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Nitric oxide inhalation inhibits inducible nitric oxide synthase but not
nitrotyrosine formation and cell apoptosis in rat lungs with meconium-
induced injury1
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Introduction
Meconium aspiration syndrome (MAS) remains a sig-

nificant cause of morbidity and mortality in term newborn
infants with intrauterine hyperoxia, despite improvements in
obstetric care.  The pathophysiology of lung injury in MAS

is very complicated.  The complex nature of MAS contrib-
utes to its poor response to many therapeutic interven-
tions[1–4].  Clinical and experimental evidence suggest that
inhaled nitric oxide (NO) reduces pulmonary hypertension,
improves systemic oxygenation and inhibits the transendo-
thelial migration of activated neutrophils in a variety of patho-
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logical conditions of the lungs, including meconium aspira-
tion[3,5,6].

As a free radical, however, NO inhalation is potentially
toxic.  NO induces apoptosis in various cell lines[7].  NO inhala-
tion can cause damage to the lung tissue through its reac-
tion with superoxide anions, resulting in the production of
peroxynitrite anion (ONOO–).  Nitrotyrosine is a marker of
ONOO– production, which provides evidence for therapy-
induced iNO toxicity[8].  A previous study showed that NO
inhalation during the early phase of inflammation did not
increase, but rather decreased nitrotyrosine formation[8,9].
However, nitrotyrosine formation in meconium-induced acute
lung injury (ALI) with or without inhalation of NO has not
been investigated.  The anti-inflammatory effect of iNO in
meconium-induced ALI is still controversial[3].

The aims of our present study were to explore the mecha-
nism of anti-inflammatory effects and to investigate the pos-
sible toxic role of iNO in meconium-induced ALI.  A rat model
of ALI following meconium aspiration was established.  The
pulmonary inducible NO synthase (iNOS) protein and
interleukin (IL)-1β mRNA expression, nitrotyrosine formation,
pulmonary apoptosis, as well as lung injury score, broncho-
alveolar lavage (BAL) cell count, myeloperoxidase (MPO)
activity and malondialdehyde (MDA) level were measured.

Materials and methods

Meconium preparation  First-passed meconium was
taken from urine-free diapers of healthy term neonates.  The
meconium was placed in a sterile jar and frozen for less than
7 d and then lyophilized, pooled and diluted with sterile sa-
line to a final concentration of 20% suspension[10].  This
meconium slurry was frozen at -70 oC until use.

Animal management  Twenty-four 30–45 d old Sprague-
Dawley rats weighing 130 –170 g were studied.  A rat model
of meconium-induced ALI was established as previously
described[10,11].  Briefly, rats were anesthetized with sodium
pentobarbital (40 mg/kg, ip).  After tracheotomy, an endotra-
cheal tube was placed through the incision, and then
stabilized.  Prior to meconium instillation, rats were given
vecuronium bromide (2 mg/kg, ip).  After 15 min, the rats were
randomized into 3 groups (n=8 each).  Sixteen of the rats
were instilled intratracheally with meconium (1 mL/kg) fol-
lowed by a 3 mL bolus of air to disperse the meconium into
the lung to establish the model of  ALI.  Half of the dose was
given with the rat lying on one side and the other half with
the rat lying on the other side and then randomized into the
Mec/saline group, with intratracheal instillation of 1 mL/kg
saline, or the Mec/iNO group, with continuous inhalation of

NO at 20 µL/L.  The remaining 8 rats were given 1 mL/kg
sterile saline intratracheally followed by a 3 mL bolus of air
as control.  At 60 min after surgery, skin and tracheal inci-
sions were closed with a 4–0 nylon suture.  The rats in the
Mec/saline group and in the control group were allowed to
breath spontaneously in room air.

Nitric oxide exposure  Immediately after the skin and tra-
cheal incisions were closed, the rats in the Mec/iNO group
were housed for 24 h in a sealed Plexiglas chamber that was
flushed continuously with a precise dilution of NO gas
(800 µL/L) and medical air (4 mL/kg) to achieve a final NO
concentration of 20 µL/L NO concentration in the chamber
was continuously monitored by a NO/NO2 monitor confirm-
ing that the NO concentration was maintained at 20±1 µL/L
and that the NO2 concentration was consistently <2 µL/L.

