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NEONATAL AND PEDIATRIC INTENSIVE CARE

A new side effect of inhaled nitric oxide in
neonates and infants with pulmonary
hypertension: functional impairment of the
neutrophil respiratory burst

Abstract Introduction: Inhaled ni-
tric oxide (NO) may be beneficial in
the treatment of pulmonary hyper-
tension, both of the newborn and in
the adult respiratory distress syn-
drome. Up to now, serious systemic
side effects have not been reported.
Objective: The effect of inhaled NO
on superoxide anion production by
neutrophils.

Design: Prospective study of a con-
secutive series of 15 neonates and
infants.

Setting: Neonatal and paediatric
I1CUs with a total of 17 beds (uni-
versity hospital).

Measurements and results.
Superoxide anion production was
determined by a flow cytometric
method using dihydrorhodamine
123 (DHR) as an oxidative probe
after the priming of neutrophils
with N-formyl-methionyl-leucyl-
phenylalanine (fMLP) or with Es-
cherichia coli. The generated flu-
orescence was expressed as relative
fluorescence intensity (RFI). Inhala-
tion of NO for more than 24 h
reduced the superoxide anion pro-

Introduction

Inhaled nitric oxide (NO) has been introduced as an
effective treatment for pulmonary hypertension in

duction by neutrophils stimulated
with E. coli to below baseline
values before NO inhalation
(mRFT = 158 + 25 vs 222 + 24;

P = 0.03). This decrease was more
pronounced after more than 72 h
(mRFI = 133 + 17). At this time,
superoxide anion production by
fMLP-stimulated neutrophils was
also decreased (mRFI =40 + 3, vs
57 + 5; P = 0.03). The reduced ca-
pacity of superoxide production
persisted throughout therapy with
NO and lasted up to more than 4
days after the end of NO inhalation.
Conclusion: The results suggest
that inhalation of NO in patients
with pulmonary hypertension
causes reduced superoxide anion
production by neutrophils stimu-
lated with E. coli or with fMLP. To
determine the clinical importance of
this systemic side effect with respect
to bacterial infections, a random-
ized controlled study is necessary.

Key words Inhaled nitric oxide -
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adults with primary pulmonary hypertension [1], se-

vere adult respiratory distress syndrome (ARDS) [2],

as well as after cardiac surgery [3]. It has also been an
effective treatment in newborn lambs with persistent
pulmonary hypertension [4] and in neonates with
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Table 1 Clinical characteristics of the patients (ARDS adult respiratory distress syndrome, BPD broncho-pulmonary dysplasia, CDH

congenital diaphragmatic hernia, M AS meconium aspiration)

Patient Diagnosis Gestational OI  Age at NO NO concentration (ppm)
no. age (weeks) onset of NO inhalation (h)
therapy Day1l Day2 Day3 Day4 > Day 5

Newborns

1 Sepsis 40 55 36h N 80

2 MAS 41 68 5h 25 60 20

3 CDH 41 64 13h 190 85 55 45 30 9

4 CDH 39 38 25h 7 65

5 Sepsis 34 40 22h 115 45 23 12 9 6

6 MAS 42 21 13h 92 30 25 20 10

7 Pneumonia 39 61 168 h 6 40

8 Sepsis 40 44 10h 40 20 8

9 CDH 41 60 3h 132 20 15 12 12 5
Infants
10 ARDS 50 8 months 150 20 15 15 10 5
11 BPD and pneumonia 38 4 months 114 20 11 5 5 5
12 Pneumonia 26 4 months 500 25 20 15 10 5
13 ARDS 38 9 months 180 10 10 10 5 5
14 BPD and pneumonia 39 13 months 500 40 20 20 15 10
15 BPD and Pneumonia 29 5 months 166 40 30 15 10 10
persistent pulmonary hypertension [5,6]. Persistent
pulmonary hypertension of the newborn (PPHN) Methods
is a clinical syndrome associated with various neonatal A

