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ABSTRACT 
 
 

Administration of inhaled nitric oxide (iNO) is a potential therapeutic 
strategy to prevent bronchopulmonary dysplasia (BPD) in preterm newborns 
with respiratory distress syndrome. We evaluated this approach in a rat 
model, in which preterm pups were exposed to room air, hyperoxia or a 
combination of hyperoxia and NO (8.5 and 17 ppm). We investigated the 
anti-inflammatory effects of prolonged iNO therapy by studying survival, 
histopathology, fibrin deposition, and differential mRNA expression (real-
time RT-PCR) of key genes involved in the development of BPD. iNO therapy 
prolonged median survival 1.5 days (p = 0.0003), reduced fibrin deposition 
in a dosage dependent way up to 4.3-fold (p < 0.001), improved alveolar 
development by reducing septal thickness, and reduced the influx of 
leukocytes. Analysis of mRNA expression revealed an iNO-induced 
downregulation of genes involved in inflammation (IL-6, cytokine-induced 
neutrophilic chemoattractant-1 and amphiregulin), coagulation and 
fibrinolysis (plasminogen activator inhibitor 1 and urokinase-type 
plasminogen activator receptor), cell-cycle regulation (p21), and an 
upregulation of fibroblast growth factor receptor-4 (alveolar formation). We 
conclude that iNO therapy improves lung pathology and prolongs survival by 
reducing septum thickness, inhibiting inflammation, and reducing alveolar 
fibrin deposition in preterm rat pups with neonatal hyperoxic lung injury.  
 
Key words: oxidative stress, Bronchopulmonary dysplasia, premature rats, 
coagulation, fibrinolysis. 

108 



NO in hyperoxic neonatal lung injury 

INTRODUCTION 
 
 

Pharmacological and technical advances in neonatal intensive care 
medicine have greatly improved survival and morbidity of premature infants. 
However, premature infants with respiratory distress syndrome (RDS) are 
very susceptible to develop bronchopulmonary dysplasia (BPD) as a result of 
oxygen therapy, mechanical ventilation and surfactant deficiency, especially 
when they are born at <30 wk of gestation and a birth weight of <1,200 g 
(19). Premature infants suffering from BPD have a chronic lung disease that 
requires oxygen therapy at 36 wk of gestation. BPD is characterized by an 
arrest in alveolar and vascular lung development, inflammation, and 
abnormal coagulation and fibrinolysis resulting in alveolar fibrin deposition 
and oxidative stress (19) and can be complicated by pulmonary hypertension 
(10). 

Administration of inhaled nitric oxide (iNO) is a potential novel 
therapeutic strategy for premature infants with RDS who are at risk to 
develop BPD. In the mammalian lung, three NO synthases neuronal (nNOS), 
inducible (iNOS) and endothelial (eNOS)] synthesize equimolar amounts of 
NO and L-citrullin from L-arginine and oxygen (8, 34). In the airways, NOS is 
present in many cell types, including vascular endothelial cells, airway 
epithelial cells, macrophages and neurons. NO is a gas that exerts its 
biological function in part via the activation of guanylate cyclase, resulting in 
the production of cGMP (20). NO is involved in multiple (patho)physiological 
processes in the lung, including neurotransmission, pulmonary circulation, 
smooth muscle contraction, inflammatory mechanisms, ciliary motility, 
mucin secretion and plasma exudation (1, 6, 8, 20, 25). 

Persistent pulmonary hypertension of the newborn is a common 
complication in full-term infants with respiratory failure and can be alleviated 
by administration of iNO (5, 38), which induces vasodilatation, improves 
oxygenation (5, 38), reduces the need for extracorporeal membrane 
oxygenation (5), and shortens the stay in the neonatal intensive care unit 
(38). Although preterm infants with severe RDS often develop pulmonary 
hypertension (42), the use of low dosages of iNO (5-10 ppm) to prevent BPD 
is still controversial (2, 14, 22, 23, 29), as only a limited number of clinical 
trial has reported a decrease in the incidence of both BPD and death (23, 
33). 

iNO exerts beneficial effects on acute hyperoxic lung injury in adult 
rats by attenuating endothelial and alveolar epithelial cell injury (28), free 
radical mediated effects (39), inflammation and apoptosis (16), and 
prolonging survival (12, 30), and on endotoxic lung injury by reducing 
procoagulant activity (20). Although iNO improves alveolarization (25) and 
pulmonary function and decreases elastin deposition (27) and surfactant 
inactivation (18) in animal models of BPD, the mechanism by which iNO 
improves hyperoxia-induced lung injury at clinically relevant dosages is still 
unclear. Therefore, we first investigated the effects of prolonged exposure to 
8.5 and 17 ppm of iNO for 10 days on fibrin deposition (Western blotting) 
and differential mRNA expression of key genes of pathways involved in the 
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development of BPD (41) in premature rat pups with hyperoxia-induced lung 
injury, to determine the optimal NO concentration. Since 17 ppm iNO 
showed the most significant beneficial effects in experimental BPD on fibrin 
deposition and differential mRNA expression, we studied the effects of 17 
ppm iNO exposure on survival, protein leakage and quantitative 
histochemistry in our animal model for BPD. 
 
