular
regulation.

Previous studies have shown that the effects of iNO therapy
are not limited to the lungs. Administration of iNO has been
shown to increase renal blood flow and GFR during iNO (40
ppm) in pigs (4), decrease platelet aggregation and increase
aortic cGMP content in the rat (6), increase mesentery flow in
cats (18), decrease peripheral resistance in sheep (19), and
increase forearm blood flow in humans (5). A number of
clinical studies have also investigated the possible neuropro-
tective effects of iNO in the premature newborn with conflict-
ing results. iNO 1is associated with decreased incidence of
severe intraventricular hemorrhage and periventricular leu-
komalacia in subgroups of preterm infants (7), improved
neurodevelopmental outcome at 18 mo of age (10), decreased
incidence of intracranial hemorrhage and ventriculomegaly
(8), and decreased incidence of cerebral palsy (9). In contrast,
the use of iNO in extremely premature infants (<1000 g) has
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also been shown to increase the incidence of intraventricular
hemorrhage (20) with no effect on neurodevelopmental out-
come (21). Thus, further controlled clinical trials are needed to
investigate the potential neurologic benefit of iNO administration
to the premature infant. Nonetheless, much evidence indicates
NO bioactivity can be transported throughout the body. How-
ever, Hb rapidly scavenges free NO so that the half-life of NO
in whole blood is about 10 ms (22). Therefore, iNO entering
the pulmonary blood is likely metabolized before leaving the
lung, suggesting iNO’s systemic effects are mediated by me-
tabolites of NO.

In recent years, nitrite has been proposed as a circulating
reservoir of NO bioactivity. It is normally present at mid
nanomolar concentrations in plasma (13), and is formed there
as an oxidation product of endogenously released NO (12).
Nitrite can be reduced back to NO by a number of different
biochemical pathways, most of which are favored in acidic
and hypoxic tissues (Lundberg et al. (14)).

In this study, we hypothesized that iNO would be converted
to nitrite in the lung, carried to the brain via the blood, and
enter the CSF and brain tissue. This hypothesis is supported by
our observations of the effects of iNO on blood and CSF nitrite
concentrations. We found that iNO does result in increased
concentrations of nitrite in the blood. Furthermore, the current
experiments demonstrate for the first time that iNO can result
in increased nitrite concentrations within the brain itself. That
nitrite moves freely between the blood and CSF is further
supported by the current measurements of increased CSF
nitrite concentrations during i.v. nitrite infusion.

There is a growing consensus that nitrite’s bioactivity
begins with its conversion to NO, supported by numerous
studies showing that the cytoprotective effects of nitrite are
inhibited by carboxy-PTIO-(2-(4-carboxyphenyl)-4,5-dihydro-
4.4.5,5,-tetramethyl-1 H-imidazolyl-1-oxy-3-oxide (14). The
reduction of nitrite to NO occurs by a number of biochemical
pathways including reaction with deoxyhemoglobin (23),
myoglobin (24), nonenzymatic disproportionation (25), and
reactions catalyzed by both xanthine oxidase (26) and NO
synthase (27) under hypoxic conditions.

To assess the potential NO-bioactivity of nitrite, cGMP
concentrations were measured in the blood and CSF of the
current study as a surrogate marker for the presence of in-
creased systemic and brain NO concentrations, respectively.
cGMP concentrations became elevated in blood during iNO
treatment, but did not change significantly in the CSF, sug-
gesting the increase in CSF nitrite did not result in increased
cerebral NO. In contrast, i.v. infusion of nitrite to blood
concentrations approximately 15-fold higher than baseline
levels resulted in a significant increase in both blood and CSF
cGMP concentrations. These latter data are consistent with the
concept that nitrite serves as a source of NO in the body, with
subsequent activation of guanylate cyclase. However, it can-
not presently be determined whether the increase in CSF
cGMP we observed was a result of nitrite reduction to NO
within the brain itself, reduction of nitrite to NO in the blood
vessels followed by diffusion of NO into the brain, or by
diffusion of cGMP itself from the blood into the CSF.

