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BACKGROUND: Conventional mechanical ventilation (CMV) is fundamental in acute respiratory
distress syndrome (ARDS) treatment. Inhaled nitric oxide (INO), an adjunctive therapy, has been
used with ventilation in an attempt to improve oxygenation and reduce lung injury. OBJECTIVE:
To analyze the early effects of low INO dose on oxygenation, oxidative stress, inflammatory, and
histopathological lung injury in a rabbit model of acute lung injury (ALI). METHODS: This was
a prospective, controlled, in vivo animal laboratory study. Forty rabbits were instrumented and
ventilated at FIO2

1.0. ALI was induced by tracheal infusion of warm saline (30 mL/kg, 38°C) and
lung oxidative stress was assessed by total antioxidant performance (TAP) assay. Animals were
assigned to groups: control group (no. � 10, low tidal volume [VT] � 6 mL/kg, PEEP � 5 cm H2O),
ALI without INO (no-INO group, no. � 10, low VT � 6 mL/kg, PEEP � 10 cm H2O), ALI plus INO
(INO group, no. � 10, low VT � 6 mL/kg, PEEP � 10 cm H2O, INO � 5 ppm). Plateau pressure
was limited to 30 cm H2O in all groups. Ten non-instrumented animals (healthy group) were studied
for TAP assay. Ventilatory and hemodynamic parameters were recorded every 30 min for 4 hours.
RESULTS: After lung injury, the instrumented groups were worse than the control group for PaO2

(control group 438 � 87 mm Hg, no-INO group 80 � 13 mm Hg, INO group 81 � 24 mm Hg, P <
.001). The INO group showed decreased lung inflammation by leukocyte count in lung lavage fluid
(no-INO group 4.8 � 1.64, control group 0.16 � 0.15, INO group 0.96 � 0.35 polymorphonuclear
cells � 106/bronchoalveolar lavage fluid/lung, P < .001), decreased histopathological injury score
(no-INO group 5 [range 1–16], INO group 2 [range 0–5], control group 0 [range 0–3], P < .001),
and better lung protection against oxidative injury than the no-INO group (healthy group 68 � 8.7,
control group 66.4 � 6.8, INO group 56.3 � 5.1, no-INO group 45.9 � 3.4 percent protection/g
protein, P < .001). CONCLUSIONS: INO attenuates oxidative stress and histopathological and
inflammatory lung injury in a saline-lavaged rabbit ALI model. Key words: ARDS; mechanical
ventilation; oxidative injury; acute lung injury; rabbits; inhaled nitric oxide. [Respir Care 2012;57(2):
273–281. © 2012 Daedalus Enterprises]
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Introduction

Acute respiratory distress syndrome (ARDS), the most
severe manifestation of acute lung injury (ALI), is still one
of the biggest challenges in critical care medicine.1 De-
spite better understanding of ARDS pathophysiology, the
mechanisms are still under investigation. Briefly, an in-
flammatory process disrupts the alveolar capillary barrier
with interstitial and alveolar edema. In addition, reactive
oxygen species and reactive nitrogen species can play an
important role in pulmonary vascular endothelial inflam-
matory damage, which may be responsible for syndrome
development and progression.2

Mechanical ventilation is one of the most important
supportive treatments in ARDS, having a significant im-
pact on mortality.3 Systemic inflammatory cytokine re-
lease also reduces when protective conventional mechan-
ical ventilation (CMV) is used.4 In contrast, experimental
studies have shown that nonprotective mechanical venti-
lation increases the inflammatory process and disrupts al-
veoli surface integrity due to overdistention and cyclic
reopening/collapse.5

The pathophysiological complexity and seriousness of
some ARDS cases may require adjunct treatments such as
inhaled nitric oxide (INO).6