 
 
MATERIALS AND METHODS 
 
 

Animals. Timed-pregnant Wistar rats were kept in a 12 h dark/light 
cycle and fed a standard chow diet (Special Diet Services; Witham, Essex, 
UK) ad libitum. Breeding pairs were allowed access for 1 hour at the day 
female Wistar rats showed very specific sexual behaviour, such as lordosis, 
hopping and air-flapping. After a gestation of ~21.5 days, pregnant Wistar 
rats were killed by decapitation (spontaneous birth occurs 22 days after 
conception), and pups were delivered by hysterectomy through a median 
abdominal incision to ensure that the delay in birth between the first and the 
last pup was only 5 min. Immediately after birth, pups were dried and 
stimulated. Pups from four litters were pooled and distributed over two 
experimental groups, i.e.,  an oxygen (O2) and an oxygen/nitric oxide (NO) 
group, and room air-exposed (RA) control groups. Litter size was 12 pups 
per litter in the experimental groups. Pups were kept in a transparent 50 x 
50 x 70-cm Plexiglas chamber for 10 days or until death occurred (survival 
experiments). In this way, influences of the birth process within and 
between litters could be avoided, and exposure to hyperoxia and NO could 
be started within 30 min after birth. Pups were fed by lactating foster dams, 
which were rotated daily to avoid oxygen toxicity. Foster dams were exposed 
to 100% oxygen for 24 h at 72-h intervals and to room air for 48 h. The 
oxygen concentration was kept at 100% using a flow of 5 l/min. In a pilot 
experiment in which rats were exposed to 10 or 20 ppm NO under 
hyperoxia, we found a remarkable reduction in fibrin deposition, our most 
sensitive parameter for lung tissue damage, with 20 ppm NO. At up to 17 
ppm NO, the NO2 concentration remained less than 2.5 ppm, and potential 
harmful effects of NO2, i.e., generation of met-hemoglobin, could be 
prevented. Therefore, we initially treated rats with 17 ppm NO. To 
demonstrate a concentration-dependent effect of NO-treatment in 
experimental BPD, we also studied the effect of 8.5 ppm NO, which is within 
the range of 5-10 ppm used clinically, on fibrin deposition and mRNA 
expression. The NO concentration was kept at 8.5 ppm using a NO flow of 
0.058 l/min or 17 ppm using a NO flow of 0.122 l/min (Del NO 1,000 
adjustable NO flow pump, Sensormedics). Oxygen, NO and NO2 
concentrations were monitored twice a day with an oxygen sensor 
(Drägerwerk, Lübeck, Germany) and a NO-NO2 sensor (Sensormedics). 
Weight, evidence of disease, and mortality were also checked twice a day. 
The research protocol was approved by the Institutional Animal Care and 
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Use Committee of the Leiden University Medical Center. 
Tissue preparation. Pups were anesthetized with an intraperitoneal 

injection of ketamine (50 mg/kg body wt; Nimatek, Eurovet Animal Health, 
Bladel, The Netherlands) and xylazine (50 mg/kg bodyweight; Rompun, 
Bayer, Leverkusen, Germany). To avoid postmortem fibrin deposition in the 
lungs, heparin (100 units; Leo Pharma, Breda, The Netherlands) was 
injected intraperitoneally. After 5 min, pups were exsanguinated by 
transection of the abdominal blood vessels. The thoracic cavity was opened, 
and the lungs were removed, snap-frozen in liquid nitrogen, and stored at –
80°C until use for real-time RT-PCR or the fibrin deposition assay. For 
histology studies, the trachea was cannulated (Bioflow 0.6-mm intravenous 
catheter; Vygon, Veenendaal, The Netherlands), and the lungs were fixed in 
situ via the trachea cannula with buffered formaldehyde (4% 
paraformaldehyde in PBS, pH 7.4) at 25 cmH2O pressure for 3 min. Lungs 
were removed, fixed additionally in formaldehyde for 24 h at 4°C, and 
embedded in paraffin after dehydration in a graded alcohol series and 
xylene. 

Bronchoalveolar lavages. Pups were anesthetized with an 
intraperitoneal injection of ketamine and xylazine and injected 
intraperitoneally with heparin. A cannula (Bioflow 0.6-mm intravenous 
catheter) was positioned in the trachea, and the pups were exsanguinated 
by transection of the abdominal blood vessels. Lungs were slowly lavaged 
four times with 500 µl of 0.15 M NaCl, 1 mM EDTA (pH 8.0), without opening 
the thorax. Samples were pooled, stored temporarely at 4°C, and 
centrifuged for 10 min at 5,000 rpm. Supernatants were stored at -20°C 
until further use. 

Lung histology. Lung paraffin sections (5 µm) were cut and mounted 
onto SuperFrost plus-coated slides (Menzel, Braunschweig, Germany). After 
deparaffinization, sections were stained with hematoxylin and eosin, with a 
monoclonal anti-human fibrin antibody (59D8) that specifically recognizes 
the β-chain of fibrin (17, 41) or with monoclonal ED-1 that specifically 
recognizes rat monocytes and macrophages (7). For immunohistochemistry, 
sections were incubated with 0.3% H2O2 in methanol to block endogenous 
peroxidase activity. After a graded alcohol series, sections were boiled in 
0.01 M sodium citrate (pH 6.0) for 10 min. Sections were incubated 
overnight with 59D8 or ED-1, stained with EnVision-HRP (Dako, Glostrup, 
Denmark), using NovaRed (Vector, Burlingame, CA) as chromogenic 
substrate, and counterstained briefly with hematoxylin or nuclear fast red. 
For morphometry, an eye piece reticle with a coherent system of 21 lines 
and 42 points (Weibel type II ocular micrometer; Paes, Zoeterwoude, The 
Netherlands) was used. Mean linear intercept (Lm), an indicator of mean 
alveolar diameter, and alveolar surface area were assessed in 10 
nonoverlapping fields (surface area per field: 0.28 mm2) in one 
representative section for each animal at a X200 magnification (26). Alveolar 
surface area was expressed as mm2 per field. The density of ED-1 positive 
monocytes and macrophages was determined by counting the number of 
cells per field. Fields containing large blood vessels or bronchioli were 
excluded from the analysis. Results were expressed as cells/mm2. Per 
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experimental animal, 22 fields in one section were studied at a X400 
magnification. At least 6 different rat pups per experimental group were 
studied. 