Other possible carriers of NO bioactivity. Nitrite is not the
only potential carrier of NO bioactivity from the lungs to
peripheral organs. Other possibilities include s-nitrosated pro-
teins (RSNOs) (28,29), and iron-nitrosyl Hb, HbNO (5). Al-
though HbNO has traditionally been considered biologically
inert due to its stable nature, recent evidence now suggests that
HbNO may release NO in the arterial vasculature (5,30).
RSNOs are formed by NO binding reversibly to the cysteine
residues of circulating proteins such as albumin and Hb,
resulting in a circulating pool of RSNO capable of releasing
NO in the resistance vessels and capillaries (28,29). These
carriers, as well as nitrite, may play a part and the findings in
the present study do not exclude them. It is also worth noting
that the dose of iNO administered in clinical practice (5-20
ppm) is significantly lower than that used in the present study
(80 ppm). Dose-ranging studies in both the human (23,31) and
mouse (32) demonstrate the vasoactive and cytoprotective
effects of nitrite are potent, with physiologic effects observed
with increases of blood nitrite concentrations as small as 20%,
which approaches the precision limits of the nitrite assay. Our
decision to use 80 ppm was based on the desire to ensure
measurable increases in blood nitrite concentrations in a min-
imal number of lambs. Given our observation of increased
CSF nitrite concentrations after a 30-min treatment with 80
ppm iNO, it is not unreasonable to assume effective changes in
nitrite concentrations are observed in the blood and CSF of
patients who are typically treated at lower doses but for
periods of hours to days. In addition, the lack of increase in
CSF cGMP concentrations at 80 ppm suggests clinical doses
of iNO are not likely to activate brain cGMP.

Metabolism of nitrite in brain tissue homogenates. Based
on reports that intravascular nitrite is an important regulator of
vascular tone after conversion to NO by reaction with deoxy-
hemoglobin, it is possible that the neuroprotective effects of
nitrite are mediated by direct vasoregulation. However, circu-
lating nitrite may also alter organ function via production of
s-nitrosated, heme-nitrosylated, or n-nitrosaminated proteins
(33). In the present study, we observed no metabolism of nitrite
added to brain tissue homogenates in vitro, nor any evidence of
NO-modified protein production. These findings are consistent
with those of Bryan et al. (33) who observed increased nitrosated
protein concentrations in a number of organs, but not in the brain,
after intraperitoneal administration of nitrite to mice. Although
further studies are needed to evaluate the effects of nitrite on
living brain tissue, the current study offers no evidence of direct
metabolism of nitrite within the brain.

Effect of iNO on blood oxygen content. As demonstrated in
Figure 1, we observed a significant increase in blood oxygen
content of iNO-treated lambs, a result of increased blood Hb
concentrations. Given the potent effects of iNO on stimulating
renal blood flow and glomerular filtration rates, this may have
been caused by decreased plasma volume due to increased
glomerular filtration (4), or due to release of erythrocytes into
the circulation. In any case, if one assumes no decrease in
cardiac output during iNO administration (4), the increase in
oxygen-carrying capacity observed in the present studies
would equate to a ~20% increase in systemic oxygen delivery
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and bears further examination as a possible extrapulmonary
benefit of iNO in its own right.

Conclusions and perspectives. The finding that iNO results
in extrapulmonary NO-mediated effects has heightened inter-
est in the endocrine role of NO and its byproduct nitrogen-
oxide species. Growing evidence now suggests nitrite plays a
protective role under conditions of hypoxic stress. The results
of the present study confirm that iNO treatment results in
increased nitrite concentrations in both the blood and CSF. We
were unable to observe any reactivity of nitrite within the
brain tissue, suggesting any effects of nitrite are mediated by
regulation of blood flow from within the vascular lumen as
opposed to reactions within the brain tissue. Given the high
prevalence of neurologic sequelae in preterm infants and the
recent evidence that they may be prevented by iNO treatment,
further study of the metabolism of nitrite and other putative
mediators of the extrapulmonary effects of iNO carries great
therapeutic potential.
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