In 2004, we compared pressure control ventilation with
and without early INO administration in children with
ARDS, where INO was introduced as early as 1.5 hours
after diagnosis, leading to acute improvements in oxygen-
ation indexes. Prolonged treatment was also associated
with improved oxygenation, so that FIO2

and peak inspira-
tory pressure could be quickly and significantly reduced.
We concluded that early INO treatment provides an acute
and sustained improvement in oxygenation, and earlier
reductions away from ventilator settings linked with a high
risk of ventilator-induced lung injury and oxygen toxicity;
this may help reduce mechanical ventilation aggressive-
ness and attenuate inflammatory lung injury.7

Nitric oxide inhalation is also not free of toxic effects,
mainly from peroxynitrite (ONOO–) and nitrogen dioxide
production. Peroxynitrite destroys surfactant by lipid per-
oxidation and prevents further surfactant production, in-
creasing the possibility of alveolar collapse.8

Studies disagree on INO pulmonary inflammatory re-
sponse: some indicate increased and some decreased in-
flammatory mediator release.9-11 These relate to INO dose,
local oxidation-reduction potential, other inflammatory me-
diators, and oxygen-derived free radicals.12 Also no study
could be found using total antioxidant performance (TAP)
assay to compare the effect of protective CMV, with and
without INO on lung oxidative stress. The TAP assay,
which determines overall antioxidant/oxidative stress, can
capture the biological antioxidant network between water-
soluble and fat-soluble antioxidants and their interactions

against oxidative stress.13 This method has been validated
by Beretta et al14 and can be applied to tissues.15 It is based
on a lipophilic radical generator 2,2�-azobis(4-methoxy-
2,4-dimethylvaleronitrile) (MeO-AMVN) and a lipophilic
oxidizable substrate (4,4-difluoro-5-(4-phenyl-1,3-butadi-
enyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid
[BODIPY]) that specifically measures the lipid compart-
ment oxidizability related to fat-soluble and water-soluble
antioxidants acting through a synergistic/cooperative mech-
anism.14

Our hypothesis is that early introduction of low dose
INO is protective in a model of ALI via surfactant deple-
tion. The objective of this study was to analyze the early
effects of low INO dose on oxygenation, oxidative stress, and
inflammatory and histopathological lung injury in a rabbit
model of ALI under protective mechanical ventilation.

Methods

Design, Animals, and Instrumentation

This was a prospective, sham controlled, in vivo animal
study. Rabbits were cared for in accordance with United
States National Institutes of Health guidelines and BC Di-
rective 86/609/EEC. This study was approved by the Ex-
perimental Research and Ethics Committee of Botucatu
Medical School, Sao Paulo State University (protocol num-
ber 600).

Forty 2.0–3.0 kg Norfolk white rabbits were anesthe-
tized intramuscularly with ketamine (50 mg/kg) and xyla-
zine (2 mg/kg). The animals were preoxygenated during
spontaneous breathing with 100% oxygen by nose cathe-
ter. A tracheotomy was performed by inserting a 3.0–
3.5 mm inner-diameter tracheal tube (Portex, Hythe, United
Kingdom) and securing it with umbilical tape. Ventilation
was then initiated using a Galileo Gold ventilator (Ham-
ilton Medical, Bonaduz, Switzerland) in adaptive pressure
ventilation (also known as volume targeted pressure con-

QUICK LOOK

Current knowledge

Inhaled nitric oxide improves oxygenation by improv-
ing ventilation/perfusion matching, but does not impact
mortality in patients with acute respiratory distress syn-
drome.

What this paper contributes to our knowledge

In an animal model of acute lung injury, delivery of
inhaled nitric oxide attenuates oxidative stress and re-
duces lung inflammation.
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trol) mode with the following initial parameters: FIO2
�

