
INTRODUCTION

Acute respiratory distress syndrome (ARDS) may originate
from various reasons - aspiration, near-drowning, sepsis etc. It is
characterized by acute hypoxemia, finding of bilateral infiltrates on
chest X-ray without increased wedge pressure in the pulmonary
artery. ARDS Definition Task Force in 2012 divided ARDS into 3
degrees according to the severity of hypoxemia expressed by a
ratio between arterial partial pressure of oxygen and fraction of
inspired oxygen (PaO2/FiO2) to mild (PaO2/FiO2 200–300 mm Hg,
or 26.7 – 40 kPa), moderate (PaO2/FiO2 100 – 200 mm Hg, or 13.3
– 26.7 kPa), and severe (PaO2/FiO2 < 100 mm Hg, or < 13.3 kPa)
(1). For experimental studies where respiratory insufficiency is
induced artificially and other clinically relevant signs except of
hypoxemia cannot be determined, the term acute lung injuryis
preferred.

Irrespective of the triggering factor, injury to the lung cells
leads to surfactant alterations caused by reduced production of

surface-active compounds, changes in their composition,
imbalance in surfactant subtype distribution, and/or by inhibition
of surfactant function by plasma protein leakage and inflammatory
mediators. The mentioned changes together with edema formation,
ventilation-perfusion mismatch, and inflammation finally decrease
the lung compliance and cause hypoxemia. Diffuse alveolar injury
is associated with massive infiltration of polymorphonuclears
(PMN), mainly neutrophils into the lung, alveolar hemorrhage, and
generation of hyaline membranes. Cells migrating through the
injured alveolo-capillary membrane and activated structural lung
cells produce high amounts of pro-inflammatory substances, such
as interleukins (IL)-1β, IL-6, IL-8, tumor necrosis factor alpha
(TNF-α), proteases, reactive oxygen species, inducible NO
synthase (iNOS), or matrix-metalloproteinases which further
deteriorate the lung functions (2-4). Complex action of the
mentioned factors results in a disbalance in apoptotic processes in
the lung, as well. While the apoptosis of neutrophils is delayed
what causes their prolonged survival and detrimental effects in the
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lung tissue, apoptosis of epithelial and endothelial cells is
increased. Both these processes significantly contribute to the
pathogenesis of ALI/ARDS (5).

Within last decades, a considerable progress has been made in
understanding the pathophysiology of ALI/ARDS. However, its
appropriate therapy is still questionable as only the lung-protective
ventilation and fluid-conservative management have reduced
mortality and morbidity, but no pharmacologic intervention has
been clearly shown to be commonly effective in reducing
mortality (6). Nevertheless, there are several groups of drugs, such
as corticosteroids (CS), pulmonary vasodilators, antioxidants,
statins, beta2-adrenergic agonists, protease inhibitors, neutrophil
elastase inhibitors, or anticoagulants, which were beneficial in
neutrophil-mediated chronic obstructive pulmonary disease (7, 8)
and in the subgroups of patients with ARDS (3, 9).

In ALI/ARDS, CS are expected to mitigate the lung edema
formation and inflammation. CS stabilize the membranes,
reduce microvascular permeability, and decrease production of
the vasoactive substances. In addition, CS reduce the migration
and activation of neutrophils, eosinophils, mononuclears, and
other cells and modulate chemotaxis and action of mediators
released from the activated cells (10). CS can also inhibit lung
epithelial cell apoptosis and thereby reduce the lung injury (11).
The pleiotropic effects of CS are mediated by both genomic and
nongenomic mechanisms. Genomic mechanisms include
activation of cytosolic glucocorticoid receptor what leads to
activation or repression of synthesis of proteins including
cytokines and chemokines (e.g., IL-1β, IL-6, IL-8, and TNF-α),
pro-inflammatory enzymes (e.g., phospholipase A2,
cyclooxygenase-2, iNOS), adhesion molecules, and other
biologically active substances, such as platelet activating factor
or endothelin-1 (10). Moreover, action of CS is mediated
through nongenomic mechanisms which are responsible for
rapid processes in various cells within seconds or minutes until
the effects mediated by genomic mechanisms appear (12, 13).

