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Abstract
Objective—To measure the circulating concentrations of nitric oxide (NO) adducts with NO
bioactivity following inhaled NO therapy in infants with pulmonary hypertension.

Study design—In this single center study five sequential blood samples were collected from
infants with pulmonary hypertension before, during and after therapy with iNO (n=17). Samples
were collected from a control group of hospitalized infants without pulmonary hypertension
(n=16) and from healthy adults for comparison (n=12).

Results—After beginning iNO (20 ppm) whole blood nitrite increased about two-fold within two
hours (P<0.01). Whole blood nitrate increased to four-fold higher than baseline during treatment
with 20ppm iNO (P<0.01). S-nitrosohemoglobin (SNO-Hb) increased measurably after beginning
iNO (P<0.01) whereas iron nitrosyl hemoglobin and total Hb-bound NO-species compounds did
not change.

Conclusion—Treatment of pulmonary hypertensive infants with iNO results in increases in
nitrite, nitrate, and SNO-Hb in circulating blood. We speculate that these compounds may be
carriers of NO bioactivity throughout the body and account for peripheral effects of iNO in the
brain, heart and other organs.
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Inhalation of low doses of nitric oxide gas has become widely accepted in the treatment of
persistent pulmonary hypertension in newborn infants. It was initially thought that the
effects of inhaled NO (iNO) would be confined to the lung because NO that diffuses into the
blood is rapidly metabolized with a half-life of milliseconds,[1] a rate that would preclude
the transport of free NO in the blood. However, there is now evidence that inhalation of NO
gas at concentrations used to treat pulmonary hypertension results in peripheral vasodilation
[2–4] and protects against ischemic injury in systemic organs such as the heart [5–8] and
liver [9]. Likewise, preterm newborns receiving iNO had neuroprotective effects attributable
to NO even in the absence of pulmonary disease [10]. The evidence for systemic effects of
iNO has generated much interest in the potential bioactivity of various metabolites of NO
capable of circulating in the blood. Known metabolites include nitrate formed by the
reaction of NO with oxyhemoglobin, nitrite formed by the oxidation of NO in plasma,
nitrosothiols formed by the binding of NO to thiols, and iron nitrosyl adducts such as iron
nitrosylhemoglobin formed by the binding of NO to the heme centers of deoxyhemoglobin.
Even though each of these NO metabolites are stable enough to circulate throughout the
body, they are also potential sources of NO. We test the hypothesis that iNO therapy
increases concentrations of these circulating NO-bioactive molecules in newborn infants
with pulmonary hypertension. Furthermore, as insufficient production of NO by pulmonary
endothelial nitric oxide synthase (eNOS), due to low concentrations of the substrate L-
arginine, has been proposed as a significant cause of pulmonary hypertension in the
newborn [11, 12], blood L-arginine concentrations were compared between infants with
pulmonary hypertension and infants without pulmonary disease.

Methods
The study was a non-randomized, patient control, single-center study conducted at Loma
Linda University Children's Hospital, Neonatal Intensive Care Unit (NICU). The protocol
was approved by the Institutional Review Board and written informed consent was obtained
from a parent or legal guardian or from the study subject (for the adult group).

- Three groups of subjects were studied: infants with pulmonary hypertension (the study
group), infants of the same age without pulmonary disease (the non-hypertensive group),
and normal healthy adults for comparative purposes.