1.0, tidal volume (VT) � 6 mL/kg, PEEP � 5 cm H2O,
respiratory rate � 40 breaths/min, inspiratory time �
0.5 second. These settings were maintained for 15 min to
achieve stabilization. After tracheotomy had been per-
formed, a vascular catheter was inserted into the common
carotid artery (22 gauge Jelco, Introcan Safety-B-Braun,
Melsungen, Germany), and a double lumen catheter
(5 French, Arrow International, Reading, Philadelphia,
Pennsylvania) was advanced into the superior vena cava
through the jugular vein. The arterial catheter was used to
measure blood gases and arterial blood pressures, using a
LogiCal monitoring system (Medex, Dublin, Ohio) con-
nected to a conventional physiological monitor (2010,
Dixtal, Manaus, Brazil). The double lumen catheter was
used for sedative, maintenance fluid, and vasoactive drug
infusion. Anesthesia was maintained with 10 mg/kg/h in-
travenous ketamine. Muscle paralysis was induced by
0.2 mg/kg intravenous pancuronium bromide and main-
tained with 0.1 mg/kg doses as needed. If mean arterial
pressure fell below 50 mm Hg during the experiment,
0.5–1 �g/kg/min intravenous noradrenaline was initiated.
The need for vasoactive support was recorded by using a
vasoactive-inotropic score.16 Maintenance fluid was deliv-
ered by continuous infusion of 0.9% saline containing 5%
dextrose at 4 mL/kg/h. Core temperature was continuously
monitored by esophageal probe and body temperature main-
tained at 38–39°C with electric warming pads. Continuous
pulse oximetry was performed with the probe placed on a
shaved portion of the rabbit’s thigh.

Lung Injury Induction

Lung injury was induced by lung lavage, using 30 mL/kg
aliquots of 0.9% warm (38°C) saline solution.17,18 Briefly,
after disconnecting the animal from the ventilator, the sa-
line was introduced by gravity through a side port of the
tracheal tube at a maximum pressure of 30 cm H2O. The
animals were gently rocked from side to side for a few
seconds and the saline passively drained from the tracheal
tube, and then suction was applied with an endotracheal
suction catheter. This procedure was repeated 6 times,
with 2 minute intervals between each lavage, during which
time the animals were ventilated. After stabilization, arte-
rial blood gas was sampled to verify that the animals were
hypoxemic (2 values of PaO2

� 200 mm Hg, 15 min apart).
If lung injury was not confirmed, lung lavage was restarted
and PaO2

/FIO2
reassessed after every 2 washes. After sta-

bilization, the animals were given two 30-second sustained
inflations with a mean airway pressure of 30 cm H2O, to
promote lung recruitment and equalize volume history.17

Inhaled Nitric Oxide Administration

INO was administered at 5 ppm, according to previ-
ously described guidelines and techniques7 throughout the
4-hour protocol, which began soon after lung injury was
confirmed. Briefly, NO blended with nitrogen was ob-
tained from 20-L tanks connected to a pressure regulator
(White Martins Gases Industriais-Praxair, Rio de Janeiro,
Brazil). Tank concentration was certified by the suppliers
as 300 ppm nitric oxide in nitrogen. NO was continuously
delivered to the animals via flow meter, directly into the
inspiratory limb of the ventilator circuit, distal to the
humidifier, from a point 30 cm distal to the animal’s tra-
cheal tube. INO and nitrogen dioxide (NO2) concentra-
tions were measured using an NO/NO2 electrochemical
sensor (JP Moryia, São Paulo, Brazil) from samples of cir-
cuit gas obtained as close as possible to the tracheal tube
via a Y-piece. The gas sensor was calibrated before use
every day. Audiovisual alarms were calibrated at 1 ppm
above administered INO dose and at a maximum of 3 ppm
NO2 concentration. The delivery system was flushed thor-
oughly before use.

Experimental Groups

Animals were assigned to one of 4 groups: sham con-
trol (control group, no. � 10, VT � 6 mL/kg,
PEEP � 5 cm H2O), ALI�ventilation (no-INO group,
no. � 10, VT � 6 mL/kg, PEEP � 10 cm H2O, plateau
pressure limited to � 30 cm H2O), ALI�ventilation�INO
(INO group, no. � 10, VT � 6 mL/kg, PEEP � 10 cm
H2O, plateau pressure limited to � 30 cm H2O, and INO
5 ppm), and healthy group (no. � 10, animals studied for
oxidative stress analysis without ALI and mechanical
ventilation).