Sample collection and storage  The animals were killed
24 h after treatment.  The chest was opened by a midline
incision.  The lungs were isolated and left lung lavage was
carried out.  Tissue samples from the right lung were obtained.
Apoptosis of lung tissue cells was evaluated using electron
microscopy and a terminal deoxynucleodityl transferase-
mediated dUTP nick-end labeling (TUNEL) assay was car-
ried out.

Bronchoalveolar lavage total cell count  The left lung
was lavaged using 31 mL aliquots of cold sterile saline fol-
lowing tracheotomy.  Each lung was instilled and cleared 3
times.  The recovered amount was always more than 90%.  A
total BAL cell count was obtained within 4 h.

Pulmonary myeloperoxidase activity and malondial-
dehyde assay  Myeloperoxidase (MPO) activity was assessed
as a measure of pulmonary neutrophil influx and activity.
Pulmonary MPO activity and malondialdehyde (MDA) lev-
els were assayed in duplicate on homogenized lung samples,
according to the manufacturer’s manual.  One unit of MPO
activity was expressed as units per gram of wet lung tissue.
MDA levels were standardized for tissue protein concentra-
tion determined by the Bradford protein assay[12].

Reverse transcription-polymerase chain reaction (PCR)
analysis of  pulmonary IL-1βββββ mRNA expression  Total RNA
was isolated with Trizol Reagent (Sangon, Shanghai, China)
in accordance with the manufacturer’s instructions.  Comple-
mentary DNA (cDNA) was prepared by reverse transcrip-
tion (RT) of 10 µg total RNA using oligo dT18 and 200 u
MmuLV reverse transcriptase (Sangon) at 37 oC for 90 min
according to the manufacturer’s manual.  cDNA was used as
a template in the PCR, which was run in Tag-polymerase
buffer, supplemented with 1.5 mmol/L MgCl2, 5 µg/mL of
each primer, 4 µL of 10 mmol/L dNTPs, and 1 U of Tag-poly-
merase (TaKaRa, Dalian, China).  The total reaction volume
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was 50 µL.  The primers used for IL-1β in RT-PCR were coding,
5'-GAA GCT GTG GCA GCT ACC TAT GTC T-3' and uncoding,
5'-CTC TGC TTG AGA GGT GCT GAT GTA C-3', which yielded
a PCR product of 520 bp.  The primers for β-actin (200 bp)
were coding, 5'-ATG CCA ACA CAG TGC TGT CT-3' and
uncoding, 5'-CTG CTT GCT GAT CCA CAT CT-3'.  Amplifi-
cation was carried out for 30 cycles at 94 oC for 1 min, 65 oC
for 45 s, 72 oC for 45 s, followed by a 7 min extension at 72 oC.
Gene expression was determined by the size of the PCR prod-
uct in 1.6% agorose gels (in Tris-buffer, pH 8.0), stained with
0.1% µg/mL ethidium bromide and observed under ultravio-
let light.  The data of the IL-1β mRNA levels was normalized
against the housekeeping gene β-actin.  Molecular weight
markers were run in parallel.

Western blot analysis of pulmonary nitrotyrosine for-
mation and inducible nitric oxide synthase expres-
sion   Frozen lung tissues were homogenized in protein ex-
traction buffer.  The homogenate was left on ice for 30 min
before centrifugation at 10 000×g.  Protein content was esti-
mated[12], and aliquots of 50 µg homogenate protein were
run on 10% (w/v) sodium dodecylsulfate (SDS)-polyacryla-
mide gel electrophoresis (PAGE) gels.  Proteins were subse-
quently transferred to nitrocellulose membranes and stained
with Coomassie blue to verify the equivalent transfer of
samples.  Membranes were blocked by incubation with 3%
(w/v) fat dry milk in PBS for 1 h at room temperature, with
shaking.  Thereafter, the membranes were incubated over-
night at 4 oC with either mouse monoclonal anti-nitrotyrosine
(Calbiochem-Novabiochem, San Diego, CA, USA) or rabbit
polyclonal anti-iNOS or rabbit polyclonal anti-actin (Santa
Cruz, Califonia, USA).  The primary antibody was used at
dilutions from 1:500 to 1:1000.  The blots were washed 4
times (10 min each time) with Tris-buffered saline Tween-20
(TBST), comprising 50 mmol/L Tris-HCl (pH 7.6), 150 mmol/L
NaCl and 0.1% Triton X-100, and subsequently incubated
for 2 h at room temperature in Tris-buffered saline with horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse IgG
antibody (1:5000; Pierce, Rockford, IL, USA).  Immunoreac-
tive bands were visualized using the enhanced chemilumi-
nescence system (Pierce) and quantified by densitometric
analysis using Scion image software (Kodak, EDAS290 Im-
ager Analysis).  Results were calculated as the relative ratio
of the specific band compared with actin.