Fibrin detection assay. Fibrin deposition in lungs was detected as 
described previously (41). Briefly, frozen lungs were homogenized with an 
Ultra-Turrax T25 basic tissue homogenizer (IKA-Werke, Staufen, Germany) 
for 1 min at full speed in a cold 10 mM sodium phosphate buffer (pH 7.5), 
containing 5 mM EDTA, 100 mM ε-aminocaproic acid, 10 U/ml aprotinin, 10 
U/ml heparin, and 2 mM PMSF. The homogenate was incubated for 16 h on a 
top-over-top rotor at 4°C. After centrifugation (10,000 rpm, 4°C, 10 min), 
the pellet was resuspended in extraction buffer [10 mM sodium phosphate 
buffer (pH 7.5), 5 mM EDTA, and 100 mM ε-aminocaproic acid] and 
recentrifuged. Pellets were suspended in 3 M urea, extracted for 2 h at 37°C, 
and centrifuged at 14,000 rpm for 15 min. After the supernatant was 
aspirated and discarded, the pellet was dissolved at 65°C in reducing sample 
buffer (10 mM Tris, pH 7.5, 2% SDS, 5% glycerol, 5% β-mercaptoethanol, 
and 0.4 mg/ml bromophenol blue) for 90 min with vortexing every 15 min. 
Hereafter, samples were subjected to SDS-PAGE (7.5%; 5% stacking) and 
blotted onto PVDF membrane (Immobilon-P, Millipore). The 56-kDa fibrin β-
chains were detected with monoclonal 59D8, which specifically recognizes β-
fibrin (17, 41), using ECL plus Western blotting detection system and 
Hyperfilm ECL (Amersham Biosciences, Arlington Heights, IL). Exposures 
were quantified with a Bio-Rad GS-800 calibrated densitometer using the 
Quantity One version 4.4.1 software package (Bio-Rad, Veenendaal, the 
Netherlands). Fibrin deposition was quantified in lungs of at least 10 
rats/experimental group. As a reference, fibrin standards were generated 
from rat fibrinogen (Sigma, St. Louis, MO). After rat fibrinogen was 
solubilized in two-thirds strength PBS (pH 7.4), human α-thrombin (Sigma) 
was added, vortexed, and incubated at 37°C for 10 min. After addition of 2X 
SDS sample buffer, the fibrin sample was vortexed and incubated at 65°C 
for 90 min; aliquots were frozen at –80°C until use. 

Real-time RT-PCR. Total RNA was isolated from lung tissue 
homogenates using guanidium-phenol extraction (RNA-Bee; Tel-Test, Bio-
Connect, Huissen, The Netherlands). Briefly, after tissue homogenization in 
RNA-Bee, RNA was isolated using phenol-chloroform extraction and 
isopropanol precipitation. The RNA sample was dissolved in RNase-free water 
and quantified spectrophotometrically. The integrity of the RNA was studied 
by gel electrophoresis on a 1% agarose gel, containing ethidium bromide. 
Samples did not show degradation of ribosomal RNA by visual inspection 
under ultraviolet light. First-strand cDNA synthesis was performed with the 
SuperScript Choice System (Life Technologies, Breda, The Netherlands) by 
mixing 2 µg total RNA with 0.5 µg of oligo(dT)12-18 primer in a total volume 
of 10 µl. After the mixture was heated at 70°C for 10 min, a solution 
containing 50 mM Tris·HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 
0.5 mM dNTPs, 0.5 µl RNase inhibitor, and 200 units of Superscript Reverse 
Transcriptase was added, resulting in a total volume of 20.5 µl. This mixture 
was incubated at 42°C for 1 h; total volume was adjusted to 100 µl with 
RNase-free water and stored at –80°C until further use. For real-time 
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quantitative PCR, 1 µl of first-strand cDNA diluted 1:10 in RNase-free water 
was used in a total volume of 25 µl, containing 12.5 µl 2X SYBR Green PCR 
Master Mix (Applied Biosystems) and 200 ng of each primer. Primers, 
designed with the Primer Express software package (Applied Biosystems), 
are listed in Table 1. PCR reactions, consisting of 95°C for 10 min (1 cycle), 
94°C for 15 s, and 60°C for 1 min (40 cycles), were performed on an ABI 
Prism 7700 sequence detection system (Applied Biosystems). Data were 
analyzed with the ABI Prism 7700 sequence detection system version 1.9 
software and quantified with the comparative threshold cycle method with β-
actin as a housekeeping gene reference (31). 

Protein assay. Total protein concentration was measured in 
bronchoalveolar lavage fluid (BALF) using the Dc protein assay (Bio-Rad), 
according to the manufacturer’s instructions, with bovine serum albumin, 
fraction V (Roche Diagnostics, Mannheim, Germany) as a standard. The 
detection limit was 31 µg/ml. 