The animals were ventilated using a Galileo Gold ven-
tilator (Hamilton Medical, Bonaduz, Switzerland) with re-
spiratory rate set at 40–50 breaths/min to reach the tar-
geted PaCO2

(40–45 mm Hg), and FIO2
was maintained at

1.0 throughout the experiment. Animals received adjust-
ments in ventilation, as described by others17,18 using the
same experimental model. Arterial blood gas was obtained
before (baseline), after lung injury induction, and every
30 min until the end of the 4 hours observation period.
Samples were analyzed by an ABL-3 blood gas analyzer
(Chiron Rapid Lab 865, Bayer).

Tissue Collection

Tissue was collected as per Rotta et al.17 Briefly, at the
end of the experiment the animals were sacrificed by rapid
ketamine infusion. The tracheal tube was clamped and the
thorax was carefully opened to observe for signs of pneu-
mothorax, confirm proper catheter placement, and to har-
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vest tissue for histopathological and bronchoalveolar la-
vage (BAL) analysis. For BAL analysis (no. � 5 for each
group), the right main bronchus was clamped using sur-
gical tape, the lung and heart removed en bloc from the
thoracic cavity, and the left lung submitted to BAL twice,
using 15 mL/kg of normal saline (no. � 5 for each group).
The drained fluid was collected for analysis. The right
lung was dissected and stored for oxidative stress analysis
(no. � 10 for each group). Left lungs not instrumented for
BAL were dissected for histopathology (no. � 5 for each
group). Right lung tissue specimens were snap frozen in
liquid nitrogen and stored at �80°C until analysis.

Bronchoalveolar Lavage

BAL fluid was collected and total number of cells counted
in a hemocytometer. Differential counting was by morpho-
logical examination, using panotic staining and polymorpho-
nuclear (PMN) leukocyte percentages were assessed.

Histopathological Analysis

Left lungs were collected from all groups and used for
histopathological analysis. Tissues were filled with 10%
buffered formalin. Alveolar spaces were filled and alveo-
lar architecture preserved by slow gravity formalin drip at
a maximum pressure of 30 cm H2O. After at least 48 hours
fixation, fragments were embedded in paraffin and axial
lung sections made, stained with hematoxylin and eosin,
and blind examined by 2 independent pathologists. Ten
microscopic fields were randomly selected for examina-
tion of each slide, totaling 20 tests for each animal. Pul-
monary histological damage was quantified by a scoring
system using 7 variables (alveolar and interstitial inflam-
mation, alveolar and interstitial hemorrhage, edema, atel-
ectasis, and necrosis). Injury severity was graded for each
of the 7 variables as follows: 0 to 4 point scale: 0 (no
injury), 1 (0–25% injury), 2 (26–50% injury), 3 (51–75%
injury), 4 (76–100% injury). The maximum possible score
was 28 and the lowest zero.19

Total Antioxidant Performance Analysis in Lung Tissue

TAP assay was used to measure oxidative stress status
of rabbit lung from all groups. TAP in rabbit lung tissue
was quantified by comparing the area under the curve
relative to the oxidation kinetics of phosphatidylcholine
liposome suspension used as the reference biological ma-
trix.16 Control liposomes were prepared as previously val-
idated in animal tissue by Ferreira et al.15 The dorsal por-
tion of the right lung was weighed (0.4 g), minced, and
homogenized for 20 seconds on ice with 2 mL phosphate
buffered saline (100 mM, pH 7.4) using an Ultra-Turrax
T8 homogenizer (IKA, Wilmington, North Carolina). Ali-

quots of supernatant for TAP were collected after centri-
fuging lung tissue homogenate at 800 g for 15 min in an
Sorvall RT 6000 refrigerated centrifuge (Du Pont, New-
town, Connecticut). Protein concentration was determined
by BCA (bicinchoninic acid) protein assay.14

Determination of Plasma Total Nitric Oxide Products

Combined nitrate/nitrite (NOx) measurement was used
to determine total NO concentration in rabbit plasma,20

with minor modifications, using a nitrate/nitrite fluoromet-
ric assay kit (Cayman Chemical, Ann Arbor, Michigan).
The detection limit for this assay was 0.2 �M.

