
InTrOduCTIOn

a variety of insults can evoke an acute lung damage. While
direct pulmonary impacts primarily damage the epithelial
alveolar cells, indirect causes predominantly hit the pulmonary
capillary endothelium. regardless of etiology, the lung reacts to
various types of insults in similar way, as a stereotypic response
(1, 2). diffuse damage to alveolar-capillary barrier leads to
exudation of protein-rich fluid into the alveolar space, which
manifests as non-cardiogenic pulmonary edema (3). Lung
edema, dysfunction of pulmonary surfactant, atelectasis and
ventilation-perfusion mismatch impair the gas exchange.
Hypoxia-induced pulmonary vasoconstriction, thrombo-embolic
occlusions in the pulmonary microvasculature, increased
production of vasoconstrictive agents further augment

pulmonary hypertension, significantly contributing to mortality
in patients with acute respiratory distress syndrome (ards) (4).
damage to epithelial and endothelial cells triggers pulmonary
neutrophil recruitment, which is mediated by interaction of
primed and activated neutrophils with the lung microvascular
endothelium (5). The development of acute lung injury (aLI) is
associated with release of pro-inflammatory cytokines,
proteases, reactive oxygen species (rOs) and reactive nitrogen
species (rns) (6, 7). When the local anti-inflammatory and
antioxidant mechanisms have become exhausted, the
uncontrolled inflammatory response in aLI contributes to
further lung and systemic damage (3, 8).

3’5’-cyclic guanosine monophosphate (cGMP) as a second
messenger participates in various signalling pathways and
regulates many aspects of cell function. Besides the classical
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acute lung injury (aLI) is associated with deterioration of alveolar-capillary lining and transmigration and activation of
inflammatory cells. sildenafil, phosphodiesterase 5 (Pde5) inhibitor, inhibits degradation of cyclic guanosine
monophosphate (cGMP) by competing with cGMP for binding site of Pde5. Positive effects of sildenafil treatment result
from influencing proliferation of regulatory T cells and production of proinflammatory cytokines and autoantibodies as well
as from modulation of platelet activation, angiogenesis, and pulmonary vasoreactivity. This study evaluated if intravenous
sildenafil can influence inflammation, edema formation, apoptosis, and respiratory parameters in rabbits with a model of
aLI induced by repetitive lung lavage by saline (30 ml/kg). animals were divided into 3 groups: aLI without therapy
(aLI), aLI treated with sildenafil intravenously (1 mg/kg; aLI + sil), and healthy ventilated controls (Control) which were
oxygen-ventilated for 4 hours following treatment administration. during this period, respiratory parameters (ventilatory
pressures, lung compliance, blood gases, oxygenation indexes etc.) were regularly measured. at the end of experiment,
animals were overdosed by anesthetics. The left lung was saline-lavaged and total and differential cell counts and protein
content in the bronchoalveolar lavage fluid (BaL) were estimated. The right lung was used for determination of lung edema
formation expressed as wet/dry lung weight ratio, for detection of inflammation and oxidative stress markers by eLIsa
methods, and for detection of lung epithelial cells apoptosis by TuneL methods and level of caspase-3. sildenafil
treatment reduced leak of cells (P < 0.05), particularly of neutrophils (P < 0.001) into the lung, release of pro-inflammatory
mediators (TnF-a, P < 0.001; IL-8 and IL-6, P < 0.01), level of nitrite/nitrate (P < 0.001), markers of oxidative damage (3-
nitrotyrosine and malondialdehyde, both P < 0.01), lung edema formation (P < 0.01), protein content in BaL (P < 0.001),
and apoptosis of epithelial cells (P < 0.01), and improved respiratory parameters. Concluding, the results indicate a future
potential of Pde5 inhibitors also for the therapy of aLI.
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mediators, oxidative stress



regulatory role of cGMP in the vascular tone regulation and smooth
muscle relaxation, additional physiological roles including platelet
and cardiac functions have been discovered (9). Because of ability
to decrease pulmonary vascular resistance, improve pulmonary
blood flow, increase right cardiac output and normalize lung
development, sildenafil and other phosphodiesterase 5 (Pde5)
inhibitors have been increasingly used in pulmonary arterial
hypertension including persistent pulmonary hypertension in
neonates and in bronchopulmonary dysplasia in preterm infants (9,
10). However, cGMP analogues can exert some anti-inflammatory
activity as cGMP signalling is involved in downregulation of P-
selectin expression and leukocyte recruitment (11) and inhibition
of lipopolysaccharide (LPs)-induced tumor necrosis factor alpha
(TnF-a) secretion (12, 13). Besides this, increased levels of
intracellular cGMP have been found to inhibit the TnF-a-induced
increase of nitric oxide (nO)-metabolite levels and inducible nO
synthase (inOs) expression in rat tracheal smooth muscle cells
(14). The concentration of intracellular cGMP depends on a
balance between synthesis by soluble guanylate cyclases (sGCs)
and degradation by cyclic nucleotide phosphodiesterases (Pdes).
The activity or expression of sGCs and Pdes could be modified in
various situations. For instance, rOs, TnF-a and excessive nO
were all indicated to reduce sGC expression (15, 16), while Pdes
activities are largely increased in oxidative stress and inflammatory
processes (17, 18). Therefore, sGC activators or Pde inhibitors
may exhibit a promising therapeutic potential in the treatment of
inflammatory diseases.

among these pharmacological agents, Pde5 inhibitors appear
to be particularly applicable in treating pulmonary diseases, since
Pde5 is expressed in high levels in the lung tissue and is highly
specific for hydrolysis of cGMP (19). sildenafil has been beneficial
in various forms of acute lung damage. For instance, sildenafil
reduced both LPs-induced and ovalbumin-induced airway
hyperresponsiveness, leukocyte influx and nO generation in two
guinea pig models (20). In meconium-induced models of aLI,
sildenafil treatment reversed an increase in pulmonary vascular
resistance (21), attenuated lung injury score, reduced inflammation
and oxidative stress and attenuated lung cell apoptosis (22). In
addition, sildenafil decreased markers of oxidative stress and
inflammation in bleomycin-induced model of lung fibrosis (23)
and also in models of indirect lung injury (24, 25).