Statistical analysis. Values are expressed as mean ± SE. Differences 
between groups were analyzed with ANOVA, followed by the Tukey multiple 
comparison test. For comparison of survival curves, Kaplan-Meier analysis 
followed by a log rank test was performed. Differences at P values of <0.05 
were considered statistically significant. 
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Gene Product Primers 
 Forward primers 
Amphiregulin 5’-TTTCGCTGGCGCTCTCA-3’ 
CINC-1 5’-GGGTGTCCCCAAGTAATGGA-3’ 
FGFR-4 5’-GTTGGCACGCAGCTCCTT-3’ 
Fra-1 5’-TTCTCCAGGACCCGTACTTGA-3’ 
IL-6 5’-ATATGTTCTCAGGGAGATCTTGGAA-3’ 
MCP-1 5’-TGGCAAGATGATCCCAATGA-3’ 
Met-1 5’-ATGTGCCCAGGGCTGTGT-3’ 
p21 5’-CATGTCCGATCCTGGTGATG-3’ 
PAI-1 5’-AGCTGGGCATGACTGACATCT-3’ 
TF 5’-CCCAGAAAGCATCACCAAGTC-3’ 
Upa 5’-ACAGCCATCCAGGACCATACA-3’ 
uPAR 5’-TGCTGGGAAACCGGAGTTAC-3’ 
β-actin 5’-TTCAACACCCCAGCCATGT-3’ 
 Reverse primers 
Amphiregulin 5’-TTCCAACCCAGCTGCATAATG-3’ 
CINC-1 5’-CAGAAGCCAGCGTTCACCA-3’ 
FGFR-4 5’-GCAGGACCTTGTCCAGAGCTT-3’ 
Fra-1 5’-TCAGAGAGGGTGTGGTCATGAG-3’ 
IL-6 5’-TGCATCATCGCTGTTCATACAA-3’ 
MCP-1 5’-AGCTTCTTTGGGACACCTGCT-3’ 
Met-1 5’-GCAGCACTGTTCGTCACTTCA-3’ 
p21 5’-CGAACAGACGACGGCATACTT-3’ 
PAI-1 5’-GCTGCTCTTGGTCGGAAAGA-3’ 
TF 5’-TGCTCCACAATGATGAGTGTT-3’ 
uPA 5’-CCAAACGGAGCATCACCAA-3’ 
Upar 5’-GGAACCTTGGCACCAGGAA-3’ 
β-actin 5’-AGTGGTACGACCAGAGGCATACA-3’ 

 
Table 1. Sequences of oligonucleotides used as forward and reverse primers for real-time 
RT-PCR. [CINC-1, chemokine-induced neurtrophilic chemoattractant-1; FGFR-4, fibroblast 
growth factor receptor-4; MCP-1, monocyte chemoattractant protein-1; Met-1, 
methallothionein-1; PAI-1, plasminogen activator inhibitor-1; TF, tissue factor; uPA, 
urokinase-type plasminogen activator; uPAR, uPA receptor.] 
 
 
 
RESULTS 
 
 

Fibrin deposition. Because fibrin deposition is a sensitive marker for 
the severity of tissue damage in hyperoxia-induced lung injury, we 
quantified fibrin deposition in lung homogenates by Western blot analysis 
using the monoclonal 59D8 antibody against the 56-kDa fibrin β-chain. Fibrin 
deposition was quantified after exposure to two different NO concentrations 
(8.5 and 17 ppm) for 10 days to determine the optimal NO concentration to 
reduce hyperoxia-induced lung tissue damage (Figure 1A). Fibrin deposition 
was at background levels during normal neonatal pulmonary development in 
room air-exposed controls on day 10 (19.9 ± 3.5 ng fibrin/mg tissue; Figure 
1B). Fibrin deposition increased 19-fold to 382.5 ± 28.1 ng fibrin/tissue in 
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lungs of pups exposed to 100% oxygen for 10 days (p < 0.001). Continuous 
exposure to NO and 100% oxygen attenuated fibrin deposition 1.6-fold (p < 
0.01) and 4.3-fold (p < 0.001) for 8.5 and 17 ppm NO, respectively. These 
results demonstrate that NO reduces fibrin deposition in a dosage-dependent 
way in experimental BPD, with 17 ppm NO as the most optimal 
concentration. In paraffin sections, extravascular fibrin deposits were 
detected in septae and alveoli after exposure to hyperoxia (Figure 1D), but 
were minor or even absent in 17 ppm NO-O2 treated pups (Figure 1E). 
Pulmonary fibrin deposition was absent in normoxia (Figure 1C). 

Since NO reduced fibrin deposition, a sensitive marker for lung tissue 
damage, in a dosage-dependent way, we only performed additional 
experiments, including immunohistology, survival, and capillary-alveolar 
leakage, with the most effective dosage of 17 ppm. Because quantitative RT-
PCR and fibrin deposition could be determined in the same experimental 
pups, we included both NO dosages, 17 and 8.5 ppm, in our real-time RT-
PCR studies.  
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Figure 1. Western blot analysis of fibrin deposition, using monoclonal anti-human fibrin 
antibody 59D8, which specifically detects rat β-fibrin, in lung homogenates of rat pups 
exposed to room air (RA), oxygen (O2), and O2 in combination with 8.5 or 17 ppm nitric 
oxide (NO) for 10 days (A). Fibrin standards were used to quantify fibrin deposition. B: 
quantification of fibrin deposition in lung homogenates on day 10. Experimental groups 
include RA-exposed controls (n = 10), age-matched O2-exposed controls (n = 10), and NO-
treated O2-exposed preterm rat pups with 8.5 ppm (n = 10) or 17 ppm NO (n = 10). Data 
are expressed as means ± SE of at least 10 rat pups. The number above the NO bars 
indicates the fold-difference in fibrin deposition between age-matched O2-exposed controls 
and NO-O2-exposed pups. ***p < 0.001 vs. age-matched O2-exposed controls; ∆∆p < 0.01 
vs. RA-exposed pups; ΩΩp < 0.01 for 8.5 vs. 17 ppm NO. Paraffin lung sections, stained with 
monoclonal 59D8, of RA-exposed controls (C), age-matched O2-exposed controls (D), and 
NO-O2 (17 ppm) rat pups (E) on day 10. Images are taken X400 magnification. Arrowheads 
in panel D indicate fibrin deposits in the alveolus of the lung. a, alveolus. 
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Growth and survival. At birth, postnatal day 1, mean body weight of 
the preterm rat pups was 4.9 g (Figure 2A). Growth of both oxygen (O2)- 
and NO-O2-exposed pups was similar until day 10 when they weighed ~16 g. 
After day 10, mean body weight of the 17-ppm NO-O2-exposed pups 
continued to increase until death. Survival of 17-ppm NO-O2-exposed pups 
was prolonged compared to O2-exposed controls (Figure 2B; p < 0.001). 
After 12 days of oxygen exposure, 95% of the controls had died vs. only 
35% of the NO-O2 pups. Median survival of O2 controls and NO-O2 pups was 
11.5 and 13.0 days, respectively. A beneficial effect of 17-ppm NO-O2 