Despite its potential, systemic use of CS in ALI/ARDS
patients led to controversial results (14-18). Therefore, the aim
of this study was to evaluate whether a single intratracheal dose
of CS budesonide may alleviate lung injury, inflammation,
apoptosis, and lung edema formation and thereby improve the
lung functions in arabbit model of ALI. We have hypothesized
that alocal delivery of budesonide directly into the diseased lung
may enhance its therapeutic effect in comparison to systemic
delivery which has appeared controversial.

The experimental model of ALI was induced by repetitive
lung lavage with saline until the sufficient amount of pulmonary
surfactant was removed and lung compliance decreased. Extent
of the lung injury was monitored during the course of
experiment when the changes in the blood gases, respiratory
indexes and counts of white blood cells were evaluated
continuously. Additional data were obtained from samples taken
at the end of experiment, such as markers of the lung injury,
inflammation, apoptosis, and lung edema formation. The model
of ALI was performed on adult rabbits, as the use of this animal
species compared to smaller animals enables application of
different modes of artificial ventilation and provides a possibility
to take regularly the blood samples for measurement of blood
gases and for estimation of cell and biochemical markers of
inflammation during the experiment (19-22).

MATERIALS AND METHODS

General design of experiments

Experimental protocol was performed in accordance with the
ethical guidelines and was authorized by the local Ethics

Committee of Jessenius Faculty of Medicine in Martin, Comenius
University in Bratislava and by National Veterinary Board.

In the study, adult New Zealand white rabbits in atotal number
of eighteen (n = 18) of both genders and a mean body weight (b.w.)
± standard deviation (SD) of 2.5 ± 0.3 kg were used. Animals were
anesthetized with intramuscular ketamine (20 mg/kg b.w.;
Narketan, Vetoquinol, UK) and xylazine (5 mg/kg b.w.; Xylariem,
Riemser, Germany), followed by an infusion of ketamine (20
mg/kg b.w./h). Tracheotomy was performed and catheters were
inserted into the femoral artery and right atrium for sampling the
blood, and into the femoral vein to administer anesthetics. One
group of animals which served as healthy non-ventilated controls
(Contr group, n = 6) was euthanized at this stage of experiment by
an overdose of anesthetics. Other animals were paralyzed with
pipecuronium bromide (0.3 mg/kg b.w./30 min; Arduan, Gedeon
Richter, Hungary) and subjected to a pressure-controlled ventilator
(Beat-2, Chirana, Slovakia) and were ventilated conventionally
with following settings: frequency (f.) of 30/min, fraction of
inspired oxygen (FiO2) of 1.0, time of inspiration (Ti) 50%, peak
inspiratory pressure (PIP)/positive end-expiratory pressure (PEEP)
1.5/0.3 kPa and tidal volume (VT) of 6 – 8 ml/kg b.w. After 15 min
of stabilization, respiratory parameters were recorded and blood
samples taken for analysis of blood gases (RapidLab 348, Siemens,
Germany) and estimations of total and differential white blood cell
(WBC) counts were performed. Lung injury was induced by
repetitive lung lavage with 0.9% saline (30 ml/kg b.w., 37°C),
which 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 – 10 times, until PaO2 decreased to < 26.7 kPa in FiO2 1.0 in 2
measurements at 5 and 15 min after the lavage. When the criteria
for the ALI model were fulfilled, animals were treated with
budesonide (Pulmicort susp inh, AstraZeneca, 0.25 mg/kg b.w.;
ALI + Bud group, n = 6) or were left without therapy (ALI group,
n = 6). Budesonide was given intratracheally during 1 min by
means of inpulsion regime of high-frequency jet ventilation
(HFJV; f. 300/min, Ti 20%) and this regime continued for
additional 1 min to supply ahomogenous distribution of the drug
throughout the lung (23, 24). Then the ventilation was switched
back to conventional ventilation (FiO2 1.0, f. 30/min, PIP/PEEP
1.5/0.3 kPa, VT6 – 8 ml/kg b.w.). All animals with ALI (ALI group
and ALI + Bud group) were ventilated with these ventilator settings
for an additional 5hours. Blood gases and respiratory parameters
were measured at 0.5, 1, 2, 3, 4, and 5 hours after the treatment,
WBC counts were estimated from samples taken at 0.5, 1, 3 and 5
hours after the treatment. At the end of experiment, animals were
euthanized by an overdose of anesthetics.