Promising results from these studies have inspired us to
evaluate therapeutical potential of sildenafil in such form of aLI
where surfactant depletion and lung edema are predominant,
while inflammation, pulmonary vasoconstriction and lung
remodelling are less important. The surfactant depletion model
induced by repetitive saline lung lavage considerably imitates
the situation in near-drowning or in preterm neonates with
respiratory distress syndrome due to immature lung and
insufficient production of surfactant. despite the most obvious
benefit of sildenafil is expected in forms of lung injury with
serious pulmonary vasoconstriction,we have presumed that
sildenafil thanks to its complex actions can positively influence
migration of polymorphonuclears (PMns), reduce
inflammation, oxidative stress, epithelial cell apoptosis and
formation of lung edema, and thereby enhance respiratory
parameters also in the model of surfactant depletion.

MaTerIaLs and MeTHOds

General design of experiments

experimental protocols were performed in accordance with
ethical guidelines and were authorized by the local ethics
Committee of Jessenius Faculty of Medicine and by the national
Veterinary Board.

In the study, young new zealand white rabbits of the mean
body weight (b.w.) of 2.5 ± 0.3 kg were used. animals were
anesthetized with intramuscular tiletamine + zolazepam (15
mg/kg b.w.; zoletil, Virbac, France) and xylazine (5 mg/kg b.w.;
Xylariem, riemser, Germany), followed by an infusion of
tiletamine + zolazepam (10 mg/kg/h i.v.). a tracheotomy was
performed and an endotracheal tube was inserted. Catheters into
the femoral artery and right atrium for sampling the arterial and
mixed venous blood and into the femoral vein to administer
anesthetics were inserted. animals were paralyzed with
pipecuronium bromide (0.3 mg/kg b.w./30 min; arduan, Gedeon
richter, Hungary) and subjected to ventilator aura V (Chirana,
slovakia) and were ventilated conventionally with following
settings: frequency (f.) of 40/min, fraction of inspired oxygen
(FiO2) 1.0, time of inspiration (Ti) 50%, positive end-expiratory
pressure (PeeP) 0.5 kPa, and peak inspiratory pressure (PIP) to
achieve a tidal volume (VT) < 6 ml/kg b.w. after 15 min of
stabilization, respiratory parameters were recorded. samples of
0.5 ml of arterial and mixed venous blood were taken for
measurement of blood gases by blood gas analyzer (rapidLab
348, siemens, Germany). after the measurement, unused blood
was returned back into circulation via femoral artery or jugular
vein catheters, respectively. One group of animals served as
healthy oxygen-ventilated and non-treated controls (Control
group, n = 9). In other animals, the model of lung injury was
induced according to modified protocol by other authors (26, 27).
Briefly, in oxygenated animals repetitive saline lung lavage
removes a significant portion of pulmonary surfactant what
results into worsening of oxygenation and lung compliance.
Thus, in our study saline (0.9% naCl, 30 ml/kg b.w., 37°C) was
instilled into the endotracheal cannula in the semi-upright right
and left lateral positions of the animal and was immediately
suctioned by a suction device. Lavage was performed 6 – 12
times, with 2 min. intervals between each lavage, during which
animals were ventilated. When PaO2 decreased to < 26.7 kPa in
2 measurements at 5 and 15 min after the lavage and lung
compliance decreased of < 30% of the initial value, the criteria of
stable aLI model were full-filled. respiratory parameters were
recorded and blood samples taken again. Then, animals were
treated with sildenafil citrate (sC-208388, santa Cruz
Biotechnology, usa; water solubility of 3.5 mg/ml declared by
the producer (28), dissolved in normal saline at a dose of 1 mg/kg
b.w. (aLI + sil group, n = 8) which was given intravenously
during 2 min., or were left without therapy (aLI group, n = 9).
all animals were oxygen-ventilated (FiO2 1.0, f. 40/min, PeeP
0.5 kPa, VT < 6 ml/kg b.w.) for an additional 4 hours after
administration of the treatment. Blood gases and respiratory
parameters were measured at 0.5, 1, 2, 3, and 4 hours of the
treatment. at the end of experiment, animals were overdosed by
anesthetics.

Counting of cells in the bronchoalveolar lavage fluid

after sacrificing the animal, lungs and trachea were excised.
The left lung was lavaged 3-times by saline (0.9% naCl, 37°C,
dose of 10 ml/kg b.w.). Total number of cells in the BaL fluid
was determined by an automated cell analyzer (Countess,
Invitrogen, usa). Bronchoalveolar lavage (BaL) fluid was then
centrifuged at 1500 rpm for 15 min. differential count of cells in
the BaL fluid sediment was evaluated microscopically after
staining by May-Grunwald/Giemsa-romanowski.

Markers of inflammation and oxidative damage in the lung
homogenate

Concentrations of cytokines, oxidative modification
products and nitrite/nitrate (nOx) were determined in 10%
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(weight/volume) lung homogenate prepared using 0.1 M ice-
cold phosphate buffer (PBs, pH 7.4) by Polytron homogenizer
PT 1200 e (5-times for 25 s, 1200 rpm; Kinematica aG,
switzerland). Homogenates were then 3-times freezed and
centrifuged (12000 rpm, 15 min, 4°C). Final supernatants were
then stored at –70°C until the analysis was performed.