treatment on survival was observed after 10 days of oxygen exposure. Room 
air-exposed pups did not show signs of illness, and all survived the first 4 wk 
after birth (data not shown). 
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Figure 2. Growth in 17 ppm NO treated O2 (NO-O2)-exposed rat pups (∆, n = 20) and age-
matched O2-exposed controls (■, n = 20) during the first 15 days after birth. Data are 
expressed as means ± SE (A). Kaplan-Meier survival curve of NO-O2-exposed rat pups (∆, n 
= 20) and age-matched O2-exposed controls (■, n = 20) during the first 17 days after birth 
(B). Data are expressed as percentage ± SE of pups surviving at the observed time point 
(B). ***p < 0.001 for NO-O2-exposed pups vs. age-matched O2-exposed controls. 
 
 

Lung histology. Preterm rats are born at the saccular stage of lung 
development. Sacculi are transformed into alveoli within 2 wk after birth by 
septal thinning and secondary septation. On day 10, alveoli are clearly 
visible during normal development (Figure 3A). Oxygen exposure for 10 days 
resulted in lung edema and a heterogeneous distribution of enlarged air-
spaces, surrounded by septae with a marked increase in thickness (Figure 
3B). After exposure to hyperoxia, the Lm (Figure 3D) increased by 33% (p < 
0.01), and the alveolar surface area decreased 1.3-fold (p < 0.001) 
compared with room air-exposed controls (Figure 3E). iNO improved lung 
histopathology during hyperoxia exposure by reducing the influx of 
inflammatory cells and edema, thereby reducing septal thickness. Since iNO 
exposure improved secondary septation only marginally, iNO therapy 
resulted in enlarged alveoli that were surrounded by very thin septa (Figure 
3C). This latter conclusion is in line with the observed 1.3-fold increase in 
alveolar surface area (p < 0.001) by iNO and the absence of a significant 
improvement of iNO on Lm, an indicator of mean alveolar diameter, which 
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only showed a tendency towards lower values after iNO treatment compared 
to hyperoxia-exposed pups. Hyperoxia led to a massive inflammatory 
reaction, characterized by an overwhelming influx of inflammatory cells 
(Figure 3B), including macrophages and neutrophilic granulocytes, compared 
to room air-exposed controls (Figure 3A). 
 
 

A
a

a

a

a

C
a a

Mean linear intercept

RA O2 NO 17
0

10

20

30

40

50

60

70

**
∆

µm

D E

Alveolar surface area

RA O2 NO 17
0.00

0.05

0.10

0.15

0.20

0.25

0.30

*** ***
1.3

m
m

2 / f
ie

ld

BA
a

a

a

a

C
a a

Mean linear intercept

RA O2 NO 17
0

10

20

30

40

50

60

70

**
∆

µm

D E

Alveolar surface area

RA O2 NO 17
0.00

0.05

0.10

0.15

0.20

0.25

0.30

*** ***
1.3

m
m

2 / f
ie

ld

B

 
 
Figure 3. Paraffin lung sections stained with hematoxylin- and eosin of RA (A) and O2-
exposed controls (B) and age-matched 17 ppm NO-O2-exposed pups (C) at 10 days of age. 
Images are X200 magnification. The mean linear intercept (D) and the alveolar surface area 
(E) were determined on paraffin sections in RA-exposed littermates, O2-exposed rat pups, 
and 17 ppm NO-O2-exposed pups. Note the presence of enlarged alveoli in B and C and 
thickened septae in B, which are significantly decreased after NO-O2 treatment (C). Values 
are means + SE in at least 6 different rat pups/group. a, alveolus. **p < 0.01 and ***p < 
0.001 vs. age-matched O2-exposed controls; ∆p < 0.05 vs. RA-exposed rat pups. 

 
 
Macrophages were detected with monoclonal ED-1 (Figure 4, A-C) and 

quantified by morphometry (Figure 4D). In control lungs (Figure 4A), 
resident ED-1-positive monocytes and macrophages were present at 250 
cells/mm2, which increased 16.4-fold (p < 0.001) in lungs of oxygen-
exposed pups (Figure 4B). iNO (17 ppm NO-O2 treatment) reduced the influx 
of ED-1-positive cells 3.4-fold (p < 0.01) compared with oxygen-exposed 
controls (Figure 4C), to levels that were not different from room air-exposed 
controls. 
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Figure 4. Paraffin lung sections stained with monoclonal ED-1 of RA (A) and O2-exposed 
controls (B) and age-matched 17 ppm NO-O2-exposed pups (C) at 10 days of age. Images 
are X200 magnification. Quantification of ED-1 positive monocytes and macrophages (D) 
was performed on paraffin sections in RA-exposed littermates, oxygen-exposed rat pups, 
and 17 ppm NO-O2-exposed pups. Note the presence of large numbers of leukocytes, 
including neutrophils and macrophages in thickened septae and in the enlarged alveolar 
lumen, in B, which are significantly decreased after NO-O2 treatment (C). Values are 
depicted as means + SE in at least 6 different rat pups/group. a, alveolus. **p < 0.01 and  
***p < 0.001 vs. age-matched O2-exposed controls. 
 