Patients

cardiopulmonary diseases, including meconium as-
piration (MAS), pneumonia, respiratory distress
syndrome (RDS), sepsis, congenital diaphragmatic
hernia (CDH), and with undetermined “idiopathic”
causes [7]. Inhaled NO gas reduces pulmonary
hypertension by the activation of soluble guanylate
cyclase and the consequent intracellular increase
of cyclic guanosine monophosphate in smooth
muscle cells, leading to pulmonary vasodilation
[8]. Since nitric oxide rapidly binds to hacmoglobin
and thereby loses its biological activity {9], inhalation
of the gas causes no systemic vasodilation [2, 5,6}

Nitric oxide is a diffusible molecule which can,
however, oxidize haemoglobin to methaemoglobin
[10] and has been shown in vitro to inhibit both
platelet aggregation [11] and leucocyte activation [12].
Clancy et al. [13] first reported an inhibitory effect
of nitric oxide on the superoxide anion production
by neutrophil granulocytes—a functional impairment
that may have implications for the host defence
system. Since neutrophils pass pulmonary circulation
thus being reached by inhalational NO, we measured
the superoxide anion production by intact neutrophils
during treatment with inhaled NO in paediatric
patients.

We studied 15 consccutive paticnts referred to our hospital with
severe respiratory failure. The data of nine newborns and six infants
were studied with respect to clinical status and time and mode of
treatment (Table 1). All patients except five (patients 5,6,8, 11,12}
were treated with extracorporeal membrane oxygenation (ECMO).
Five patients died despite ECMO (patients 3,7, 10,13, 15). During
mechanical ventilation, criteria for NO inhalation at our institution
include echocardiographic evidence of pulmonary hypertension and
an oxygenation index (Ol = mean airway pressure x fractional in-
spired oxygen x 100/partial pressure of arterial oxygen) greater than
20. During ECMO inhaled NO was applied to accelerate the wean-
ing process, which was not begun before the 2nd day of ECMO
therapy. Criteria for ECMO therapy included scvere refractory
hypoxaemia (sustained OI > 40) or acute deterioration with
PO, < 40 mmHg despite maximal conventional medical treatment.
The study was approved by the institutional ethics committec.
Parents gave informed consent.

A complete blood cell (CBC) count and C-reactive protein (CRP)
determination were routinely, obtained from all infants on admis-
sion and subsequently at least once daily. Blood samples for oxida-
tive burst assay were only taken together with clinically indicated
peripheral venipunctures, to be in line with ethical requircments
(usually once daily at 8 p.m.). Serum concentrations of CRP were
measured using a nephelometric method (Array Protein System,
Beckman Instruments, Munich, Germany). Investigations for infec-
tion included a blood culture (BacTAlert, Organon Teknika-Corp.
Durham, Eppelheim, Germany) and when appropriate, chest or
abdominal roentgenogram. Nasopharyngeal and urinary viral
cultures and stool rotazyme tests were performed when clinically
indicated.



Administration of nitric oxide

The NO gas was supplied by Messer-Griessheim (Duisburg,
Germany) at a concentration of 800 ppm diluted in N,, certified
for <1% contamination by other oxides of nitrogen. NO was
introduced into the inspiratory limb of the breathing circuit of
a continuous flow, pressure-limited ventilator (Babylog 8000,
Driger, Liibeck, Germany), thus mixing the NO gas with the fixed
flow rate of circuit gas. F1O, was measured after adding NO to the
inspired air. Inspired NO concentration and FIO, were regulated
separately. The resulting NO concentration was constantly meas-
ured in the efferent limb with an electrochemical cell (PAC II NO,
Driger, Liibeck, Germany). Similarly, NO, was measured in the
efferent limb with another electrochemical device (PAC II NO,,
Driiger, Liibeck, Germany). In some patients, NO was inhaled
during high-frequency oscillatory ventilation without modifications
of the ventilator circuit. Methaemoglobin levels were measured
spectrophotometrically. Measurements were performed at least once
a day, and were below 1.0% with the exception of one single value in
a neonate with 1.7%.