Statistical Analysis

Data were analyzed by SigmaStat (version 2.03, SPSS,
Chicago, Illinois). Normally distributed data were com-
pared between different treatment groups by one-way
analysis of variance with all pairwise comparison proce-
dures (Student-Newman-Keuls test) and expressed as
means � SD. Data showing non-normal distribution were
compared by Kruskal-Wallis one-way analysis of variance
on ranks, with all pairwise comparisons by the Dunn test
and expressed as median (range). Intragroup comparisons
at different time points were performed using Friedman
repeated measures analysis of variance on ranks with all
pairwise multiple comparison procedures by the Dunnett
method. Contingency tables of categorical data were com-
pared by the Fisher exact test. Statistical significance was
defined as P � .05.

Results

There were no statistical differences between groups for
weight (control group 2.7 � 0.24 kg, no-INO group
2.6 � 0.25 kg, INO group 2.6 � 0.25 kg, P � .74) and
number of lavages to induce lung injury (no-INO group
8.5 � 3.7, INO group 8.3 � 2.7, P � .15). Percentages of
fluid recovered from lavaged lungs were 84.2% and 85.1%
for no-INO group and INO group, respectively (P � .82).

One animal from the control group (refractory hypoten-
sion), 3 from the no-INO group (pneumothorax and tra-
cheal bleeding), and 2 from the INO group (refractory
hypotension and arterial bleeding) died.

Hemodynamics, Lung Mechanics, and Gas Exchange

The injured groups showed significant hypoxemia, (PaO2
:

control group 438 � 87 mm Hg, no-INO group 80 � 13
mm Hg, INO group 81 � 24 mm Hg, P � .001), poorer
ventilation, decreased pulmonary compliance, and in-
creased airway pressure after lung injury, compared to
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baseline and the control group. There was also significant
metabolic acidosis (Table 1).

PEEP was increased in both ALI groups, as per the
protocol; there were no statistical differences between
groups or moments throughout the experiment (30 min:
no-INO group 6.7 � 0.5 cm H2O, INO group 6.6 � 0.9 cm
H2O; 60 min: no-INO group 8.0 � 0.3 cm H2O, INO
group 8.2 � 1.0 cm H2O: 120 min: no-INO group 9.5 �
0.6 cm H2O, INO group 9.5 � 0.5 cm H2O; 180 min:
no-INO group 9.8 � 0.4 cm H2O, INO group 9.7 � 0.67
cm H2O; 240 min: no-INO group 9.8 � 0.4 cm H2O, INO
group 9.3 � 0.8 cm H2O).

Mean arterial pressure was kept above 50 mm Hg with
vasoactive support. Both injured groups were greater
than control group for vasoactive-inotropic score: control
group 0 (range 0–25), no-INO group 50 (range 0–70),
INO group 50 (range 0–70) (P � .006).

Pulmonary compliance was greater for the control group
than for the treated groups. It decreased in ALI groups
after lung injury, remaining low throughout the experi-
ment, without a statistical difference between them.

Peak inspiratory pressure and airway pressure increased
in the injured groups and were higher than control, show-
ing a deterioration in respiratory mechanics (Fig. 1). An-
imals that underwent lung lavage displayed worse oxygen-
ation indexes than the control group (Fig. 2). A gradual
increase in PEEP improved oxygenation in the no-INO
group and the INO group, without any statistical differ-
ence between them. However, injured animals did not reach
control group values.

Polymorphonuclear Count

The numbers of recovered PMN cells from BAL fluid
were significantly higher in the no-INO group than in the
control group and INO group: no-INO group 4.80 � 1.64,

control group 0.16 � 0.15, INO group 0.96 � 0.35 PMN
cells � 106/BAL fluid/lung (P � .001) (Fig. 3).