Histological examination  Pulmonary tissue samples
from the right lower lobe were fixed in 10% buffered formalin,
embedded in paraffin, and stained with hematoxylin and eosin
for determination of the severity of lung injury.  Samples
were assessed by a blinded pathologist who was unaware of
the group of the rats.  A score from 0 to 4 represented the

percentage of affected area on the lung section (0=0%, 1=1%–
25%, 2=26%–50%, 3=51%–75%, and 4=76%–100%) and was
assigned for 3 different characteristics: (i) extension of pul-
monary leukocyte infiltration; (ii) amount of intra-alveolar
leukocytes; and (iii) amount of exudative debris and edema
fluid.  The calculated total injury score represents the sum of
these scores[3].

Quantification of apoptosis in lung tissues by
TUNEL  The semiquantification of apoptotic cells in lung
tissue was carried out by in situ TUNEL using the Apop Tag
Peroxidase In Situ Cell Death Detection Kit (Roche Diag-
nostic GmbH Mannheim, Germany) according to the
manufacturer’s protocol.  The number of positive signals in
each section was evaluated by 3 independent pathologists
using light microscopy.  The apoptosis index (AI) was
calculated.  AI is a measure of the number of positive cells in
each 100 cells counted in 5 different blocks in the same sec-
tion[13].

Electron microscopy  Small pieces of lung tissue (1 mm3)
from the left lower lobe were obtained for ultrastructural analy-
sis of apoptotic pulmonary cell death by electron microscopy.

Statistical analysis  Data are expressed as mean±SD.
Statistical significance among sample groups was analyzed
with ANOVA.  The Mann-Whitney test was used to analyze
the data from lung injury score.  A level of P<0.05 was con-
sidered statistically significant.

Results

The meconium-instilled group showed increased BAL
cell count, pulmonary MPO activity and lung injury score
when compared with the control group (all P<0.01; Table 1).
The expression of IL-β mRNA and iNOS protein was also
increased significantly (both P<0.01; Figures 1,2).  Pulmo-
nary nitrotyrosine, a marker of ONOO–  formation as an index
of pulmonary peroxidation, and MDA, a marker of lipid
peroxidation, were increased significantly as well (both P<
0.01; Table 1; Figure 3).  Pulmonary AI, demonstrated by
TUNEL staining, was significantly elevated at 24 h after the
treatment (P<0.01; Figure 4).  This was confirmed by the elec-
tron microscopic finding that apoptotic change occurred in
pulmonary epithelium in the meconium-instilled rat lungs
(Figure 5).

Inhalation of NO (20 µL/L) significantly inhibited meco-
nium-induced iNOS protein and IL-1β mRNA expression
when compared with the Mec/saline group (both P<0.01;
Figures 1, 2).  BAL cell count, MPO activity, and lung injury
score were also decreased (P<0.01, P<0.01, and P<0.05,
respectively; Table 1).  However, there were no statistical
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differences in MDA level, nitrotyrosine formation or pulmo-
nary AI between the Mec/saline and Mec/iNO groups
(Table 1; Figures 3, 4).  Electron microscopy revealed a sig-
nificant amount of epithelial apoptosis in rat lung from both

the Mec/saline and the Mec/iNO group (Figure 5).

Discussion
The present study shows that meconium aspiration in

meconium-induced ALI, compared with NO inhalation, is
associated with increased MPO activity, lung injury score,

Table 1.  Bronchoalveolar lavage (BAL) cell count, pulmonary
myeloperoxidase (MPO) activity, malondialdehyde (MDA) and lung
injury score in rats with intratracheal saline (control) or meconium
instillation followed by saline instillation (Mec/saline) or nitric oxide
(NO) inhalation (Mec/iNO).  n=8.  Mean±SD.  cP<0.01 vs control;
eP<0.05, fP<0.01 vs Mec/saline.