Supportive therapy

All patients were sedated and relaxed using morphine and
vecuronium for neonates, and fentanyl, midazolam, and vecuronium
for infants. All patients were treated with dexamethasone (0.5 mg/kg
per day) in order to prevent bronchopulmonary dysplasia (BPD)
because of barotrauma and oxygen toxicity [ 14, 15]. Treatment with
dexamethasone was started before NO inhalation and remained
unchanged during and after the study period of NO inhalation.
Cardiotonic or vasoactive drugs (dopamine, dobutamine,
norepinephrine) were applied as required by clinical symptoms and
echocardiographic signs. Pharmacological vasodilators known to
influence pulmonary hypertension such as tolazoline, prostacyclin
or adenosinetriphosphate were not used during the study period.
Antibiotic treatment was performed as clinically indicated.
Cefotaxime, amoxicillin, and gentamicin were the first-line regimen
for neonates, and imipenem, amikacin, and vancomycin were used
for infants. This was later changed according to the bacterial culture
results or clinical course.

Oxidative burst assay

H,O, production was measured using a flow cytometric assay
derived from the technique introduced by Bass et al. [16]. Venous
blood (0.2 ml) was collected into heparinized glass capillaries and
was homogenously mixed by small metal cylinders inside the capil-
lary, as is commonly done for blood gas analysis. A preceding study
of ten healthy adults showed no difference from a standard hepa-
rinized blood sample (200 IU preservative free heparin/ml blood).
An aliquot of 0.03 ml of whole blood was mixed in a 5-ml poly-
propylene test tube (Falcon 2053, Becton Dickinson) with 0.01 ml of
phosphate buffer solution (PBS) or of N-formyl-methionyl-leucyl-
phenylalanine (fMLP) solution (10~% M) or of an E. coli suspension
that was adjusted to a bacteria/leucocyte ratio of 50: 1. This adjust-
ment was made individually for each sample, because previous
studies had shown that this latter ratio influences the intensity of
burst formation. After a preincubation for 15 min on ice (to equili-
brate the starting conditions), the stimulation was administered for
10 min at 37°C, followed by the addition of 0.02 ml of dihydro-
rhodamine 123 (DHR) for an incubation period of 10 min. The
reaction was stopped by fixation of leucocytes and lysis of eryth-

rocytes with 2 ml buffer containing paraformaldehyde and am-
monium chloride (fix and lyse buffer, Orpegen, Heidelberg, Ger-
many). After one washing step, the propidium iodide solution was
added 15 min prior to measurement for counterstaining of the leuco-
cyte nuclei, in order to exclude heparin induced platelet clumps and
E. coli aggregates during the flow cytometric analysis. During the
oxidative burst, nonfluorescent DHR 123 is oxidized to highly
fluorescent rhodamine 123 [17]. All reagents were supplied as stock
solutions in a Bursttest kit (Orpegen). PBS induces no burst, IMLP
causes less than 15% of neutrophils of healthy persons to react, and
bacteria such as E. coli as well as phorbol ester (PMA) recruit all
cells. These values hold true for heparinized whole blood, but isola-
tion procedures may give different results. Calcium withdrawal (e.g.,
with EDTA) blocks the neutrophil respiratory burst.

Flow cytometry analysis

We used a standard flow cytometer with 5mW of 488 nm argon
laser excitation (FACScan, Becton Dickinson, San Jose, Calif).
Narrow angle forward and orthogonal light scatter were collected in
linear mode and the green (530 + 25 nm) and red (580 + 25 nm)
fluorescence were collected by a four decade logarithmic amplifier.
Measurement signals were converted by a 256 channel resolution
analog-to-digital converter, and 15,000 cells were acquired in list
mode data storage. The strong red fluorescence of leucocyte nuclei
(DNA stain propidium iodide) was used as a threshold to preclude
platelet and bacterial aggregates from analysis. A two-parameter
light scatter dot-plot was created and a software gate was set around
the neutrophil population (Fig. 1A). Monocyte contamination in the
analysis gate was excluded by a CD 14 monoclonal antibody
(LeuM3-PE, Becton Dickinson). The gated cells were analysed for
their fluorescent properties. Rhodamine 123 green fluorescence was
collected in the FL1 channel (530 nm, standard FITC filter set) and
a fluorescence histogram was plotted (Fig. 1B). The linear channels
of the analog-digital converter were reconverted to log values for
this purpose (1-10,000). Non reactive neutrophils of healthy adults
stimulated daily with saline were used to set a marker allowing less
than 1.0% of cells to remain positive. The cells in that positive region
were analysed for their relative fluorescence intensity (RFI). The
values obtained are directly proportional to the average superoxide
anion generation within the reacting cells. The lysis II software
(Becton Dickinson) was run on a HP9000 computer (Hewlett
Packard).