Concentrations of TnF-a, interleukin (IL)-8, and IL-6 were
quantified using rabbit-specific eLIsa kits (usCn Life science
Inc., China) according to the manufacturer’s instructions. data
were expressed in pg/ml. all eLIsa analyses were performed in
duplicates.

Protein oxidative damage was determined using OxiselectTM

nitrotyrosine eLIsa Kit (Cell Biolabs, Inc., usa). data were
expressed in 3-nitrotyrosine nanomole concentration (nM, 3nT).
Lipid oxidative damage expressed by concentration of
thiobarbituric acid-reacting substances (TBars) was determined
by OxiselectTM TBars assay Kit (Cell Biolabs Inc., usa). data
were expressed as malondialdehyde in micromole concentration
(µM Mda).

The nitrate/nitrite (nOx) concentrations were determined in
duplicate by using the Cayman’s nitrate/nitrite Colorimetric
assay Kit (alexis Corp., usa), according to the manufacturer’s
instruction. data were expressed as nitrite/nitrate in micromole
concentration (µM nOx).

Lung edema formation expressed as wet/dry lung weight ratio
and protein content in the bronchoalveolar lavage fluid

For determination of wet/dry lung weight ratio, strips of the
right lung tissue were weighed, dried at 60°C for 72 h and then
the wet/dry weight ratio was determined, whereas the higher
value indicates higher accumulation of liquid in the lung. Total
protein content in the BaL fluid was determined by
colorimetric method according to Bradford (29) standardized
with bovine serum albumin (Bsa). results were expressed in
mg/ml.

Apoptosis assays
In situ labeling of DNA strand breaks by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
method

The lungs were immersed in 4 % formaldehyde solution.
after paraffin embedding, 4 µm thick slides were cut on
microtome followed by deparaffinization and pretreatment
with proteinase K. The tissue sections were further processed
by deadendTM Colorimetric TuneL system (Promega, usa).
This assay labels fragmented dna of apoptotic cells.
Biotinylated nucleotide is incorporated at 3‘-OH dna ends
using the Terminal deoxynucleotidyl Transferase,
recombinant, (rTdT) enzyme. Horseradish peroxidase-
labeled streptavidin (streptavidin HrP) was then bound to
these biotinylated nucleotides. For detection of nucleotides
and blocking endogenous peroxidases, the sections were
incubated with 0.3% H2O2 solution. Colour of sections was
developed after incubation with diaminobenzidine, daB-
chromogen solution. The sections were then counterstained
with Mayer´s hematoxylin and mounted with Permount
(Fisher, usa). The slides were viewed with Olympus BX41
microscope (Olympus, Japan), magnification × 400. The
image capture was performed with Quick Photo Micro
software, version 2.2 (Olympus). The apoptotic index was
evaluated by blinded histopathologist and was calculated as a
percentage of TuneL immunoreactive (TuneL-Ir) dark
brown stained nuclei in a total of 100 nuclei randomly counted
from three sites within each section, 282 pictures in total, 56
per animal.

Immunohistochemistry for activated caspase-3

after deparaffinization, revitalisation and rehydratation, the
tissue slides were treated with 3% H2O2 solution for 10 min for
blocking endogenous peroxidases. Washing with Tris buffer was
used after each handling step. The sections were incubated with
the primary antibody rabbit anti-caspase 3 (1:500; Bioss, usa)
for 30 min at a room temperature. The specimen was then
incubated by sequential 10 min incubation with biotinylated anti-
rabbit secondary antibody and pexodidase-labelled streptavidin
conjugated to HrP (daKO LsaB®2 system-HrP; dako,
danmark). Colour of sections was developed after incubation
with daB-chromogen solution (dako, danmark). The sections
were then counterstained with Mayer´s hematoxylin and mounted
with entellan (Merck, usa). The slides were viewed with
Olympus BX41 microscope (Olympus, Japan), magnification ×
400. The image capture was performed with Quick Photo Micro
software, version 2.2 (Olympus). The density of activated
caspase 3 immunoreactive cells (dark-brown cytoplasm; caspase
3-Ir) was evaluated by blinded histopathologist and was
measured randomly from three sites within each section and was
calculated as a total number of caspase 3-Ir cells in the field, 314
pictures in total, 62 per animal.

Measurement of respiratory parameters

during experiment, animals were ventilated with ventilator
aura V (Chirana, slovakia). Ventilatory parameters, such as FiO2,
VT, minute ventilation, f, Ti, ventilatory pressures (mean airway
pressure (MaP), PIP and PeeP), dynamic (Cdyn) and static (Cst)
lung compliance, and airway resistance (raw) were automatically
measured by in-build sensors and software and were displayed on
the screen of ventilator. Partial pressures of oxygen and carbon
dioxide (PaO2 and PaCO2), arterial pH, arterial oxygen saturation
(satO2), and parameters of acid-base balance were measured with
blood gas analyzer (rapidlab 348, siemens, Germany).
Ventilation efficiency index was calculated as VeI = 3800/[(PIP-
PeeP) × frequency × PaCO2]. The oxygenation index (OI) was
calculated as: OI = [MaP (kPa) × FiO2 (%)]/PaO2 (kPa). The
PaO2/FiO2 ratio was calculated as: PaO2/FiO2 ratio = [PaO2

(mmHg) × 100]/FiO2 (%). alveolar partial pressure of O2 (PaO2

mmHg) was expressed as: PaO2 = {[FiO2 (%)/ 100] × (Patm –
PH2O)} –[PaCO2 (mmHg)/ rQ], whereas atmospheric pressure
(Patm) at a sea level is 760 mmHg, PH2O is 47 mmHg, and rQ
(respiratory quotient) is 0.8. alveolar-arterial (a-a) gradient was
calculated as: a-a gradient = PaO2 (mmHg) – PaO2 (mmHg).
right-to-left pulmonary shunts (Qs/Qt) were calculated as
described elsewhere (30) and expressed in %.