Measurement and calculation of respiratory parameters

Tracheal airflow and VT were measured by a heated Fleisch
head connected to a pneumotachograph. Airway pressure was
registered via a pneumatic catheter placed in the tracheal tube
and connected to an electromanometer. Mean airway pressure
was calculated as: MAP= (PIP+ PEEP)/2. Oxygenation index
(OI) was calculated as: OI = (MAP× FiO2)/PaO2. Ventilation
efficiency index was calculated as VEI = 3800/[(PIP-PEEP) ×
frequency × PaCO2].

Counting of cells in the arterial blood and in the BAL fluid

Samples of the arterial blood for counting WBC were taken
before induction of ALI model and at 0.5, 1, 3, and 5 h after the
treatment with budesonide. Total WBC count was determined
microscopically in a counting chamber after staining by Turck.
Dif ferential WBC count was estimated microscopically after
staining by May-Grunwald/Giemsa-Romanowski.
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After euthanizing the animal at 5 hours time point, lung and
trachea were excised. Left lung was lavaged 3-times with apre-
heated saline (0.9% NaCl, 37°C) at adose of 10 ml/kg b.w., the
bronchoalveolar lavage (BAL) fluid was then centrifuged at
1500 rpm for 10 min. Total number of cells in the BALfluid was
determined microscopically in a counting chamber. Differential
count of cells in the BALfluid sediment was evaluated
microscopically after staining by May-Grunwald/Giemsa-
Romanowski.

Estimation of lung edema formation

Strips of the right lung tissue were cut, weighed and dried at
60°C for 24 hours to determine the wet/dry weight ratio, where
higher wet/dry ratio indicated higher fluid accumulation in the
tissue.

Measurement of total protein content in the BALfluid was
performed by colorimetric method according to Bradford (25)
with bovine serum albumin (BSA) as a standard. Analysis was
performed in the sample of the lavage fluid taken from the first
lung lavage used for induction of ALI model (initial value) and
in the sample of the lavage fluid taken at the end of experiment
(5 hours after the therapy), and results were expressed in µg/ml.

Histomorphological investigation of the lung injury and
inflammation

For histological analysis, upper right lung lobe was fixed in
buffered 4% formaldehyde. After paraffin embedding the
sections of 4 µm were cut on microtome. The slides were further
deparaffinized, rehydrated in descending grades of ethanol and
stained with hematoxylin. After differentiation and washing, the
slides were immersed in eosin dye, dehydrated and finally
coverslipped with Entellan mounting medium (Merck Millipore,
Germany). To score lung injury and inflammation, lung tissue
samples were screened for the following histopathological signs:
1) atelectasis, 2) emphysema, 3) hemorrhagia, and 4) PMN
infiltration. Samples were evaluated by an experienced
histopathologist blinded to the grouping of animals, and results
were scored of 0 – 3 with 0 as absent (normal), 1 as mild, 2 as
moderate, and 3 as severe lung injury. The total injury score was
calculated as a sum of these scores.

Immunohistochemical detection of apoptosis in the lung tissue

1. In situ labeling of DNA strand breaks by TUNEL methods

The presence of apoptotic cells in the lung tissue sections was
assessed using the terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) technique. First, the lung
samples were immersed in 4% formaldehyde solution. After
paraffin embedding 4 µm thick slides were cut followed by
deparaffinization and pretreatment with a proteinase K. The tissue
sections were further processed by DeadEndTM Colorimetric
TUNEL System (Promega, USA) to label fragmented DNAof
apoptotic cells. Biotinylated nucleotide is incorporated at 3’-OH
DNA ends using the recombinant terminal deoxynucleotidyl
transferase (rTdT) enzyme. Horseradish peroxidase-labeled
streptavidin (Streptavidin HRP) is then bound to these biotinylated
nucleotides. For detection of nucleotides and blocking endogenous
peroxidases, the sections were incubated with 0.3% H2O2 solution.
Color of sections was developed after incubation with
diaminobenzidine (DAB)-chromogen solution (Dako, Denmark).
The sections were then counterstained with Mayer´s hematoxylin
and mounted with an Permount (Fisher, USA). The slides were
viewed with an Olympus BX41 microscope (Olympus, Japan). The
image capture was performed with Quick Photo Micro software,

version 2.2 (Olympus, Japan). The apoptotic index of alveolar and
bronchial epithelium was calculated as a percentage of TUNEL
immunoreactive (TUNEL-IR) dark brown stained nuclei in a total
100 nuclei randomly counted from three sites within each section.