Group       106×Cell count      MPO            MDA          Lung injury
                   (cells/mL)       (U/g wet       (nmol/mg           score
                                        lung tissue)     protein)

Control 0.53±0.19 0.62±0.16 1.40±0.35   2.25±1.04
Mec/saline 4.68±1.40c 1.54±0.24c 3.50±0.82c 10.00±1.07c

Mec/iNO 3.38±0.58cf 1.24±0.14cf 3.25±1.20c   8.50±1.14ce

Figure 3.  (A) Representative Western blot analysis of nitrotyrosine
(~66 kDa) formation from control (1, control), acute lung injury
with intratracheal instilled saline (2, Mec/saline) or with 20 µL/L.
nitric oxide (NO) inhalation (3, Mec/iNO).  (B) The intensity of the
bands is greater in the Mec/saline and Mec/iNO lanes compared with
the control (n=8 in each group).  cP<0.01 vs control.

Figure 2.  (A) Representative Western blot analysis of inducible
nitric oxide synthase (iNOS) (~115 kDa) from control (1, control),
acute lung injury with intratracheal instilled saline (2, Mec/saline) or
with 20 µL/L .  nitric oxide (NO) inhalation (3, Mec/iNO).  (B) The
intensity of the bands is greater in the Mec/saline and Mec/iNO lanes
compared with the control.  NO inhalation inhibits the expression of
pulmonary iNOS protein (n=8 in each group).  cP<0.01 vs control.
 fP<0.01 vs Mec/saline.

Figure 1.  (A) Representative reverse transcription-polymerase chain
reaction analysis of pulmonary interleukin (IL)-1β mRNA (520 bp)
from control (1, control), acute lung injury with intratracheal-in-
stilled saline (2, Mec/saline) or with 20 µL/L.  nitric oxide (NO)
inhalation (3, Mec/iNO).  (B) NO inhalation inhibits the expression
of pulmonary IL-1β mRNA (n=8 in each group), and the intensity of
the bands is greater in the Mec/saline and Mec/iNO lanes compared
with the control.  cP<0.01 vs control.  fP<0.01 vs Mec/saline.
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high numbers of neutrophils in BAL, and increased iNOS
protein and IL-1β mRNA expression.  It demonstrates that
early NO inhalation at a dose of 20 µL/L.  inhibits the pulmo-
nary inflammatory injury, but does not increase pulmonary
MDA and nitrotyrosine formation in meconium induced-ALI.
These findings indicate that NO inhalation may protect the

lung tissue against the meconium-induced pulmonary inflam-
matory response and that at the present dosage, the oxida-
tive effects of iNO are not clinically significant.

Meconium contains variable amounts of proinflammatory
substances, such as IL-1β, IL-6, IL-8, TNF-α, and heme, which
may activate lung inflammatory cells to produce cytokines
and elicit inflammatory reactions[11,14].  This is also demon-
strated in the rat lungs in our study by induction of pulmo-
nary IL-1β mRNA expression.  As previously reported, high
expression of iNOS might lead to overproduction of NO[15,16].
NO is an important mediator in inflammation and high levels
of NO produced by iNOS can mediate lung injury[8].  During
inflammatory conditions, meconium is able to activate mac-
rophages to produce oxygen radicals, including superoxide
anions[4].  Reaction of NO with superoxide anions produces

Figure 4.  Representative lung sections from (A) control, (B) acute
lung injury with intratracheal instilled saline (Mec/saline) or (C) with
20 µL/L.  nitric oxide (NO) inhalation (Mec/iNO), showing stained
brown nuclei of apoptotic cells with terminal deoxynucleodityl trans-
ferase-mediated dUTP nick-end labeling.  (D) Pulmonary apoptotic
cells are more numerous and the pulmonary apoptosis index is sig-
nificantly increased in the Mec/saline and Mec/iNO groups compared
with the control (n=8).  cP<0.01 vs control.