Statistical analysis

GraphPad Prism (Version 6.01) software was used for
statistical analyses. statistical differences between the groups
were determined by analysis of variance (anOVa) with
Bonferroni post-hoc test or Kruskal-Wallis test. a P-value below
0.05 was considered to be statistically significant. results are
presented as average with error bars indicating standard error of
the mean (means ± seM).

resuLTs

Body weights of animals and initial values of the parameters
before induction of the aLI model were comparable between the
groups (all P > 0.05). average numbers of lung lavages in aLI
and aLI + sil groups were 7 times, without significant
differences between the groups (P > 0.05, data not shown).
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Cells in the bronchoalveolar lavage fluid

repetitive lung lavage used for induction of the aLI model
significantly elevated a total number of cells in the BaL fluid
compared to controls (P < 0.01 for aLI versus Control), while
sildenafil inhibited infiltration of cells into the lungs (P < 0.05 for
aLI + sil versus aLI) (Table 1). as shown in Table 1, induction of
the aLI model significantly increased the percentage of neutrophils
(P < 0.001 for aLI versus Control) and decreased relative number
of monocytes-macrophages (P < 0.001 for aLI versus Control).
sildenafil therapy lowered number of neutrophils (P < 0.001 for
aLI + sil versus aLI) and elevated relative count of monocytes
and macrophages (P < 0.001 for aLI + sil versus aLI).

Markers of inflammation and oxidative damage

Lung lavage with saline increased all observed markers of
inflammation and oxidative stress in the lung tissue. all
proinflammatory cytokines (TnF-a, P < 0.001; IL-8, and IL-6;
for both P < 0.01), nitrite/nitrate (nOx, P < 0.001), marker of
protein oxidation 3-nitrotyrosine (3nT, P < 0.01), and marker of
lipid peroxidation thiobarbituric acid-reacting substances
(TBars, P < 0.001) expressed as malondialdehyde significantly
increased in untreated animals compared to controls (aLI versus
Control). sildenafil therapy decreased concentrations of the
mentioned markers compared to aLI group: for TnF-a (aLI +
sil versus aLI, P < 0.001), IL-8 and IL-6 (aLI + sil versus aLI,
P < 0.01), nOx (aLI + sil versus aLI, P < 0.001), 3nT and
TBars (aLI + sil versus aLI, both P < 0.01) (Fig. 1).

Lung edema formation

Formation of the lung edema was expressed as wet-dry lung
weight ratio (W/d ratio) and protein content in the BaL fluid.
W/d ratio increased after induction of the lavage-induced lung
injury compared to controls (aLI versus Control P < 0.001),
what represented evident fluid accumulation in the lung tissue.
sildenafil therapy decreased W/d ratio (aLI + sil versus aLI,
P < 0.01) (Fig. 2A).

In animals with aLI, increased protein content in the BaL
fluid compared to healthy controls was observed, what underlined
massive deterioration of the alveolar-capillary membrane and
leaking fluid into the alveolar space (aLI versus Control, P <
0.001). similarly to W/d ratio, sildenafil therapy significantly
decreased protein concentration in the BaL fluid compared to
untreated animals (aLI + sil versus aLI, P < 0.001) (Fig. 2B).

Apoptosis in the lung tissue

apoptotic index expressed as a percentage of TuneL-
positive immunoreactive cells significantly elevated in saline-
lavaged and untreated group compared to control group (aLI
versus Control, P < 0.001) and decreased in sildenafil-treated
animals (aLI + sil versus aLI, P < 0.01; Fig. 3).

number of caspase-3 immunoreactive cells in the lung
increased in aLI group compared to control group (aLI versus
Control, P < 0.01). In sildenafil-treated animals, number of
caspase-3 immunoreactive cells decreased compared to
untreated aLI animals (P < 0.01; Fig. 4).

Respiratory parameters

all observed respiratory parameters (PaO2/FiO2, OI, VeI,
MaP, PaCO2, pH, Cdyn, Qs/Qt, PaO2, aaG) had been severely
altered 15 min after the lung lavage by saline compared to the
baseline values (time sequence aLI versus basal value, BV; all
P < 0.01).

repetitive lung lavage induced acute respiratory
insufficiency characterized with a decrease in lung compliance,
an increase in right-to-left pulmonary shunts with subsequent
hypoxemia, hypercapnia and acidemia compared to non-lavaged
controls (all P < 0.001, Table 2 and 3; Fig. 5). Lavage-induced
deterioration of the respiratory parameters persisted in the
untreated animals (aLI group) till the end of experiment.

sildenafil administration significantly increased PaO2 from
1 hour (P < 0.05, Table 3) and decreased PaCO2 from 30 min
(P < 0.01, Table 2). sildenafil influenced also other respiratory
parameters compared to non-treated aLI group, i.e. decreased
MaP (P < 0.01), PaCO2 (P < 0.01), and OI (P < 0.001), and
elevated Cdyn (P < 0.05) from 30 min of the therapy; reduced
Qs/Qt (P < 0.01) and increased PaO2 (P < 0.01), PaO2/FiO2

ratio (P < 0.01), aaG (P < 0.01), and VeI (P < 0.01) from 1
hour of the therapy, and also increased arterial pH (P < 0.01)
and satO2 (P < 0.001) compared to aLI group at the end of the
experiment (Table 2 and 3; Fig. 5).

dIsCussIOn

aLI is characterized by an extensive inflammatory reaction
within the lung tissue along with disruption of alveolar-capillary
membrane leading to severe impairment of gas exchange (31).
since no pharmacological approaches were clearly shown to be
effective for management of aLI, development of therapeutic
strategies for aLI is urgently needed. The present study
demonstrated that repetitive lung lavage by saline induced
severe changes in the respiratory parameters, elevated levels of
oxidative stress markers, inflammatory cytokines, and nO
metabolites, and increased permeability of alveolar-capillary
membrane and epithelial lung cell apoptosis. Intravenous
administration of 1 mg/kg b.w. of sildenafil improved gas
exchange and other respiratory parameters, reduced
transmigration of cells, particularly of neutrophils, into the lung,
decreased levels of nitrite/nitrate, proinflammatory cytokines
and markers of protein and lipid oxidation in the lung, and
reduced formation of lung edema and lung cell apoptosis.