A daily control of fluorescence calibration was derived by
analysing fluorescent latex beads (Calibrates, Becton Dickinson).
Furthermore, a healthy adult was used as a daily positive (E. coli-
induced burst) and negative control (PBS-induced burst) with more
than 95% vs less than 1% of neutrophils reacting, respectively
(control group n = 45). The release of rhodamine 123 by neutrophils
or the spontaneous oxidation of DHR 123 was controlled by the
fluorescence of lymphocytes which cannot perform an oxidative
response by themselves. The stability of the instrument and of the
reagents allowed these settings to remain unchanged during the
study period.

Statistical analysis

Data are presented as means + SE. The Mann-Whitney test for
paired variables (two-tailed P-value) was used to compare values
obtained during treatment to those before and after treatment. For
multiple comparisons, a Bonferroni adjustment was made by per-
forming the Kruskal-Wallis test [18]. P <0.05 was considered
significant.
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Fig. 1 a Dual parameter plot [forward angle light scatter (FSC) vs
side scatter (SSC)] resulting from the cells in the lysed whole blood
of a healthy control person with a gate [R/] around a group of
particles. b Histogram with the number of particles (counts) against
the relative fluorescence intensity of rhodamine-123 (R 123). In an
overlayed mode of presentation, PBS, fIMLP, and Escherichia coli
assays are simultancously shown, together with the marker to delin-
cate a region of positive intensity (statisticss PBS: % = 0.8,
mean = 29; IMLP: % = 5, mean 36; E. coli: % = 99, mean 211)

Results

Effect of inhaled nitric oxide on neutrophil superoxide
anion production in an individual neonate

Patient 14 inhaled NO beginning with 40 ppm (Table
1). Relative fluorescence intensity (RF1) of neutrophils
stimulated with E. coli decreased after 38 h of NO
therapy (Fig. 2). Moreover, the scope of the distribution
of RFT values of E. coli-stimulated neutrophils became
broader and there were two peaks of RF1. The decrease
in RFI was more pronounced after 62 h and persisted
throughout the duration of therapy. Neutrophils
stimulated with fMLP expressed peak RFI values after
38 h of NO therapy. During ongoing NO therapy, RFI
values of fMLP-stimulated ncutrophils also declined.
At 164 h after the end of NO inhalation, RFT values of
E. coli and fMLP-stimulated neutrophils were compa-
rable to those before NO inhalation.

Neutrophil superoxide anion production before
inhalation of nitric oxide

Before NO inhalation the number of activated neu-
trophils and the resulting mean relative fluorescence
intensity (mRF1) were similar in newborns, infants and
adults, when stimulated by E. coli (activated neu-
trophils and mRFI: 955+ 2.0% and 2388 + 25.1 in

M1

10° To2 104
R 123 Fluorescence

newborns, 95.0 + 2.5% and 201.8 +44.7 in infants,
and 98.3 + 2.0% and 252.0 + 23.0 in adults). The num-
ber of activated neutrophils was also similar in new-
borns, infants and adults, when stimulated by fMLP
(14.8 + 2.7% in newborns, 8.4 + 5.1% in infants, and
8.3 4 0.9% in adults), but the mRFI decreased with
age (67.2 + 6.0 in newborns, 44.8 4+ 3.5 in infants, and
37.5 + 2.5 in adults).

Effect of inhaled nitric oxide on neutrophil superoxide
anion production

During NO inhalation, the percentage of activated
neutrophils, when stimulated by E. coli. decreased sig-
nificantly between 48 and 72 h (88.9 £ 3.3%:; P = 0.04),
remained low throughout therapy with NO
(91.3 + 1.8% during 72-96 h, 84.1 &+ 4.3% during
96- 192 h; P < 0.03) and increased again after the end of
NO treatment (93.4 + 2.7% at 1-48 h; not significant
from control). Similarly, the percentage of activated
neutrophils, when stimulated by IMLP, also decreased
significantly between 96 and 192h (2.9 + 1.4%;
P =0.03) and increascd again after the end of NO
treatment (6.9 + 2.0%; not significant from control).