The pulmonary hypertensive group consisted of term or late preterm infants requiring iNO
therapy for pulmonary hypertension. Pulmonary hypertension was diagnosed by either
echocardiography or a preductal/postductal oxygen saturation difference of at least 5% and
an oxygenation index (OI) of ≥ 25. Oxygenation index was calculated as the mean airway
pressure multiplied by the fraction of inspired oxygen and 100, divided by the partial
pressure of arterial oxygen (PaO2) in Torr. Echocardiographic evidence of pulmonary
hypertension consisted of a pulmonary artery pressure more than two-thirds of the systemic
systolic pressure, as indicated by tricuspid valve regurgitation and right-to-left shunt across
the ductus or the atrial septum. The non-hypertensive infant group consisted of term or late
preterm infants without evidence of pulmonary hypertension but had indwelling catheters
for clinical monitoring. The adult group consisted of healthy, normotensive, non-smoking
adults of both sexes.
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Infants were excluded from the study if they had culture-proven or clinical evidence of
sepsis, defined as a white cell count of more than 30,000 or less than 5,000 cells per cubic
millimeter, a ratio of immature to total neutrophils of more than 0.2, and a serum C-reactive
protein concentration of more than 3 μg·ml−1 (normal <1 μg·ml−1). Infants were also
excluded if they had congenital heart disease, intrauterine growth restriction, chromosomal
abnormalities, or required extracorporeal membrane oxygenation. In addition, infants with
hypotension requiring vasopressor support were excluded from the control group.

Sample Collection and Handling
A single one-milliliter blood sample was collected from non-hypertensive infants more than
twelve hours after birth, and from adult subjects in the morning following an 8-hour fast.
One-milliliter samples were collected from infants with pulmonary hypertension prior to
initiation of iNO, 1 to 2 h after initiation of iNO at 20 ppm, immediately prior to weaning
from 20 ppm, immediately prior to weaning from 5 ppm, and 24 hours after cessation of
iNO. The time of collection of the final three samples varied with respect to the time of
initiating iNO due to inter-patient variations in the duration of iNO treatment.

Blood samples were collected from infants via indwelling arterial catheters, and from adults
via direct venipuncture. The samples were separated immediately into two aliquots: 400 μl
was added to 100 μl of a nitrite stabilization solution [13] and stored at −70 C until assayed
for nitrite and nitrate. The remaining 600 μl was centrifuged for one minute at 10,000 rcf.
The plasma was removed and stored at −70 C for subsequent measurement of L-arginine
concentrations. The red blood cell pellet was stored at −70 C for measurement of SNO-Hb
concentrations.

Arterial blood gases and pH were determined by amperometric electrode, and hemoglobin
concentration and oxyhemoglobin saturation were determined spectrophotometrically
(ABL-825, Radiometer, Copenhagen, Denmark).

Nitrite and Nitrate Determination
Nitrite was measured using a triiodide reductive chemiluminescence technique as previously
described [14]. The assay quantifies nitrite concentrations above 10 nM with a precision of ±
5 nM. Nitrate (NO3

−) was measured by incubation of 205 μl of sample with 5 μl nitrate
reductase enzyme (10 U/mL solvent, Roche, Indianapolis IN) in 10 μl of 1M HEPES buffer
solution (Fisher Scientific, Pittsburgh PA), 10 μl of 0.1 mM flavin adenine dinuclueotide
disodium salt hydrate (Sigma Aldrich, St Louis MO), and 20 μl of 1mM nicotinamide
adenine dinucleotide phosphate-oxidase tetrasodium salt (Roche, Indianapolis IN) at 37°C
for 45 min to convert all the nitrate to nitrite, which was then measured by triiodide
chemiluminescence.

Erythrocytic Hb-bound NO adducts
Assays of RBC SNO-Hb, HbFeNO, and total Hb-bound NO were performed using
photolysis-chemiluminescence (PC) [15]. Washed red blood cells were lysed and Hb was
desalted using a G-25 fine Sephadex column. Hb-bound NO was measured by PC assay in
the presence (HbFeNO) and absence (total Hb-bound NO) of HgCl2, which selectively
cleaves SNO bonds. SNO-Hb is the difference between total Hb-NO and HbFeNO. The
specificity of this technique was demonstrated previously and the assay is insensitive to
nitrite and nitrate.

Plasma L-arginine assay
Plasma arginine concentrations were measured using an isotope-dilution gas chromatograph/
mass spectrometry (GC/MS) method as previously described [16].
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Statistical analysis
Using Prism v5.0c for Macintosh (Graphpad Software, La Jolla, CA), the significance of
changes in nitrite, nitrate, SNO and L-arginine concentrations over time were tested using
one way analysis of variance (ANOVA) with post-hoc analysis (Bonferroni test). The
influence of arterial PO2, pH, HbO2%, and time on nitrite concentration was examined using
step-wise multiple linear regression (DATAMSTR, courtesy of R.A. Brace, UC San Diego,
CA, USA). Significance of differences in baseline levels of nitrite, nitrate, and L-arginine
concentrations between infants with pulmonary hypertension, non-hypertensive infants, and
adults was tested using t-tests. P values < 0.05 were considered statistically significant.