Histopathology

Median (range) histopathological injury score was
greater for the no-INO group than for the INO group:
no-INO group 5 (1–16), INO group 2 (0 –5), control
group 0 (0–3) (P � .001) (Fig. 4).

Oxidative Injury and Total Nitric Oxide Products

TAP in lung tissue from the INO group was higher than
from the no-INO group, both treated groups being smaller
than the healthy group and the control group: healthy group
68 � 8.7, control group 66.4 � 6.8, INO group 56.3 � 5.1,
no-INO group 45.9 � 3.4 percent protection/g protein
(P � .001), indicating more protection against oxidative
stress for the INO group, compared to the no-INO group
(Fig. 5). There was no significant difference for NOx con-
centration between groups: healthy group 5.87 � 2.4 �M,
control group 4.54 � 1.1 �M, no-INO group 4.45 � 2.1 �M,
INO group 5.3 � 2.6 �M (P � .07).

Discussion

To our knowledge there is no published study on the
effects of INO associated with protective CMV on lung
oxidative status determined by TAP assay in pulmonary
tissue. Our main findings were that INO attenuated oxi-
dative stress and histopathological and inflammatory lung
injury.

Despite possible beneficial effects, many studies have
given no clinical value to INO, due to its lack of impact on
mortality rate in non-neonatal patients,21,22 so that its use
has been limited to short-term adjunct therapy in cardio-

Table 1. Oxygenation Indexes, Pulmonary Mechanics, Metabolic, and Hemodynamic Data

No INO Group
(no. � 10)

(mean � SD)

INO Group
(no. � 10)

(mean � SD)

Baseline Lung Injury Baseline Lung Injury

PaO2
(mm Hg) 475 � 77* 80 � 13*† 446 � 74* 81 � 24*†

Oxygenation index‡ (cm H2O/mm Hg) 1.8 � 0.7* 12 � 2.0*† 1.7 � 0.4* 14 � 5.2*†
Pulmonary compliance (mL/cm H2O) 3.3 � 0.2* 1.4 � 0.3*† 3.2 � 0.5* 1.3 � 0.2*†
Mean airway pressure (cm H2O) 8.2 � 1.8* 10 � 1.5*† 7.5 � 0.6* 10.3 � 0.9*†
PaCO2

(mm Hg) 40 � 4.8* 50 � 6.0*† 40 � 6.0* 47 � 6.0*†
pH 7.1 � 0.06* 7.2 � 0.06*† 7.3 � 0.07* 7.2 � 0.05*†
Mean arterial pressure (mm Hg) 76 � 16* 76 � 18* 70 � 15* 68 � 9*

* P � .001 comparing groups in each moment, with one way repeated measures analysis of variance.
† P � .001 comparing lung injury and baseline for each group.
‡ Oxygenation index � �(FIO2 � mean airway pressure)/PaO2	 � 100.
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respiratory support for patients with acute hypoxemia or
life threatening pulmonary hypertension.23 Confirming
these reports, a recent multiple study meta-analysis showed
that INO improved oxygenation without modifying overall
clinical outcomes in children and adults with ALI/ARDS.24

However, Razavi et al,25 assessing the effects of INO on
pulmonary inflammation in a mouse model of sepsis-
induced ALI, demonstrated that early INO exposure was
associated with reduced pulmonary leukocyte infiltration
and less oxidative injury. These authors concluded that
early INO administration is of clinical benefit in the nat-

ural history of ALI in clinical settings. Moreover, it seems
that INO response is better in patients with more severe
respiratory failure21 and when it is administered soon after
ARDS diagnosis.7 These results point to early low-dose
INO as a way to attenuate lung inflammation. The pro-
tective role of INO was also reported by Koh et al,26

studying rabbits with ALI induced by lipopolysaccharide
infusion.