2. Detection of 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 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). Color of sections was developed after incubation with
DAB-chromogen solution (Dako). The sections were then
counterstained with Mayer´s hematoxylin and mounted with an
Entellan (Merck, USA). The slides were viewed with an
Olympus BX41 microscope (Olympus). 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 and plasma membrane; caspase 3-
IR) in the alveolar and bronchial epithelium was measured
randomly from three sites within each section and was calculated
as the total numbers of caspase 3-IR cells in the field.

Detection of biochemical markers of lung injury, inflammation
and apoptosis

1. Preparation of the blood plasma

Samples of the arterial blood taken at the end of experiment
were centrifuged (3000 rpm for 15 min, 4°C) and plasma was
stored at –70°C until the analysis was performed.

2. Preparation of the lung tissue homogenate

Strips of the right lung lobe were homogenized (5-times for
25 s, 1200 rpm) in an ice-cold phosphate buffer (pH 7.4).
Homogenates were then 3-times freezed and centrifuged (12000
rpm for 15 min, 4°C). Final supernatants were then stored at
–70°C until the analysis was performed. Protein concentrations
in the lung homogenates were determined according to the
methods described by Lowry et al. (26), using a bovine serum
albumin as a standard.

3. Measurement of markers of inflammation and lung injury by
enzyme-linked immunosorbent assay (ELISA).

Concentrations of cytokines (IL-1β, IL-6, and IL-8, TNF-α,
and interferon gamma (IFNγ)) and markers of lung injury
(endogenous secretory receptor for advanced glycation end-
products (esRAGE) and caspase-3) were measured in the lung
homogenates, wheras concentrations of IL-1β, -6, -8, and TNF-
α were measured also in the blood plasma. The measurements
were performed using commercially available rabbit-specific
ELISA kits (USCN kits for cytokines, ABIN for esRAGE,
Cusabio for caspase-3) according to the manufacturers’
instructions. Results were analyzed by a spectrophotometer at
450 nm using an ELISAmicroplate reader.

Statistics

For analysis of the data, statistical package SYSTAT for
Windows was used. Differences among 3 groups (Contr, ALI
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and ALI + Bud) were analyzed by one-way ANOVA with post-
hoc Fisher’s LSD test, differences in respiratory parameters
between ALI + Bud group and ALI group were evaluated by
Kruskal-Wallis test. Within-group differences were evaluated by
Wilcoxon test. A value of P< 0.05 was considered statistically
significant. Data are expressed as means ± S.E.M.

RESULTS

At the beginning of experiments, i.e. before induction of ALI
model, there were no statistically significant differences among
the groups in the body weight of animals and initial values of the
respiratory parameters (all P> 0.05). Induction of ALI model
affected the respiratory parameters, however, before
administration of budesonide treatment there were no
statistically significant differences in the values of these
parameters between the ALI and ALI + Bud group (P> 0.05).

Respiratory parameters

During the whole experiment, animals of both groups with
ALI (ALI group and ALI + Bud group) were ventilated with
ventilatory pressures PIP/PEEPof 1.5/0.3 kPa and a resulting
value of MAPof 0.9 kPa (P> 0.05).

After induction of ALI, values of VEI decreased in ALI group
to 34% and in ALI + Bud group to 43% of the initial values (both
P < 0.05; Table 1). Reduced ventilation efficiency resulted in
worsened oxygenation and oxygen saturation of hemoglobin
compared to values before induction of ALI (all P < 0.05; Table 1).
After induction of ALI in the ALI group and ALI + Bud group,
PaO2/FiO2 decreased to 13 – 18% of the initial values, OI
increased 7 – 8 times and oxygen saturation decreased to 84 – 88%
of the initial values (all P< 0.05 versus initial values). In the ALI
+ Bud group, budesonide treatment increased VEI by 35% at 30
min after the treatment compared to the VEI value after induction
of ALI model, and by 27% at 1 h, 29% at 2 h and 15% at 3 h, and
this effect declined to 5 – 6% at 4 – 5 h. Despite, that the
mentioned within-group differences were not significant
compared to the value. After ALI (all P > 0.05 versus value After
ALI), significant between-group differences in VEI were found
between ALI + Bud group and ALI group at 30 min (P< 0.01), and
at 2 and 3 h after the treatment delivery (both P< 0.05; Table 1).