Results
Nineteen patients were enrolled in the pulmonary hypertension group. Two of these infants
died while being treated with iNO, one prior to the first 20 ppm sample, and one who was
placed on extracorporeal membrane oxygenation (ECMO) prior to the first 20 ppm sample,
and their data have been excluded from the results (Table). Sixteen infants were enrolled in
the control group with complete data for each of them. Of the 16 control infants, 7 had
gastroschisis, 5 had respiratory distress, one had hyperbilirubinemia which was treated with
ultraviolet light, one had pneumonia, and two had Rh incompatibility, one of which received
an exchange transfusion approximately 14 hours prior to sample collection. There were no
differences between the two groups with respect to weight or age. The fractional inspired
oxygen concentration (FiO2) was significantly higher in the infants with pulmonary
hypertension compared with the control group. Infants in the pulmonary hypertensive group
received iNO therapy for an average of 7.3 ± 1.3 days. Twelve subjects were enrolled in the
adult group.

Arterial PO2 (PaO2), oxyhemoglobin saturation (HbO2%) hemoglobin concentration, and
pH of the control infants and the infants with pulmonary hypertension over the course of
treatment with iNO are shown in Figure 1. Oxyhemoglobin saturations were significantly
higher in the control infants compared with infants with pulmonary hypertension prior to
initiation of iNO therapy (93 ± 2% vs 77 ± 7%, respectively). PaO2 increased from a
baseline of 65 ± 20 to 141 ± 22 Torr two hours after treatment had begun, and remained
significantly elevated until the recovery period. Likewise, arterial HbO2 increased from a
baseline of 77 ± 7 to 94 ± 2% in the same period and remained significantly increased for
the remainder of the study. Hemoglobin concentrations fell, coincident with the
administration of intravenous fluids and phlebotomy losses, from baseline levels of 16.6 ±
0.6 g/dl to 13.3 ± 0.5 g/dl immediately prior to the initiation of weaning from iNO (20 ppm,
late period), and remained significantly lower than baseline levels for the remainder of the
study. Arterial pH tended to increase from a baseline level of 7.27 ± 0.03, and was
significantly higher at the 5-ppm time point (7.36 ± 0.01).

Nitrite and nitrate
Nitrite concentrations were significantly higher in adults (0.27 ± 0.01 μM) compared with
both control infants (0.18 ± 0.03 μM) and infants with pulmonary hypertension (0.15 ± 0.02
μM), but levels in the two infant groups were not significantly different (Figure 2).
Similarly, whole blood nitrate concentrations of control infants (16 ± 1 μM) and infants with
pulmonary hypertension (14 ± 1 μM) did not differ, but both were significantly lower than
adult concentrations (27 ± 3 μM).

Within two hours following initiation of iNO therapy, whole blood nitrite concentrations
increased above baseline levels by more than 2-fold to and remained significantly higher
than baseline levels until iNO had been lowered to 5 ppm during the weaning protocol.
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Nitrate concentrations increased nearly four-fold during iNO therapy, reaching statistical
significance just prior to weaning from 20 ppm and remaining elevated until the recovery
period. Both nitrite and nitrate concentrations had returned to baseline values within 24
hours following cessation of iNO therapy.

Nitrosothiols
Erythrocyte concentrations of total NO, iron nitrosyl NO, and red blood cell SNO-Hb are
shown in Figure 3 for infants with pulmonary hypertension during baseline and after two
hours of treatment with 20 ppm iNO. There were no significant differences for total NO or
iron nitrosyl NO. In contrast, erythrocyte SNO-Hb concentrations increased significantly
within the first two hours of treatment with iNO.