Inflammatory cell infiltration and accumulation in the lung
tissue is one of the characteristic pathological hallmarks of aLI
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 Total Count Neutrophils Monocytes/ 

Macrophages 
Eosinophiles 

Control 25.0 ± 4.3 3.0 ± 0.6 96.2 ± 0.7 0.8 ± 0.2 
ALI 1442.0 ± 358.0 ** 77.5 ± 4.7 *** 19.6 ± 4.4*** 2.9 ± 0.7 
ALI + Sil  51.7 ± 16.2  32.8 ± 7.7  64.4 ± 7.6  2.9 ± 0.3 

 
 

Table 1. Total count (expressed in absolute value × 103/ml) and percentage of differential leukocyte count (expressed in %) in the
bronchoalveolar lavage (BaL) fluid in healthy ventilated and non-treated animals (Control group, n = 9), in non-treated animals with
aLI (aLI group, n = 9) and in animals with aLI treated with sildenafil (aLI + sil group, n = 8). statistical comparisons: for aLI versus
control *P < 0.05, **P < 0.01, ***P < 0.001; for aLI + sil versus aLI #P < 0.05, ##P < 0.01, ###P < 0.001; for aLI + sil versus. Control
+++P < 0.001. data are presented as means ± seM.



(32). PMns are essential for clearance of debris and pathogens
from the alveolar space. However, excessive and persistent
sequestration of PMns may result in additional damage to the
lung tissue through release of numerous toxic mediators

including reactive oxygen species, proteases, proinflammatory
cytokines and changed apoptosis which exacerbate aLI (33, 34).
during aLI, neutrophils are the first immune cells recruited into
the inflammation site. activated neutrophils extravasate and
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Fig. 1. Concentrations of proinflammatory cytokines TnF-a (A), IL-8 (B) and IL-6 (C) (all expressed in pg/ml), nitrite/nitrate
(expressed in micromole concentration of nOx) (D), and markers of oxidative modifications of proteins (E) (expressed in nanomole
concentration of 3-nitrotyrosine, 3nT) and lipid oxidation (F) (thiobarbituric acid-reactive substances, TBars, expressed in
micromole concentration of malondialdehyde, Mda) in the lung tissue homogenates of healthy ventilated and non-treated animals
(Control group, n = 9), in non-treated animals with aLI (aLI group, n = 9) and in animals with aLI treated with sildenafil (aLI + sil
group, n = 8). statistical comparisons: for aLI versus Control *P < 0.05, **P < 0.01, ***P < 0.001; for aLI + sil versus aLI #P < 0.05,
##P < 0.01, ###P < 0.001. data are presented as means ± seM.

Fig. 2. Lung edema formation expressed as wet-dry (W/d) lung weight ratio (A) and protein content in the BaL fluid (B) (mg/ml) in
healthy ventilated and non-treated animals (Control group, n = 9), in non-treated animals with aLI (aLI group, n = 9) and in animals
with aLI treated with sildenafil (aLI + sil group, n = 8). statistical comparisons: for aLI versus Control *P < 0.05, **P < 0.01, ***P
< 0.001; for aLI + sil versus aLI #P < 0.05, ##P < 0.01, ###P < 0.001. data are presented as means ± seM.



migrate into the alveolar space where they secrete
chemoattractants and recruit more leukocytes to amplify the
inflammation response (35, 36).

Our data suggest that the protective activity of sildenafil in
aLI may be mediated through inhibition of inflammatory cell
influx, mainly of neutrophils, into the lung. during aLI, large
amounts of rOs are generated which cause cell membrane lipid
peroxidation leading to destruction of lung parenchymal cells.
Overproduction of rOs and proinflammatory substances
deteriorates the alveolar epithelium and surfactant function (37,
38). The present study confirmed elevation of Mda, a lipid
peroxidation parameter, and 3nT, an indirect marker of
nitrosative stress, in the lung tissue of aLI animals while
sildenafil therapy decreased oxidative stress. However, the role
of inflammation in the pathogenesis of aLI is not limited to
oxidative stress. Combined action of inflammation and oxidative
stress increases a capillary permeability leading to lung edema
and exacerbation of tissue injury.

activated macrophages produce large amounts of
proinflammatory cytokines, such as TnF-a and interleukins,
which promote lung inflammation. TnF-a is the first
multifunctional cytokine released from stimulated alveolar

macrophages. It elicits the inflammatory cascade as it stimulates
other cells to secrete more cytokines and chemokines such as IL-
6, monocyte chemotactic protein, and macrophage inflammatory
protein which subsequently mediate the recruitment of PMns,
and increase the severity of lung injury (39, 40). In our
experiments, significantly elevated levels of circulatory TnF-a
and IL-6 in the plasma come in agreement with previous report
(34). In this study, sildenafil therapy markedly suppressed the
elevation of inflammatory cytokines what suggests that sildenafil
might suppress the inflammatory cell infiltration into the lung via
inhibition of the release of inflammatory cytokines.