Parameters of oxygenation (PaO2/FiO2, OI and oxygen saturation)
also improved after administration of budesonide. However, due
to a big inter-individual variability the within-group differences
(vs. values after ALI) as well as the between-group differences
between the ALI + Bud group and ALI group were not statistically
significant (Table 1).

Cells in the BAL fluid and in the arterial blood

Induction of ALI caused a migration of WBC from the
circulation into the lung tissue. This process was accompanied
with WBC slight decrease in the peripheral blood. Budesonide
prevented the cell migration into the lung, as indicated by
increased WBC in the blood at the end of experiment (P< 0.01
versus non-treated ALI group at 3 and 5 hours after the
treatment; Fig. 1A). Differential counts of WBC at the end of
experiment showed significant increase in percentages and
absolute numbers of neutrophils and decrease in percentages of
lymphocytes in both ALI and ALI + Bud groups in comparison
with initial (before ALI) values (both P< 0.001, Fig. 1B andFig.
1C). In budesonide-treated group (ALI + Bud), budesonide
increased significantly the absolute numbers of neutrophils (P<
0.05) and monocytes (P< 0.01) compared to non-treated ALI
group, whereas the percentage of these cells was not
significantly different (Fig. 1B andFig. 1C).

Analysis of BAL fluid showed an increase in the total
number of cells migrating into the lung of non-treated ALI
animals compared to healthy controls (P< 0.01; Fig. 2A).
Determination of BALcell types showed higher percentages of
neutrophils (P< 0.001) and eosinophils (P< 0.05) and lower
percentage of monocytes-macrophages (P< 0.001) in non-
treated ALI group versus healthy control group (Fig. 2B andFig.
2C). Treatment with budesonide decreased atotal number of
cells in the BALfluid (P< 0.05; Fig. 2A), decreased percentages
and absolute numbers of neutrophils (both P< 0.05) and absolute
number of eosinophils (P< 0.05), and increased percentage of
mononuclears (P< 0.05; Fig. 2B andFig. 2C) versus non-treated
ALI group.

Lung edema formation

Repetitive saline lung lavage for induction of the ALI model
increased fluid accumulation in the lung tissue in the ALI group as
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 Before 

ALI 
After ALI 0.5 h Th 1 h Th 2 h Th 3 h Th 4 h Th 5 h Th 

Ventilation efficiency index (VEI) 

ALI 38.1±3.0 13.1±2.1§ 14.2±1.5 14.3±3.9 11.1±1.9 9.4±1.5 9.3±1.5 9.4±1.5 

ALI+Bud 40.3±1.4 17.5±1.9§ 23.7±2.4## 22.3±1.9 22.6±3.5# 20.2±4.0# 18.6±4.6 18.4±4.9 

PaO2/FiO2 

ALI 70.9±3.3 9.1±1.0§ 10.4±1.3 9.1±1.1 9.3±0.9 9.1±0.9 9.1±1.1 9.0±1.0 

ALI+Bud 62.9±6.5 11.5±2.5§ 12.6±1.7 15.5±4.5 21.8±8.6 21.8±8.7 23.4±9.5 23.1±9.8 

Oxygenation index (OI) 

ALI 1.3±0.1 10.4±1.1§ 9.5±1.3 10.6±1.2 10.2±0.9 10.3±0.8 10.6±1.2 10.7±1.2 

ALI+Bud 1.5±0.2 10.7±2.2§ 7.8±1.2 7.5±1.6 7.4±2.2 7.9±2.5 7.4±2.3 7.6±2.3 

Oxygen saturation of hemoglobin (%) 

ALI 99.9±0.0 83.2±4.3§ 88.1±4.0 84.9±4.1 84.0±3.8 81.0±4.4 78.4±6.2 77.9±6.7 

ALI+Bud 99.9±0.0 87.9±3.5§ 91.3±3.7 91.4±3.6 89.5±3.9 85.6±5.5 86.2±5.7 84.4±6.6 

 

For differences within ALI and ALI + Bud groups between the values After ALI versus Before ALI : §P< 0.05. For differences between
ALI + Bud versus ALI groups at actual time points: #P< 0.05, ##P< 0.01. Data are expressed as means ± S.E.M.