SNO-Hb formation and stability is favored when hemoglobin is in the R-state conformation
[17]. Thus, we performed multivariate linear regression analysis of SNO-Hb concentrations
against arterial pH, PO2, and HbO2%, all of which affect hemoglobin conformation. This
analysis yielded no significant effect of any of these variables on SNO-Hb concentrations,
perhaps due to the effect of other uncontrolled factors, such as endogenous NO synthesis
and uptake of exogenous NO, influencing overall SNO-Hb concentrations to a greater
degree than the hemoglobin allosteric effect. Indeed, if the analysis was restricted to only the
samples collected after the infants were receiving iNO treatment, when the patients were
more stabilized and comprised a more homogenous group, SNO-Hb concentrations were
significantly affected by changes in arterial PO2 (r2=0.389, p=0.016), and by the
combination of pH, PO2 and HbO2 (r2=0.46, p=0.038).

Plasma L-Arginine
There was no significant difference between plasma L-arginine concentrations in infants
with pulmonary hypertension and control infants (Figure 4). Plasma L-arginine
concentrations increased over the course of treatment with iNO, reaching significance when
the 5 ppm sample was collected . The increase in plasma L-arginine concentrations was co-
incident with a three-fold increase (from 0.34±0.12 to 1.2±0.9 g·kg−1·day−1) in the amount
of L-arginine being administered to the infants in parenteral nutrition.

Discussion
The extrapulmonary effects of iNO have generated significant interest because the various
bioactive metabolites of NO may transmit NO bioactivity from the lung to other parts of the
body. In this study we measured a two-fold increase in blood nitrite concentrations and a
four-fold increase in nitrate concentrations. Within erythrocytes we also found increased
concentrations of SNO-Hb but not of iron-nitrosyl Hb or total erythrocyte Hb-NO
concentrations. In addition, in contrast to previous reports, we did not find evidence that
would support a deficiency of circulating L-arginine as a cause of newborn pulmonary
hypertension.

Although once considered inert at physiological concentrations, studies have demonstrated
that both nitrite and nitrate play a role in cardiovascular homeostasis and take part in
responses to hypoxic and ischemic stress [18]. Increasing blood nitrite concentrations from
physiological levels (0.15 to 0.45 μM [19, 20]) to ~0.8 to 20 μM has been reported to
provide protection in animal models of myocardial [21, 22], hepatic [22], renal [23], and
cerebral ischemia [24]. The mechanism for this effect remains a topic of active investigation,
but may involve the conversion of nitrite to a more bioactive nitrogen oxide species, a
reaction which can occur non-enzymatically at low pH or catalytically by reaction with a
number of metal-containing proteins (See review [18]). There is also evidence that nitrite
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may be converted directly to SNO-Hb by reaction with hemoglobin [25, 26]. Many
mechanisms have been proposed for the cytoprotective effects of NO and nitrosothiols, and
are reviewed elsewhere [27].

Blood nitrite concentrations were significantly lower in infants with and without pulmonary
hypertension compared with adults. Whether this newborn-adult difference is due to a
normal progression during maturation or caused by other factors associated with
hospitalization cannot be determined from the present study.

In response to iNO therapy, blood nitrite concentrations about doubled but remained in the
normal range for humans, raising the question whether increases would be high enough to
have systemic effects. In mice, intraperitoneal doses of nitrite too small to cause measurable
increases in plasma nitrite concentrations protected against hepatic infarct [22]. In humans,
less than two-fold increases in plasma nitrite concentrations decreases systolic blood
pressure [28, 29]. Thus increases in blood nitrite concentrations as occur in response to iNO,
though not pronounced, are in the range that has been found to have systemic effects.

Although nitrate is thought to be inert in mammalian cells, it is actively transported into the
saliva by the salivary glands where it is converted to nitrite by nitrate-reducing bacteria [30].
As a result, increasing plasma nitrate concentrations are associated with increases in plasma
nitrite [28, 29], decreases in mean systemic blood pressure [28, 29], and increased exercise
tolerance [29, 31]. Thus, although adult studies demonstrate systemic effects of nitrate and
increased concentrations were observed in the current study, nitrate would seem unlikely to
be of importance here because the infants were receiving antibiotics that would have
disrupted the normal oral flora and paralytic agents that would have limited swallowing in
these intubated infants.