 

Protein in BALF. To establish the inhibitory effect of iNO treatment on 
pulmonary edema by capillary-alveolar leakage in experimental BPD, total 
protein concentration was measured in BALF (Figure 5). Protein 
concentration on postnatal day 10 was 65 ± 12 µg/ml in room air-exposed 
pups, 410 ± 60 µg/ml in oxygen-exposed controls, and 213 ± 22 µg/ml in 
17 ppm NO-O2 treated pups (p < 0.01 vs. oxygen-exposed controls). 
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Figure 5. Total protein concentration in bronchoalveolar lavage fluid (BALF) of RA-exposed 
controls, age-matched O2-exposed controls, and 17 ppm NO-O2 treated rat pups on day 10. 
Data are expressed as means ± SE of 6 rats/group. **p < 0.01 and ***p < 0.001 vs. age-
matched O2-exposed controls. ∆p < 0.05 vs. RA-exposed rat pups. 
 
 

mRNA expression in lung homogenates. Hyperoxia-induced lung injury 
induces alterations in inflammation, coagulation, fibrinolysis, fibrosis, 
extracellular matrix turnover, alveolar enlargement, edema, cell cycle, gas 
exchange and oxidative stress response. Therefore, we studied differential 
expression of key genes of these pathways, previously characterized in this 
rat model for experimental BPD (41), with real-time RT-PCR in lungs of pups 
exposed to room air, 100% oxygen, or 100% oxygen with 8.5 or 17 ppm NO 
(NO-O2 ) on postnatal day 10 to characterize the optimal NO response in 
hyperoxia-induced lung injury.  

Inflammation. Ten days of oxygen exposure resulted in an increase in 
mRNA expression of the proinflammatory cytokine IL-6 (178-fold; p < 
0.001), the chemokines chemokine-induced neutrophilic chemoattractant-1 
(CINC-1, 7.0-fold; p < 0.001) and monocyte chemoattractant protein-1 
(MCP-1, 10.4-fold; p < 0.001), and the growth factor amphiregulin (4.2-
fold; p < 0.001) in lungs of oxygen-exposed pups compared to room air-
exposed controls (Figure 6). Exposure of pups to 8.5 ppm NO-O2 decreased 
mRNA expression 3.0-fold (p = 0.02; Figure 6A) for IL-6, 1.8-fold (p < 0.01; 
Figure 6B) for CINC-1 and 2.9-fold for amphiregulin (p < 0.001) compared 
with hyperoxia-exposed controls. Expression of the other inflammatory 
genes was not altered after 8.5 ppm NO-O2 treatment. In pups treated with 
17 ppm NO-O2, the decrease in mRNA expression of the inflammatory genes 
was more pronounced: 4.9-fold for IL-6 (p < 0.001; Figure 6A) and 2.1-fold 
for  CINC-1 (p < 0.001; Figure 6B). 
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Figure 6. Relative mRNA expression, determined with RT-PCR, of genes related to 
inflammation: IL-6 (A), chemokine-induced neutrophilic chemoattractant-1 (CINC-1; B), 
monocyte chemoattractant protein-1 (MCP-1; C), and amphiregulin (D) in RA-exposed 
controls, age-matched O2-exposed controls, and NO-treated oxygen-exposed rat pups with 
8.5 ppm or 17 ppm on day 10. Data are expressed as means ± SE of at least 10 rat pups. 
The number above the NO bars indicates the fold-difference in relative expression between 
age-matched O2-exposed controls and NO-O2-exposed pups. *p < 0.05, **p < 0.01, and 
***p < 0.001 vs. age-matched O2-exposed controls. ∆p < 0.05, ∆∆p < 0.01, and  ∆∆∆p < 
0.001 vs. RA-exposed rat pups.  
 
 

Coagulation and fibrinolysis. Oxygen exposure resulted in an 
upregulation of pulmonary mRNA expression of the procoagulant factor 
tissue factor (TF, 5.0-fold; p < 0.001) and the fibrinolytic factors 
plasminogen activator inhibitor-1 (PAI-1, 29-fold; p < 0.001), urokinase-
type plasminogen activator (uPA, 1.7-fold; p < 0.001) and urokinase-type 
plasminogen activator receptor (uPAR, 4.1-fold, p < 0.001) on day 10 
compared with room air-exposed controls (Figure 7). Exposure to 8.5 ppm 
NO-O2 resulted in a 1.7-fold reduction of PAI-1 (p < 0.01; Figure 7B) and a 
1.4-fold reduction of uPAR (p = 0.02; Figure 7D), whereas 17 ppm NO-O2 
treatment only resulted in a 1.5-fold reduction of PAI-1 (p = 0.02; Figure 
7B) compared with oxygen-exposed controls. TF and uPA mRNA expression 
was not significantly affected by iNO (Figure 7A and 7C). 
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Figure 7. Relative mRNA expression, determined with RT-PCR, of genes related to 
coagulation and fibrinolysis: tissue factor (TF; A), plasminogen activator inhibitor-1 (PAI-1; 
B), urokinase-type plasminogen activator (uPA; C), and urokinase-type plasminogen 
activater receptor (uPAR; D) in RA-exposed controls, age-matched O2-exposed controls, and 
NO-treated O2-exposed rat pups with 8.5 ppm or 17 ppm on day 10. Data are expressed as 
means ± SE of at least 10 rat pups. The number above the NO bars indicates the fold-
difference in relative expression between age-matched O2-exposed controls and NO-O2-
exposed pups. *p < 0.05 and ***p < 0.001 vs. age-matched O2-exposed controls.  ∆∆p < 
0.01 and ∆∆∆p < 0.001 vs. RA-exposed rat pups.  
 