According to recent recommendations, the clinical use
of INO therapy in ARDS must be limited to patients who
are optimally ventilated with appropriate PEEP levels, as
this seems to recruit additional alveoli for gas exchange.27

INO improved oxygenation, demonstrating a positive re-
sponse in association with protective ventilation. How-
ever, PaO2

in injured groups did not reach control group
levels. Interestingly, there was no difference in oxygen-

Fig. 1. Peak inspiratory pressure (panel A) and mean airway pres-
sure (panel B) over time for sham control (control group), lung
injury without inhaled nitric oxide group (no-INO group), and lung
injury plus INO group (INO group). * P � .001 comparing no-INO
group and control group. † P � .001 comparing INO group and
control group, by analysis of variance (ANOVA).

Fig. 2. PaO2
(panel A) and oxygenation index (panel B) Oxygenation

index � mean airway pressure � FIO2
� 100/PaO2

, cm H2O/mm Hg)
over time for sham control (control group), lung injury without in-
haled nitric oxide group (no-INO group), and lung injury plus in-
haled nitric oxide group (INO group). PaO2

: * P � .001 comparing
control group with no-INO group and INO group (analysis of vari-
ance [ANOVA], Bonferroni), † P � .001 comparing no-INO group
and INO group at 180 and 240 min with 30 min repeated measure
ANOVA. Oxygenation index: * P � .001 comparing control group
with no-INO group and INO group (ANOVA, Bonferroni). † P � .001
comparing 240 with 30 min for INO group (repeated measure
ANOVA).
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ation indexes between the no-INO group and the INO
group over the 4-hour experimental period, meaning that
INO did not influence oxygenation, despite having posi-
tive inflammatory and antioxidant effects. This can be
explained by many factors. First, there have been reports
of responder and non-responder INO models.28 Gust et al28

observed that, when low doses of endotoxin were added to
ARDS induced with oleic acid, animals responded to INO.
Second, cytokines, endotoxins, and hypoxia can stimulate
NO synthase blocking the hypoxic vasoconstrictor reflex
with decreased gas effects.29 Finally, as has already been
demonstrated,7 the effect of INO on oxygenation takes
4 hours to reach its maximum, making it difficult to dem-
onstrate the oxygenation effects of the gas in animal mod-
els with limited viability, such as rabbits.

The warm saline lavage model causes inflammatory re-
action, with increased vascular permeability and PMN cell
activation in bronchoalveolar fluid.30 INO, however, can
modify cytokine release as well as other inflammatory
pathway elements.10 Also, the gas has inhibitory effects on
the activation of adhesion molecules and oxidative injury,
which reflect the number of neutrophils at the pulmonary
injury site.31 We observed a significant decrease in PMN
cell numbers in animals from the INO group, compared
with the no-INO group, indicating that the gas influenced
PMN cell migration, probably by inhibiting adhesion mol-
ecule expression in these cells and their ligands at the
endothelium.17 Furthermore, we were able to demonstrate
an INO protection effect, as histopathological injury score
for the INO group was lower than for the no-INO group.
There are no studies describing this result.

While many studies have evaluated the effects of pro-
tective ventilation on oxygenation, lung inflammation, and
histological injury in animal ALI models, only a few have
analyzed oxidative stress.17,18

The involvement of oxidant-mediated tissue injury is
likely to be an important event in ARDS pathogenesis.32

ARDS patients reportedly have low plasma antioxidant
concentrations.33 Activated leukocyte aggregates in pul-
monary microvasculature release reactive oxygen species,
which can attack membrane polyunsaturated fatty acid
(PUFA), thus initiating a peroxidation process. Peroxida-
tion leads to the loss of cell membrane functional integrity,
culminating in an acute increase in alveolar-capillary per-
meability. In ALI, activated lymphocytes stimulate tumor
necrosis factor (TNF) and other cytokines. These lympho-
kines augment free radical generation by PMN leukocytes,

Fig. 3. Number of polymorphonuclear (PMN) leukocyte cells re-
covered from bronchoalveolar lavage fluid at the end of experi-
ment for sham control (control group), conventional mechanical
ventilation without inhaled nitric oxide (no-INO group), and con-
ventional mechanical ventilation with inhaled nitric oxide (INO
group): no-INO group 4.80 � 1.64 
 control group 0.16 � 0.15 �
INO group 0.96 � 0.35. P � .001 for both control vs no-INO and
no-INO vs INO. The difference between the control group and the
INO group is not significant.