The mRFI activity decreased earlier and remained
decreased for a longer time period than the percentage
of activated neutrophils, but basically followed a sim-
ilar pattern (Fig. 3). The mRFI was already signifi-
cantly decreased at more than 24 h with E. coli stimula-
tion (P = 0.03) and at more than 72 h with {MLP
stimulation (P = 0.02). After the end of NO inhalation
the mRF1 reached control values after 96 -192 h with E.
coli stimulation after 48-96 h with fMLP stimulation.
Neither neonates nor infants differed in the percentage
of activated neutrophils or in mRFI at the end of
therapy when stimulated by fMLP (11.2 + 3.3% vs
8.2 +3.6%, mRFI = 68.0 4+ 22.1 vs 49.2 + 5.9).
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Fig. 2 Relative fluorescence intensity (RFI, logarithmic scale 10°-10%)
of neutrophils (cell number, linear scale 0-250) stimulated with E. coli
and fMLP before, during, and after therapy with inhaled NO (14)

C-reactive protein before and during inhalation of
nitric oxide

Some of the infants studied showed an unexpected
course of CRP values. Four of six had repeated levels of
CRP of more than 20 mg/l (range: 22-120 mg/1) at the
beginning of NO therapy [19]. Initially, all of them
responded to antibiotic therapy with CRP levels less
than 20 mg/1 after 96 h. After more than 192 h of NO
inhalation, however, five infants had levels of
CRP >20 mg/l (range: 26-120 mg/l) again until 72 h
after the end of NO inhalation. Blood culture was
positive in three cases. negative in one (patient 13)
despite post-mortem pathological evidence, and quite
negative in the remaining patient.

In contrast, the course of CRP values in neonates
was as expected. On entering the study, seven neonates
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Fig. 3 Mean relative fluorescence intensity (mRFI; mean + SE) of E.
coli- and fM LP-stimulated neutrophils before ( <12 h), during (<12 h
until <192 h), and after ( <48 h until <192 h) inhalation of NO. The
number of data points included in each group is indicated at the top

Before

with clinical signs of infection had repeated levels of
CRP above 10 mg/l [20] with a range of 12-74 mg/l.
CRP elevations caused by CDH surgery were excluded.
All neonates clinically responded to appropriate anti-
biotic therapy, and CRP levels declined to zero after
96 h of treatment, as was corroborated at least twice in
every child.

Discussion

Inhalational NO has proven to be a major advance in
the treatment of pulmonary hypertension [21, 227].
Moreover, NO treatment is relatively easy to apply,
inexpensive and less invasive than other therapeutic
approaches, such as ECMO [23]. A rapid success and
expansion of inhalational NO therapy can be expected.
Therefore, any side effect of this new and elegant ther-
apy is of great clinical importance. So far, no untoward
systemic reactions have been reported, except for the
formation of methaemoglobin. This study provides
evidence for an impairment of neutrophil function
caused by inhaled NO in vivo.

The ability to generate reactive oxygen species, the
so-called respiratory burst, is essential for neutrophils
to kill infectious microorganisms [24]. The superoxide-
generating NADPH oxidase system consists of both
cytoplasmatic and membrane components and is disas-
sembled in unstimulated cells [25]. Dependant on an
appropriate receptor function and intact activating
mechanisms, a variety of stimuli, such as fMLP or E.
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coli, are able to activate the respiratory burst [26, 27].
Neutrophil respiratory burst was measured with a flow
cytometric method at the single cell level in whole blood
[16]. This was done mainly because of the small blood
volume necessary, in order to avoid artificial blood loss
among neonates and infants and to prevent artefacts by
cell isolation procedures. Dihydrorhodamine (DHR)-
123 was used as an oxidative probe, which is a sensitive
technique to investigate changes in the oxidative burst of
activated neutrophils [17]. Oxidation of DHR-123 by
NO is unlikely to occur, since NO binds rapidly to
haemoglobin and thereby loses its biological activity [9,
10]. Moreover, the release of rhodamine-123 by neu-
trophils or the spontaneous oxidation of DHR-123 was
controlled by the fluorescence of lymphocytes, which
cannot achieve an oxidative response by themselves.