The effect of selective phosphodiesterase-5 (Pde-5) inhibitor
sildenafil is mediated through increasing the tissue level of the
second messenger cGMP what leads to relaxation of the smooth
muscle (41) through reduction of intracellular [Ca2+] and
downregulation of contractile apparatus. Pde-5 is found in high
concentrations in the pulmonary artery smooth muscle, and
therefore its inhibition leads to a decrease in pulmonary vascular
resistance (42). Pulmonary vasodilation effect of sildenafil was
also demonstrated in our study where it decreased pulmonary
right-to-left pulmonary shunts. Level of cGMP in the smooth
muscle is also increased by nitric oxide (nO), which is formed
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Fig. 3. effect of sildenafil treatment on the percentage of terminal deoxynucleotidyl transferase-mediated duTP nick end labeling
(TuneL)-positive cells in healthy ventilated and non-treated animals (Control group, n = 5), in non-treated animals with aLI (aLI
group, n = 5) and in animals with aLI treated with sildenafil (aLI + sil group, n = 5). Photomicrographs of TuneL-positive cells.
arrowheads represent TuneL-positive cells. Percentages of TuneL-positive cells. statistical comparisons: for aLI versus Control
*P < 0.05, **P < 0.01, ***P < 0.001; for aLI + sil versus aLI #P < 0.05, ##P < 0.01, ###P < 0.001. data are presented as means ± seM.



from l-arginine through the actions of different types of nO
synthase. nO acts as a vasodilator, neurotransmitter and
inflammatory mediator in the airways, and decreases a
methacholine-induced bronchoconstriction in the experimental
animals (43). sildenafil elevates cellular cGMP levels through
competition for the Pde binding site with cGMP and in that way
inhibits degradation of cGMP to GMP. cGMP through protein
kinase G (PKG) plays an important role in the regulation of
activity of various cell populations including immune cells. The
level of cGMP is also regulated by nO. nO exerts multiple
modulating effects on inflammation and plays a key role in the
regulation of immune responses. Both the inducible nO synthase
(inOs) and the Pdes enzymes are expressed in numerous cell
types including macrophages, dendritic cells, T cells, and
neutrophils (44). nO is the main activator of soluble guanylate
cyclase (sGC), an enzyme which synthesizes cGMP. Inhibition of
cGMP catabolism by selective Pde5 inhibitors increases nO
levels as confirmed by increasednitrite/nitrate (nOx) (45).
Circulating nitrite/nitrate (nOx) levels not only reflect the level
of nO synthesis but also act as a reservoir of alternative substrate
for nO synthesis. nO metabolites can be chemically reduced to
nO in vivo by haem proteins, such as xanthine oxidoreductase

and aldehyde oxidase which exhibit nitrite reductase activity
(43). Thus, measurement of circulating nOx could serve as an
index of vascular nO synthesis and/or could reflect an ability to
synthesize nO via this alternative pathway (46). Physiologic
levels of nO exert antiinflammatory effects through suppression
of leukocyte activation and microvascular leakage (47, 48).
excessive nO derived from inOs favors inflammation through
the development of Th2- lymphocyte responses (e.g.,
eosinophilia and Ige ‘priming’ of mast cells) and microvascular
leakage. Inflammation may be also exacerbated via formation of
cytotoxic peroxynitrite from excess of nO and inflammatory-
derived superoxide (47). In our study, concentrations of nO
metabolites in the lungs of aLI animals were elevated, probably
due to increased expression of inOs induced by proinflammatory
mediators. sildenafil significantly reduced their levels,
suggesting direct involvement of cGMP in inhibition of nO
overproduction (47). resident macrophages are likely to
orchestrate neutrophil recruitment through chemotactic factors
such as TnF-a and IL-8 (49). TnF-a also stimulates the
transcription of inOs, responsible for nO overproduction (48).

activation and infiltration of neutrophils and macrophages
into the lung tissue participate in increased permeability of the
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Fig. 4. The effect of sildenafil treatment on the number of caspase-3 positive cells in healthy ventilated and non-treated animals
(Control group, n = 5), in non-treated animals with aLI (aLI group, n = 5) and in animals with aLI treated with sildenafil (aLI + sil
group, n = 5). statistical comparisons: for aLI versus Control *P < 0.05, **P < 0.01, ***P < 0.001; for aLI + sil versus aLI #P < 0.05,
##P < 0.01, ###P < 0.001. data are presented as means ± seM.



alveolar-capillary membrane, as well. These changes result into
generation of the lung edema which can be clearly distinguished
from cardiogenic pulmonary edema (50, 51). Integrity of the
alveolar-capillary membrane and extent of the lung edema
formation can be estimated by lung W/d ratio and protein content
in the BaL fluid (52). In the present study, repetitive saline lung
lavage used to evoke the aLI model caused a development of
lung edema which was expressed by elevation in the lung W/d
ratio and total protein content in the BaL fluid whereas sildenafil
therapy significantly reduced these parameters.