Table 1. Respiratory parameters before and after induction of ALI model (Before/After ALI) and 0.5, 1 – 5 hours after the therapy
(Th) administration in the non-treated ALI group (ALI group, n = 6) and in the animals with ALI treated with budesonide (ALI +
Bud group, n = 6).



indicated by increase of wet-dry weight ratio by 30% compared
with Contr group (P< 0.001). Budesonide treatment (ALI + Bud
group) reduced wet-dry weight ratio by 60%, (P< 0.01 for ALI +
Bud versus ALI group) so after budesonide treatment this ratio
was increased only by 12% compared with Contr group (Fig. 3A).
In the ALI group, increased permeability through alveolocapillary
membrane was confirmed also by 2-fold increased protein content
in the samples of BALfluid taken at the end of experiment
compared to initial values (i.e. before ALI) (P < 0.05) and
compared to Contr group (P< 0.001). Treatment with budesonide

decreased protein content in BALfluid by 28% compared to non-
treated ALI group (P< 0.01; Fig. 3B).

Histomorphological analysis of the lung injury and
inflammation

Histological investigation of the lung sections in the non-
treated ALI group showed 5-fold and statistically significant
increase for occurance of atelectasis as compared to Contr group
(P < 0.01), 4-fold and statistically significant increase for PMN
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(WBC) in the arterial blood during
experiment. (B) Differential counts of
WBC (expressed in %) in the arterial
blood at the end of experiment. (C)
Dif ferential counts of WBC
(expressed in absolute numbers, count
× 109/l) in the arterial blood at the end
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infiltration (P< 0.01), and more than 3-fold but non-significant
increases for occurance of emphysema and hemorrhagia (both P
> 0.05; Table 2). In the non-treated ALI group, also the 4-fold
higher total injury score was found compared to Contr group (P
< 0.001; Fig. 3C). Budesonide treatment significantly reduced
PMN infiltration by about 56% compared to ALI non-treated
group (P< 0.01), reduced emphysema to nearly control levels
and decreased total lung injury score by about 42% although
these two later effects did not reach statistical significances (P>
0.05; Table 2 and Fig. 3C).

Detection of apoptosis in the lung tissue by TUNEL methods

In situ labeling of DNAstrand breaks using the TUNEL
technique indicated higher number of apoptotic alveolar and
bronchial cells in the lung tissue sections in the non-treated
ALI group versus controls where increase in apoptotic index in
alveolar cells was about 2-fold (P< 0.05) and increase in
apoptotic index in bronchial cells was 25-fold (P< 0.001; Figs.
4A and 5A-5F). Treatment with budesonide showed a tendency
to decrease the number of apoptotic alveolar cells (P> 0.05)
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cells in the BALfluid. (A) Total count
of cells in the bronchoalveolar (BAL)
fluid at the end of experiment. (B)
Dif ferential counts of cells (expressed
in %) in the BALfluid at the end of
experiment. (C) Differential counts of
cells (expressed in absolute numbers,
count × 103/ml) in the BALfluid at the
end of experiment. For between-
group differences: *P< 0.05, **P <
0.01, and ***P< 0.001 for ALI group
versus healthy controls (Contr group);
#P < 0.05 for ALI + Bud versus ALI
groups. Data are expressed as means ±
S.E.M., number of animals (n = 6) in
each group.
Abbreviations: Mo-Ma, monocytes-
macrophages; Neu, neutrophils; Eos,
eosinophils.
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and exerted huge decrease in number of apoptotic bronchial
cells (P< 0.001; Figs. 4A and 5A-5F) compared to untreated
ALI group, lowering the apoptotic index to nearly control
levels.

Detection of activated caspase-3 in the lung

Number of activated caspase-3 immunoreactive cells (caspase
3-IR) in the lung epithelium increased in the non-treated ALI
group compared to healthy controls; about 2-fold for alveolar cells
(P< 0.01) and about 8-fold for bronchial cells (P< 0.001; Figs. 4B

and6A-6F). Budesonide treatment lowered the increased number
of caspase 3-IR alveolar cells by about 70% (P< 0.05) and the
increased number of bronchial cells by about 60% (P< 0.01; Figs.
4B and6A-6F).