Alveolar enlargement, cell-cycle, signal transduction and anti-oxidants. 
mRNA expression of fibroblast growth factor receptor-4 (FGFR-4), a 
membrane receptor involved in secondary septation and alveolar 
enlargement,  was decreased in lungs of oxygen-exposed pups compared 
with room air-exposed controls (7.6-fold; p < 0.001; Figure 8A). Exposure to 
17 ppm NO, but not 8.5 ppm, significantly upregulated the expression of 
FGFR-4, 1.8-fold (p < 0.001; Figure 8A) compared with oxygen-exposed 
controls. Hyperoxia upregulated pulmonary mRNA expression of the cell 
cycle inhibitor cyclin-dependent kinase inhibitor p21 (14.4-fold; p < 0.001; 
Figure 8B) and the antioxidant methallothionein-1 (Met-1, 2.6-fold, p = 
0.004; Figure 8D) compared with room air-exposed controls, whereas 
expression of activator protein-1 (AP-1) gene fos-related antigen-1, which 
plays a role in signal transduction, was not significantly altered (Figure 8C). 
Treatment with NO-O2 only resulted in a 1.3-fold and 1.4-fold (p < 0.01; 
Figure 8B) reduction in p21 mRNA expression after exposure to 8.5 and 17 
ppm NO-O2, respectively, whereas Fra1 and Met-1 mRNA expression was not 
significantly changed, compared with oxygen-exposed controls (Figure 8C 
and 8D). Fra1 mRNA expression was 2.5 fold (p < 0.05; Figure 8C) 
decreased after exposure to 17 ppm NO-O2 compared with 8.5 ppm NO-O2. 
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Figure 8. Relative mRNA expression, determined with RT-PCR, of genes related to alveolar 
enlargement: fibroblast growth facter receptor-4 (FGFR4; A), cell-cycle (p21; B), signal 
transduction (Fra-1; C), and the antioxidant methallothionein-1 (Met-1; D) in RA-exposed 
controls, age-matched O2-exposed controls, and NO-treated O2-exposed rat pups with 8.5 
ppm or 17 ppm on day 10. Data are expressed as means ± SE of at least 10 rat pups. The 
number above the NO bars indicates the fold-difference in relative expression between age-
matched O2-exposed controls and NO-O2-exposed pups. **p < 0.01, and ***p < 0.001 vs. 
age-matched O2-exposed controls. ∆∆∆p < 0.001 versus RA-exposed rat pups. Ωp < 0.05 for 
8.5 vs. 17 ppm NO. 
 
 
 
DISCUSSION 
 
 

iNO therapy markedly improves lung pathology and prolongs survival 
by inhibiting inflammation and reducing capillary-alveolar protein leakage 
and alveolar fibrin deposition in premature rat pups exposed to prolonged 
hyperoxia, a chronic lung injury model that closely resembles BPD in 
premature infants (41). 

Inhibition of inflammation was demonstrated by a reduction in the 
expression of the proinflammatory factor IL-6, MCP-1, CINC-1 and the 
growth factor amphiregulin. This observation was supported by 
histopathological findings, such as a reduced influx of leukocytes, including a 
3.4-fold decrease in ED-1-positive monocytes and macrophages, and 
neutrophilic granulocytes and less edema as suggested by a twofold 
reduction in capillary-alveolar leakage, assuming that edema protein levels 
are not affected by differences in Na+ channel-dependent alveolar fluid 
clearance by the alveolar epithelial cells in iNO-treated pups and hyperoxia-
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exposed controls. These pathological findings are in agreement with 
observations in premature lambs exposed to 20 ppm of iNO (21) but 
contradict histopathological findings in adult rats exposed to 100 ppm of iNO 
(30). However, an iNO dosage of 100 ppm may be too toxic to attenuate 
hyperoxia-induced lung neutrophil accumulation, since NO is a highly 
reactive free radical with significant toxic potential (43). A protective role of 
endogenous NO production has been suggested by a study in transgenic 
mice lacking iNOS in which hyperoxia-induced lung injury is greater than in 
wild-type mice (24). In contrast, in another study using iNOS deficient mice, 
the injurious response to intratracheal administration of bleomycin was 
attenuated (9). Collectively, these studies confirm the important, but 
divergent, role of NO in experimental inflammatory lung diseases. We 
recently reported the proinflammatory role of IL-6, CINC-1, and 
amphiregulin in neonatal hyperoxia-induced lung injury (41). The current 
data confirm that a reduction of these proinflammatory factors with iNO 
inhibits the development of experimental BPD. 

Fibrin deposition is an important contributor to the pathogenesis of 
lung injury by oxidative stress. In both human and animal lung injury, intra-
alveolar and intravascular fibrin deposition is correlated with a poorer 
prognosis (3, 37).  We detected a significant NO-induced reduction of fibrin 
deposition that was at least partially confirmed at the transcriptional level by 
reduced PAI-1 expression, a tendency towards lower TF expression, and 
reduced capillary-alveolar leakage after NO treatment. In experimental BPD, 
pulmonary fibrin deposits are primarily localized in the extravascular 
compartment alveolar lumen and associated with the alveolar inner 
membrane (37). The extravascular localization of fibrin suggests capillary-
alveolar leakage of plasma proteins, including fibrinogen, into the alveolar 
lumen followed by local conversion into fibrin by thrombin. The reduction of 
fibrin and the attenuation of TF and/or PAI-1 expression seem to contribute 
to a better outcome in experimental BPD (this study, 4, 37). Fibrin may 
induce lung injury in various ways. It exerts proinflammatory and profibrotic 
properties by facilitating cell migration and activating inflammatory cells and 
fibroblasts, probably via the activation of NF-κB and AP-1 (35), and can 
hamper pulmonary gas exchange via inactivation of lung surfactant (11). 
The data suggest that reduced capillary leakage or transcriptional regulation 
of the fibrinolytic cascade by PAI-1, rather than the coagulation cascade by 
TF, plays an important role in reducing fibrin deposition by NO in 
experimental BPD. 