The red blood cell plays a dichotomous role in the regulation of NO homeostasis. On one
hand, NO reacts rapidly with oxyhemoglobin to form nitrate [1], and as a result the red
blood cell is often considered an irreversible NO scavenger. NO can also be protected from
oxidation, however, by forming reversible adducts with the sulfhydryl group of a cysteine
residue in the beta subunit of hemoglobin to form S-nitro-hemoglobin (SNO-Hb) [32]. NO
also reacts with the heme iron of deoxyhemoglobin to form iron-nitrosyl-hemoglobin
(HbFeNO) [33]. Preserved in either of these forms, NO is stable enough to be carried
throughout the circulation, making both species candidates for the transport of iNO from the
lungs to the rest of the body.

Iron-nitrosyl hemoglobin is normally present in blood at low- to mid-micromolar
concentrations [34], but has been reported to increase significantly in response to treatment
with 80 ppm iNO in both humans [4] and adult sheep [35]. In contrast, the current work
found no significant increase in HbFeNO concentrations in response to iNO therapy (Figure
3). The reason for this difference may be the lower dose of NO (20 ppm) administered to the
infants in this study. Thus the present findings do not point to a role for HbFeNO as a carrier
of NO activity.

Previous reports of higher SNO-Hb concentrations in arterial compared with venous blood
led to the hypothesis that SNO-Hb is influenced by hemoglobin conformation such that it is
produced in the lungs as hemoglobin assumes the R-state (oxygenated) and that NO is then
released in hypoxic tissues as hemoglobin shifts to the T-state (deoxygenated) [15, 17, 32].
Confirmation of the arterial-venous differences in SNO-Hb concentration has proven
controversial [4, 34, 36], partially due to the use of triiodide chemiluminescence assay
techniques which are prone to artifactual underestimation of SNO-Hb [37]. Although the
current study did not directly compare arterial and venous SNO-Hb concentrations, the
effect of hemoglobin conformation on SNO-Hb stability is supported by the finding of a
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significant direct relationship, at the first 20ppm time point, between SNO-Hb
concentrations and arterial PO2, pH, and HbO2, all of which would favor the SNO-Hb-stable
R conformation.

The SNO-Hb concentrations (~10 μM in the erythrocyte) for neonatal blood using mercury,
coupled photolysis methodology, are somewhat higher than previous measurements with
this method in adult blood (2~3 μM in arterial erythrocytes) [15, 38]. The elevated SNO-Hb
concentrations in neonatal arterial samples may result from a relative abundance of fetal
hemoglobin, as SNO-Hb is is favored when hemoglobin is in a high O2-affinity R-state.

Plasma concentrations of L-arginine were lower in infants with pulmonary hypertension
compared with controls, suggesting hypoargininemia may limit endothelial NO production
and thus play a role in the disease [11, 12, 39, 40]. Thus we had anticipated lower nitrite and
L-arginine concentrations in infants with pulmonary hypertension, but found rather that
neither plasma nitrite nor L-arginine was significantly reduced. Furthermore, baseline
plasma L-arginine concentrations in the current study (98 ± 26 μM) were notably higher
than those previously reported in infants with pulmonary hypertension (~20 to 32 μM [11,
12]), and were comparable with levels in normal adults (114 ± 27 μM [41]). The difference
in findings could be due to parenteral L-arginine administration during the baseline period.
Nonetheless, the fact that pulmonary hypertension was still present in the patients despite
normal plasma L-arginine concentrations suggests that L-arginine deficiency was not a
prominent cause of pulmonary hypertension in this patient cohort.