Fig. 4. Optical microscopy digital photomicrographs (200�, he-
matoxylin and eosin) of representative samples of lung depen-
dent areas from sham control (control group), conventional me-
chanical ventilation without inhaled nitric oxide (no-INO group),
and conventional mechanical ventilation with inhaled nitric oxide
(INO group). Median (range) histopathological injury score: no-INO
group 5 (1–16) 
 INO group 2 (0–5) 
 control group 0 (0–3) (P �
.001).

Fig. 5. Lung protection by total antioxidant performance (TAP)
assay for healthy control group, sham control (control group), con-
ventional mechanical ventilation without inhaled nitric oxide group
(no-INO group), and conventional mechanical ventilation with in-
haled nitric oxide group (INO group). * P � .001 comparing no-INO
group with INO group, healthy group, and control group. † P � .001
comparing INO group with healthy group and control group.
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macrophages, and other cells, which may ultimately pro-
duce ARDS.34

Rotta et al,17 in a similar ALI rabbit model, studied
oxidative stress by measuring malondialdehyde, a nonspe-
cific biomarker of lipid peroxidation.35 This assay has been
criticized due to its low specificity and sensitivity.36 An-
other marker of oxidative stress (myeloperoxidase) in a
rabbit model of gastric juice aspiration showed reduced
lung oxidative damage in high-frequency oscillatory ven-
tilation.37 Even though myeloperoxidase has reportedly
been associated with tissue damage involving inflamma-
tory cells, it only implicates oxidant activity of neutrophils
and other myeloperoxidase-containing cells.38

We demonstrated that protective ventilation plus INO is
associated with improved total antioxidant capacity as-
sessed by TAP. Many factors could have influenced this
finding. It has been shown that INO does not decrease
inflammatory response when inflammation is already in
progress; however, its early use may attenuate it. Also, low
INO doses seem to be beneficial, while higher doses may
contribute to inflammatory injury.39 It is therefore possible
that the early application of low dose INO (5 ppm) may
have attenuated oxidative lung injury in our model.

Our study has some potential limitations. First, no sin-
gle animal model can reproduce all the characteristics of
ALI/ARDS in humans. For instance, ALI rabbit models
produce twice the amount of nitric oxide as human ARDS.30

However, one of the most commonly used ALI animal
models is alveolar lavage with warmed normal saline; this
is primarily a surfactant depletion model, which causes
lung injury very similar to that in human ARDS, in respect
to its effects on oxygenation, pulmonary compliance and
atelectasis, and perivascular/peribronchial edema. How-
ever, it does induce less macrophage and neutrophil infil-
tration unless another injury, such as mechanical ventila-
tion, is added.30 Additionally, surfactant removal can
interfere with lung inflammatory/immune response and ox-
idative metabolism because surfactant inhibits neutrophil
respiratory activation and has an antioxidant effect on al-
veolar macrophages.40 Second, we did not permit changes
in ventilatory settings (for instance raising PEEP levels
above 10 cm H2O), which may have contributed to sus-
tained hypoxia. One of the main factors affecting response
to the gas is alveolar recruitment level. The lungs may
have been very atelectasic and therefore not adequately
recruited to demonstrate a difference between the with and
without INO groups. However, we believe modifications
in ventilatory parameters may introduce a bias, with other
confusing variables.

Conclusions

In conclusion, early use of low dose INO attenuates
oxidative stress and histopathological and inflammatory

lung injury in a saline-lavaged rabbit model of ALI. These
findings strengthen the hypothesis that INO should be used
early in the disease course; however, this needs better
clarification in clinical trials.
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