The anti-inflammatory and anticoagulant effects of NO can also be 
attributed to inhibition of the redox-responsive transcription factor NF-κB, 
observed previously in adult rats (16) and transgenic mice (15) with lung 
injury. Because expression of IL-6, CINC-1, and TF is regulated at a 
transcriptional level by NF-κB and/or AP-1 (32), inhibition of NF-κB and/or 
AP-1 by NO can indirectly lead to attenuation of pulmonary inflammation and 
coagulation in lung injury. Since AP-1 and NF-κB are also involved in the 
expression of p21 and Fra-1, genes related to cell cycle and signal 
transduction (32), reduced expression of both cell cycle proteins by iNO 
during hyperoxia can at least in part be explained by inhibition of AP-1 and 
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NF-κB. 
As NO is a free radical and hyperoxia increases the production of 

oxygen radicals, we expected an effect on the antioxidant Met-1 during 
oxygen and NO exposure. Hyperoxia increased the expression of Met-1, but 
additional NO-treatment did not change the expression of Met-1. In contrast, 
Turanlahti et al. (39) demonstrated that hyperoxia and 40 ppm of NO each 
induced free radical-mediated lung injury, whereas the combination of 
hyperoxia and NO significantly attenuated pulmonary free radical-mediated 
effects. The higher NO dosage used in Turanlahti’s experiments possibly 
might explain the discrepancy between both studies.  

Prolonged oxidative stress arrests alveolar development in premature 
infants. Histology is characterized by irregularly shaped, enlarged saccular-
like air spaces, surrounded by thickened septae. iNO-treatment markedly 
improves lung pathology by reducing septal thickness and increasing 
alveolar surface area in our experimental BPD model, but alveolarization is 
still disturbed, probably due to impaired secondary septation as 
demonstrated by the absence of a significant improvement of the mean 
linear intercept. This improved lung pathology confirms the results obtained 
in premature baboons developing BPD, in whom lung growth and pulmonary 
function improved and elastin deposition decreased after prolonged exposure 
to low dose (5 ppm) iNO (27). Impaired alveolarization suggests partial but 
not sufficient improvement of iNO-mediated mRNA expression of the cell 
cycle inhibitor p21 and FGFR-4 and is in agreement with observations in 
FGFR-3(-/-)/FGFR-4(-/-) mice. Lungs of FGFR-3(-/-)/FGFR-4 (-/-) mice are 
normal at birth but have a complete block in alveogenesis and do not form 
secondary septae, demonstrating a cooperative function of FGFR-4 to 
promote the formation of alveoli (44).  

Survival of hyperoxia-exposed premature rat pups was significantly 
prolonged by iNO therapy. Median survival was 1.5 days longer in premature 
rat pups treated with 17 ppm iNO and oxygen than in oxygen-exposed 
controls. Other animal studies of neonatal hyperoxic lung injury did not focus 
on survival (6, 18, 21, 25, 27, 34), but iNO prolongs survival in adult rats 
with hyperoxia-induced lung injury (12, 30). Nelin et al. (30) exposed rats to 
hyperoxia for 120 h and either 10 or 100 ppm iNO. Rats treated with 100 
ppm iNO had an increased survival, but rats treated with 10 ppm iNO did 
not. Gutierrez et al. (12) reported prolonged survival in adult rats exposed to 
hyperoxia and low-dose iNO (5-10 ppm). Rat pups have a greater tolerance 
to hyperoxia than adult rats, and lung injury induced by hyperoxia in rat 
pups closely resembles chronic lung injury or BPD in premature infants. Only 
one clinical iNO trial has shown both an improved survival and a lower 
incidence of BPD in premature infants randomized to iNO vs. placebo (33). 
Premature infants treated with iNO also had a better neurodevelopmental 
outcome at follow-up at 2 years of age (29). However, this study is an 
exception because other clinical trials did not detect a positive effect of iNO 
therapy on survival (2, 5, 14, 22, 23, 40), despite an improvement in 
oxygenation (14, 22), or on prevention of BPD in premature infants. Kinsella 
et al. (23) and Ballard et al. (2) recently reported on two large trials of iNO 
in premature infants. In the trial by Kinsella et al (23), starting with 5 ppm 
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of iNO soon after birth did not reduce death or BPD, but reduced the 
incidence of brain injury detected by cranial ultrasound (23). In the trial by 
Ballard et al. (2), an initial dose of 20 ppm iNO for 2-4 days followed by 
weekly halving of the dose improved survival without BPD in infants who 
were 7-14 days of age at randomization, but did not reduce the incidence of 
brain injury. These reports suggest a possible benefit of iNO, but clinical use 
of iNO in ventilated premature infants awaits more data on dosing, duration, 
time of initiation, and long-term follow-up (36). Higher NO dosages may 
further improve outcome, despite the lingering fears of adverse effects of NO 
treatment, such as brain injury, enterocolitis, or patent ductus arteriosus, 
which have not materialized in low-dose studies (14, 22, 33, 40).  

In summary, this study demonstrates that iNO therapy improves lung 
pathology and prolongs survival in premature rat pups with experimental 
BPD by inhibiting inflammation and capillary- alveolar leakage and reducing 
alveolar fibrin deposition with 17 ppm NO as most effective dosage with the 
least side effects. iNO has considerable potential towards improving 
pulmonary function and outcome in ventilated premature infants. 
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