Due to ethical and technical restrictions the current study compares controls and infants with
pulmonary hypertension only at the baseline time point. Therefore, changes in nitrite,
nitrate, and SNO-Hb that may occur normally after birth were not measured, and may have
been superimposed on those changes resulting from iNO therapy. In addition, whereas the
current study provides only observational data regarding the effect of inhaled iNO on
circulating concentrations of NO species, it is not adequately powered to demonstrate any
correlation between the observed changes and biomarkers that may explain the peripheral
effects of iNO. Rather, the study demonstrates the extent to which concentrations of these
adducts increase during iNO therapy, providing a useful benchmark for dose selection in
future interventional studies that might test the benefit of increasing the circulatory transport
of NO bioactivity.

Rather than free NO itself, more stable NO adducts are likely to carry NO bioactivity
through the circulation and mediate the peripheral effects of iNO. These adducts include
nitrite in the plasma and SNO-Hb in the red cells, with iron nitrosyl hemoglobin appearing
less likely. Increasing their concentrations may be considered as a useful strategy to provide
protection against tissue hypoxia and ischemia in peripheral organs. The safety and dose-
dependent effectiveness of these metabolites remains to be more fully established.
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eNOS endothelial nitric oxide synthase
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FiO2 fractional inspired oxygen

HbFeNO iron nitrosylated hemoglobin

Hb hemoglobin

HbO2 oxyhemoglobin

iNO inhaled nitric oxide

NICU neonatal intensive care unit

NO nitric oxide

OI oxygenation index

PaO2 arterial oxygen tension

PC photolysis chemiluminescence

ppm parts per million

SNO Hb- nitrosylated hemoglobin

TFFA trifluroacetic anhydride
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Figure 1.
Changes in blood gases and hemoglobin concentration during treatment of pulmonary
hypertension in infants. After beginning to breathe 20 ppm iNO arterial oxygen tension and
oxyhemoglobin saturation increase significantly and the increase persists during treatment
and weaning. Hemoglobin levels decrease and arterial pH increases during weaning
(*=significant difference from baseline, p<0.05; *=significant difference from baseline,
p<0.01, 1-way ANOVA with Bonferroni post test). Hemoglobin oxygen saturation (HbO2)
is significantly lower in patients with pulmonary hypertension compared with controls
(+=p<0.05, unpaired t-test).

Ibrahim et al. Page 11

J Pediatr. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Changes in concentrations of nitrite and nitrate in whole blood during treatment with iNO.
(A) Soon after administration of NO, nitrite concentrations about double compared with
baseline (*=p<0.05, **=p<0.01, 1-way ANOVA with Bonferroni post test). (B) Nitrate
levels also increase, but more slowly, reaching about 4-fold higher than control values while
breathing 20 ppm NO; the increase persists during weaning. Nitrite and nitrate
concentrations are both lower in newborns compared with normal healthy adults (+=p<0.05,
+=p<0.01, 1-way ANOVA), even though there is no significant difference between baseline
levels of newborns with pulmonary hypertension and controls.
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Figure 3.
After beginning NO inhalation SNO-Hb increases measurably (53% change; p< 0.008,
paired t-test). Iron nitrosyl-Hb levels do not increase within the red cells, nor do total Hb-
bound NO levels as measured by photolysis-chemiluminescence +/− mercury as described.
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Figure 4.
Plasma levels of L-arginine at different times during treatment of pulmonary hypertension
with iNO. There is no significant difference between baseline plasma L-arginine
concentrations of controls and infants with pulmonary hypertension (unpaired t-test). Plasma
arginine concentrations increase over the course of iNO therapy, reaching statistical
significance at the 5 ppm sampling time point (*=p<0.05, 1-way ANOVA with Bonferroni
post test).
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Table l

Patient demographics

Control Infants iNO Infants

N (males) 16 (9) 17 (12)

weight (kg) 2.8 ± 0.2 3.00 ± 0.1 n.s.

age (days) 1.4 ± 0.5 1.4 ± 0.5 n.s.

gestational age at birth (weeks) 37.3 ± 0.4 36.9 ± 0.6 n.s.

baseline FiO2 0.25 ± 0.02 0.95 ± 0.03 p<0.001

baseline hematocrit (%) 41.4 ± 1.8 44.2 ± 24 n.s.

Days on iNO n/a 7.3 ± 1.3 n/a
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