apoptosis of alveolar cells is an additional mechanism
involved in the pathogenesis of aLI in response to various
stimuli via induction of endothelial/epithelial barrier
dysfunction. apoptosis is an important mechanism which
maintains normal cellular homeostasis through the removal of
damaged or potentially harmful cells. apoptotic cells which are
not quickly removed undergo a secondary necrosis resulting in
leakage of cellular content, inflammation and severe tissue
injury (53). In the regulation of apoptosis, Bcl2 proteins have an
essential role. Bcl-2 family proteins include the anti-apoptotic
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 Before ALI After ALI 0.5 h Th 1 h Th 2 h Th 3 h Th 4 h Th 
MAP (kPa) 
Control 0.8 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 
ALI 0.8 ± 0.0 1.1 ± 0.0*** 1.0 ± 0.0*** 1.0 ± 0.0*** 1.0 ± 0.1*** 1.0 ± 0.1*** 1.1 ± 0.1*** 
ALI + Sil  0.8 ± 0.0 1.0 ± 0.0  0.9 ± 0.0  0.9 ± 0.1 0.9 ± 0.1  0.8 ± 0.0  0.8 ± 0.0  
PaCO2 (kPa) 
Control 4.2 ± 0.2 4.5 ± 0.2 4.4 ± 0.2 4.3 ± 0.1 4.0 ± 0.2 3.8 ± 0.3 4.1 ± 0.2 
ALI 4.1 ± 0.2 6.9 ± 0.3*** 6.7 ± 0.4*** 6.4 ± 0.4*** 6.3 ± 0.3*** 6.2 ± 0.2*** 6.0 ± 0.4 *** 
ALI + Sil  4.3 ± 0.2 6.0 ± 0.3  4.9 ± 0.3  5.0 ± 0.5  3.9 ± 0.4  4.2 ± 0.3  3.9 ± 0.2  
pH 
Control 7.5 ± 0.0 7.5 ± 0.1 7.4 ± 0.0 7.4 ± 0.0 7.3 ± 0.0 7.2 ± 0.0 7.2 ± 0.0 
ALI 7.5 ± 0.0 7.2 ± 0.0*** 7.2 ± 0.0*** 7.2 ± 0.0*** 7.1 ± 0.0*** 7.1 ± 0.0** 7.0 ± 0.0*** 
ALI + Sil  7.5 ± 0.0 7.3 ± 0.0  7.3 ± 0.03  7.3 ± 0.3 7.2 ± 0.0 7.2 ± 0.0 7.2 ± 0.0  
Cdyn (ml/kPa) 
Control 14.1 ± 0.1 14.7 ± 0.4 14.7 ± 0.5 15.2 ± 0.4 15.0 ± 0.4 14.8 ± 0.3 14.9 ± 0.9 
ALI 13.4 ± 0.8 6.9 ± 0.4*** 7.9 ± 0.4*** 7.5 ± 0.5*** 8.0 ± 0.6*** 7.0 ± 0.5*** 6.8 ± 0.4*** 
ALI + Sil  13.7 ± 0.6 9.0 ± 0.7  10.2 ± 1.1  11.6 ± 1.0  12.8 ± 0.6  11.8 ± 0.4  11.2 ± 0.5  
Qs/Qt (%) 
Control 3.8 ± 0.6 5.1 ± 1.8 3.7 ± 0.8 6.1 ± 1.6 5.6 ± 0.5 4.4 ± 0.8 1.3 ± 0.5 
ALI 5.6 ± 1.2 23.8 ± 0.5*** 24.2 ± 0.6*** 25.0 ± 0.3*** 25.5 ± 0.3*** 25.0 ± 0.2*** 24.8 ± 0.3*** 
ALI + Sil  3.9 ± 0.7 23.4 ± 1.0  21.2 ± 2.3  17.8 ± 3.0  14.3 ± 4.1  5.6 ± 2.8  10.4 ± 4.8  
 

 

 

Table 2. Mean airway pressure (MaP), arterial partial pressure of carbon dioxide (PaCO2), arterial pH, dynamic lung-thorax
compliance (Cdyn), and intrapulmonary shunts (Qs/Qt) before (basal value, BV) and after lung lavage (acute lung injury, aLI) and
within 4 h after administration of the therapy (Th) in healthy ventilated and non-treated animals (Control group, n = 9), in non-treated
animals with aLI (aLI group, n = 9) and in animals with aLI treated with sildenafil (aLI + sil group, n = 8). statistical comparisons:
for aLI versus control *P < 0.05, **P < 0.01, ***P < 0.001; for aLI + sil versus aLI #P < 0.05, ##P < 0.01, ###P < 0.001; for aLI + sil
versus control +P < 0.05, ++P < 0.01, +++P < 0.001. data are presented as means ± seM.

   A                  

                        

                           

                                

                       

 

 Before ALI After ALI 0.5 h Th 1 h Th 2 h Th 3 h Th 4 h Th 
SatO2 
Control 99.9 ± 0.0 99.9 ± 0.0 99.9 ± 0.0 99.9 ± 0.0 99.9 ± 0.0 99.9 ± 0.0 99.9 ± 0.0 
ALI 99.9 ± 0.0 90.0 ± 2.1* 89.9 ± 2.4* 88.1 ± 2.6** 87.6 ± 2.3** 87.6 ± 2.4 ** 83.3 ± 3.8*** 
ALI + Sil  99.9 ± 0.0 93.4 ± 2.0 93.5 ± 3.1 92.9 ± 3.6 96.0 ± 2.0 95.9 ± 2.2 97.9 ± 1.0  
PaO2 (kPa) 
Control 81.0 ± 1.3 71.6 ± 7.8 74.5 ± 7.2 69.9±8.0 70.4 ± 7.7 74.6 ± 7.4 78.6 ± 9.4 
ALI 78.2 ± 3.2 16.7 ± 1.9*** 19.3 ± 4.4*** 17.3±5.2*** 19.2 ± 7.0*** 19.7 ± 6.9*** 18.6 ± 5.1*** 
ALI + Sil  80.5 ± 1.7 24.6 ± 5.2  36.3 ± 10.3  52.7±10.7  55.9 ± 12.5  65.3 ± 12.5  66.4 ± 12.8  
AAG 
Control 611.0 ± 11.7 594.0 ± 33.6 606.6 ± 14.7 561.9 ± 41.1 563.3 ± 38.0 601.9 ± 13.5 663.2 ± 14.6 
ALI 546.8 ± 25.3 121.9 ±15.1*** 144.8 ± 33.1*** 130.0 ± 38.9*** 144.0 ± 52.6*** 147.9 ± 51.8*** 124.1 ± 37.0*** 
ALI + Sil  603.6 ± 12.9 140.5 ± 30.5  272.0 ± 77.4  395.2 ± 80.5  419.4 ± 93.9  489.5 ± 93.4  498.2 ± 95.6  
 