Figure 5.  Representative electron microscopic figures from (A) a
control lung (control), (B) a lung with acute lung injury with intratra-
cheal instilled saline (Mec/saline) or (C) 20 µL/L.  nitric oxide (NO)
inhalation (Mec/iNO).  Apoptotic change occurred in type II
pneumocytes in both (B) and (C).  The condensed chromatin repre-
sents apoptotic change.
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peroxynitrite, which is a highly oxidative species and is ca-
pable of nitrating tyrosine residues of numerous proteins,
leading to the formation of nitrotyrosine that may result in
protein inactivation and lipid and DNA degradation.
Nitrotyrosine is a product of the peroxynitrite pathway that
has been used as a probe to detect NO-mediated oxidative
reactions[8].  Our findings show that meconium aspiration
results in the expression of iNOS and the production of MDA
and nitrotyrosine, indicating that meconium-induced ALI is
associated with pulmonary inflammatory and oxidative/
nitrosative injury.

Findings from earlier studies suggest that inhaled NO
can decrease inflammatory reactions in neonatal and adult
lungs[6,17].  In the present study, we showed an attenuation
in pulmonary inflammatory injury after NO treatment, similar
to earlier findings.  Evidence from our study shows that the
mechanism of the anti-inflammatory effects of NO inhalation
may be associated with inhibited expression of pulmonary
iNOS protein and IL-1β mRNA.  On the other hand, during
inflammatory conditions, inhaled NO might increase the re-
action between superoxide and NO to enhance tissue nitra-
tion and exacerbate injury.  Nitrotyrosine has been found in
the lungs of patients with acute respiratory distress syn-
drome who have received inhaled nitric oxide[18,19].  In new-
born piglets the formation of peroxynitrite may be enhanced
in lungs exposed to high doses of inhaled NO or hyperoxia[20].
However, inhaled NO might have contradictory effects on
lung tissue: first, an increase in nitration as a result of in-
creased amounts of NO and nitrite, thereby enhancing the
production of peroxynitrite and the reaction via peroxidase
as a source of nitrite[19]; and second, a decrease in nitration
by inhibiting leukocyte accumulation in the lungs, thereby
reducing the production of NO and superoxide[9,21].  In the
present study, inhaled NO at 20 µL/L.  does not further in-
crease pulmonary nitrotyrosine formation.  Some studies have
also shown that early inhalation of NO in severe respiratory
failure is not associated with increased NO toxicity.  In the
rat model of lipopolysaccharide-induced ALI, NO inhalation
during the early phase of inflammation did not increase, but
rather decreased tyrosine nitration and chlorination, possi-
bly by reducing neutrophil sequestration[9].  Inhaled NO at
100 µL/L was shown to increase the survival of rats with
hyperoxia[22].  Inhaled NO at 20 µL/L with concurrent
hyperoxia did not increase intracellular or intercellular
nitrotyrosine in a mouse model[23].  According to evidence
from this and from previous studies, the oxidative effects of
iNO are not clinically significant.

There is some indirect evidence suggesting that apopto-
sis may play an important role in ALI.  Aspirated meconium

may cause apoptotic cell death of the airway epithelium, sup-
posedly through the action of bile salt or pulmonary inflam-
matory cells.  Increased release of reactive oxygen and nitro-
gen species by pulmonary inflammatory cells may be associ-
ated with apoptotic cell death in the lung.  Previous studies
indicate that NO may function as an inhibitor of the apoptotic
death program.  An earlier study showed that NO inhalation
inhibited pulmonary apoptosis in porcine meconium aspira-
tion[3].  However, there was a bulk of evidence indicating
that NO induced apoptosis in different cell lines[7].  In this
study we found that NO inhalation did not protect the lung
from meconium-induced apoptosis, despite the positive ef-
fect on pulmonary inflammatory injury.

In summary, meconium-induced ALI is associated with
inflammatory oxidant injury and epithelial apoptosis.  Early
inhalation of NO at a dose of 20 µL/L.  does not seem to
prevent epithelial apoptosis caused by meconium aspiration.
Inhalation of NO at the present dose is not associated with
any detectable increase in oxidative or nitrosative damage.
The results presented here suggest a lack of toxicity of in-
haled NO due to oxidant injury and further justify therapeu-
tic trials on inhaled NO in clinical respiratory failure.  Caution
with regard to pulmonary toxicity is still required.
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