In our study, stimulation of neutrophils in whole
blood obtained from healthy adults and from patients
before inhalation of NO as well as after more than 96 h
after the end of inhaled NO, resulted in a prompt in-
crease of superoxide anion production. This intact res-
piratory burst proves that none of our patients suffered
from chronic granulomatous disease [28] and further-
more presents a control of the technical quality of our
studies.

Although our patients had quite heterogeneous char-
acteristics, we found a sustained and persistent depression
of superoxide anion production by inhalation of NO.
Neutrophils stimulated with E. ¢oli showed a decreased
respiratory burst after more than 24 h of NO inhalation,
which lasting up to 96 h after the end of NO inhalation.
As shown in Fig. 2, there was a gradual response to
inhaled NO, with two peaks of RFT at the beginning of
NO inhalation. These peaks may represent two sub-
populations of neutrophils, one with nearly normal func-
tion of respiratory burst and the other with already de-
pressed function [29. 30]. Ongoing NO therapy resulted
in a diminished function of nearly all neutrophils. The
diminished function of neutrophils during NO therapy is
in accordance with in vitro examinations [ 13]. Decreased
respiratory function persisted after the end of NO inhala-
tion. Total restoration required more than 4 days, which
may indicate an irreversible functional impairment.
Clancy et al. [13] also reported a prolonged effect of NO
and suggested that the formation of a stable intermediate
between NO and the NADPH-oxidase complex was re-
sponsible for this observation.

In tMLP-activated neutrophils, there was also a de-
creased respiratory burst during and after NO inhalation.
The decrease, however, was less pronounced due to
a weaker activation by (IMLP than by E. coli. There was
a difference in the MLP-stimulated respiratory burst
between neonates and infants before inhalation of NO,
which may be due to an activation of respiratory bursts

by other stimuli in the blood [31, 32]. During NO inhala-
tion no difference between neonates and infants was de-
tected, owing to the decreased respiratory burst.

Medical treatment or electrolyte imbalances may in-
fluence the respiratory burst function [26, 337. Treatment
with glucocorticoids, however, was unchanged during the
study period. Additionally, values of E. coli and fMLP-
stimulated neutrophil respiratory bursts of healthy adults
were comparable to those of the patients before NO inha-
lation. ECMO therapy might influence neutrophil respir-
atory burst. At our institution, NO inhalation is used to
accelerate the weaning process, but not before the 2nd day
of ECMO therapy. Data of ECMO patients enrolled in
the presented study, however, were compared with data
collected within 12 h of the initiation of NO inhalation.
Therefore, ongoing ECMO therapy might not be the
explanation for the observed decline of respiratory burst.

Nearly all our patients received inotropic drugs, but
this treatment was usually only necessary during the first
few days after admission. Antimicrobial therapy consisted
of a variety of drugs and therefore is not likely 1o be
responsible for the overall reduced respiratory burst func-
tion. Serum electrolytes were kept within the normal
range.

An important shortcoming of our study is the varying
number of measurements presented. This is mostly due
to the varying duration of NO inhalation, Additionally,
blood samples were taken only together with clinically
indicated tests and the burst tests were performed im-
mediately after taking the blood samples.

The clinical importance of our findings with respect
to host defence is speculative in the absence of an
adequate control group. There was, however, a marked
increase of the incidence of elevated CRP levels after
more than 192 h of NO inhalation. On the other hand,
NO may play a part in tissue damage as it may be
cytostatic or cytotoxic not only for invading microor-
ganisms but also for cells, therefore, reducing the degree
of inflammation [ 34, 35]. Furthermore, decreased neu-
trophil superoxide anion release by inhaled NO and an
inhibition of neutrophil adhesion to endothelium by
NO may prevent tissuc damage [12, 36].

Inhaled NO causes reduced superoxide anion pro-
duction of neutrophils stimulated either with E. coli or
with fMLP. This systemic side effect of inhaled NO is in
line with in vitro results. The benefits of NO inhalation
in patients with pulmonary hypertension and the im-
plications for host defence remain to be determined in
a prospective controlled study.
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