Table 3. arterial oxygen saturation (satO2), arterial partial pressure of oxygen (PaO2) and alveolar-arterial gradient (aaG) before
(basal value, BV) and after lung lavage (acute lung injury, aLI) and within 4 h after administration of the therapy (Th) in healthy
ventilated and non-treated animals (Control group, n = 9), in non-treated animals with aLI (aLI group, n = 9) and in animals with
aLI treated with sildenafil (aLI + sil group, n = 8). statistical comparisons: for aLI versus Control *P < 0.05, **P < 0.01, ***P < 0.001;
for aLI + sil versus aLI #P < 0.05, ##P < 0.01, ###P < 0.001; for aLI + sil versus Control ++P < 0.01, +++P < 0.001. data are presented
as means ± seM.



proteins such as Bcl-2 and Bcl-XL, and pro-apoptotic proteins,
such as Bax and BH3 interacting-domain death agonist (Bid).
The imbalance between proapoptotic and anti-apoptotic proteins
promotes the response to apoptotic stimuli leading to apoptosis
and lung injury (54, 55). In addition to Bcl2, caspases, a family
of proteases, also have a pivotal role in apoptotic and
inflammatory processes. Caspases activate pro-apoptotic
pathways leading to dna degradation and cell death (55)
whereas caspase-3 is known as a key executor of apoptosis.
Induction of cellular apoptosis is closely associated with aLI.
Previous studies showed that intratracheal instillation of LPs
elevated apoptotic factors such as caspases and Bax in the lung
what caused the progression of aLI (56). In our present study,
finding of increased levels of pro-apoptotic markers, caspase-3,
and increased apoptotic index in the lung of animals with aLI
clearly confirmed the role of apoptosis in the pathogenesis of

aLI. dna damage in the lung tissue was also published in
similar model of surfactant depletion in rabbits (26).

Our results showed that sildenafil therapy significantly
counteracted elevation of apoptosis markers in the lung of saline
lavage-injured animals. similar results were recently published
by song et al. (22) who found that sildenafil attenuated apoptosis
in the lung of neonatal rats with other form of aLI induced by
instillation of meconium. There are several mechanisms by which
sildenafil can influence the apoptosis. sildenafil is known to
enhance the effect of nO. nO-cGMP pathway has
neuroprotective and antiapoptotic effects by increasing the level
cGMP. Intracellular accumulation of cGMP in different models of
inflammation reduces production of proinflammatory cytokines
and reduces oxidative stress (57). We may presume that
influencing inflammation and oxidative stress sildenafil could
provide anti-apoptotic action also in our experiments.

823

 

Fig. 5. The ratio of arterial oxygen partial pressure to
fraction of inspired oxygen (PaO2/FiO2, in kPa) (A);
oxygenation index (OI) (B) and ventilation efficiency
index (VeI) (C) before (basal value, BV) and after lung
lavage (acute lung injury, aLI) and within 4 h after
administration of the therapy (Th) in healthy ventilated
and non-treated animals (Control group, n = 9), in non-
treated animals with aLI (aLI group, n = 9) and in
animals with aLI treated with sildenafil (aLI + sil
group, n = 9). statistical comparisons: for aLI versus
Control *P < 0.05, **P < 0.01, ***P < 0.001; for aLI +
sil versus aLI #P < 0.05, ##P < 0.01, ###P < 0.001; for aLI
+ sil versus Control ++P < 0.01, +++P < 0.001. data are
presented as means ± seM.



as a result of complex changes following repetitive saline
lung lavage leading to surfactant depletion we could observe an
obvious and stable decrease in arterial PaO2 in the aLI group.
Whereas the values of PaO2 remained below 20 kPa and index of
blood oxygenation (PaO2/FiO2) below 200 mmHg, our results
indicate that the used model was suitable to mimic the changes
related to the surfactant depletion-associated lung damage as it
correlates well with the clinical criteria of acute respiratory
distress syndrome (ards) in patients (58). Our data are
consistent with findings of earlier studies (26, 27, 39) which used
the saline lavage-induced surfactant-depleted aLI model.
administration of sildenafil in the present study led to significant
improvement of blood gases and other measured respiratory
parameters and calculated indexes compared to non-treated
animals with aLI, whereas the changes become significant
already within 1 hour after sildenafil administration. similarly, in
a piglet model of pulmonary hypertension induced by meconium
sildenafil reversed an increase in pulmonary vascular resistance
within 1 hour after the infusion, and improved an cardiac output
that was not accompanied by deterioration in oxygenation (21).
We presume that this rapid improvement in oxygenation can be
related to a decrease in the right-to-left pulmonary shunts what is
in accordance with the previous study (58).

Of course, we are aware of some limitations of direct
applicability of our results. surfactant depletion is rather rare
situation in patients with ards, except of near-drowning or rds
in preterm neonates which has some similar features. repetitive
saline lung lavage induces the model of aLI with predominant
signs of surfactant depletion, such as immediate hypoxemia,
decrease in lung compliance and lung edema formation. despite
several literature sources declared only negligible recruitment
and activation of neutrophils and pulmonary vasoconstriction
(59, 60), our results showed significant accumulation of
neutrophils in the lungs, increased production of cytokines and
markers of oxidative stress and increased right-to-left pulmonary
shunts. Positive response to sildenafil in this animal model
widens future perspectives of Pde5 inhibitors also for situations
with prominent surfactant depletion and edema formation.

according to the above mentioned results we can conclude
that sildenafil intravenous administration reduced PMns
migration into the lung, mitigated lung injury, decreased
concentrations of proinflammatory cytokines, lung edema
formation and concentration of proteins in the BaL fluid,
prevented apoptosis of lung epithelial cells and improved
ventilation in a rabbit model of aLI induced by repetitive saline
lung lavage. Taken together, this study provides an experimental
evidence of protective activity of sildenafil against the lung
injury due to surfactant depletion.
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