Biochemical markers of the lung injury, inflammation, and
apoptosis

After induction of ALI, migrating leukocytes and structural
lung cells have been activated, as indicated by elevated
concentrations of pro-inflammatory cytokines in the lung
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Fig. 3. Markers od lung edema
formation and lung injury. (A) Lung
edema formation expressed as wet-
dry lung weight ratio. (B) Protein
content in the BALfluid (in µg/ml).
(C) Total lung injury score. For
between-group differences: ***P <
0.001 for ALI versus Contr groups;
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comparison of values Before ALI
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homogenates and in the blood plasma (Table 3). Increases in
concentrations of some cytokines were huge, for example IL-1β
and IL-8 were increased approximately 10-fold in plasma and
about 2-fold in lung homogenates, and these effects were
statistically significant (P< 0.01 in plasma and P< 0.001 in lung
homogenates). Injury to the lung cells is expressed by increased
concentration of esRAGE by 19% compared to controls (P<
0.001). Increased lung cell apoptosis is expressed by 2-fold
increase of caspase-3 in the lung homogenate compared to
controls (P< 0.001). Treatment with budesonide significantly
lowered the increase of plasma concentrations of IL-1β by about
40% and IL-8 by about 30% compared to non-treated ALI group
(both P< 0.05). In the lung tissue homogenates, budesonide
lowered the increase of concentrations of IL-1β (P < 0.05) and
TNF-α (Pα 0.001), both by about 30%, caspase-3 by about 65%
(P < 0.01), and completely inhibited increase of esRAGE (P<

0.001) in comparison with non-treated ALI group. Almost all
other markers (except of IFNγ) in plasma and lung tissue were
also decreased by budesonide compared to ALI non-treated
group although these effects did not reach statistical significance
(Table 3).

DISCUSSION

Considering the role of inflammation and lung edema
formation in the pathogenesis of ALI/ARDS (6), our study was
carried out to evaluate if and to what extent the treatment with
intratracheal corticosteroid can alleviate the inflammatory
response, epithelial cell injury, apoptosis, and edema formation
in an early phase of experimentally-induced ALI. Repetitive
saline lung lavage triggered migration of PMN (particularly

926

 Contr group ALI group ALI + Bud group 

Atelectasis 0.4 ± 0.3 2.1 ± 0.3
**

 1.8 ± 0.6 

Emphysema 0.4 ± 0.2 1.4 ± 0.5 0.6 ± 0.6 

Hemorrhagia 0.4 ± 0.2 1.3 ± 0.5 1.2 ± 0.7 

PMN infiltration 0.6 ± 0.2 2.4 ± 0.2
**

 1.4 ± 0.2
##

 

 

For between-group comparisons: ALI versus Contr: ** P< 0.01; ALI + Bud versus ALI: ##P< 0.01. Data are expressed as means ± S.E.M.

Table 2. Histopathological signs (expressed as a score) in the lungs of healthy controls (Contr group, n = 6), in the non-treated ALI
group (ALI group, n = 6) and in the animals with ALI treated with budesonide (ALI + Bud group, n = 6).
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Fig. 4. Markers of apoptosis of lung
epithelial cells. (A) Apoptosis of the
alveolar and bronchial cells in the
lung tissue sections detected by the
TUNEL technique, expressed as
apoptotic index. (B) Activated
caspase-3 immunoreactive alveolar
and bronchial cells detected
immunohistochemically. For
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versus ALI groups. Data are expressed
as means ± S.E.M., number of
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neutrophils) into the alveolar spaces, increased production of
pro-inflammatory cytokines, and caused accumulation of liquid
in the lung tissue which finally worsened the lung functions.
Curative treatment with budesonide mitigated infiltration of the
inflammatory cells, decreased concentrations of pro-
inflammatory cytokines in the plasma and lung tissue, decreased
epithelial cell injury and apoptosis, reduced lung edema, and
enhanced respiratory parameters in the animals with ALI.

Dif fuse alveolar injury is associated with an intensive
migration of PMN from circulation into the lung interstitium and
alveolar spaces. In our study, higher total counts of inflammatory
cells were found in the BALfluid at 5 h after induction of ALI
model, but according to the changes in WBC count at 1 h and 3
h we can presume that the changes in the BALfluid could occur
earlier. Similar results were reported in various models of ALI
(19, 20, 27, 28), and in patients with ARDS (29) in an early
phase of the disorder. Infiltration of PMN into the airspaces is
shown by elevated percentages of neutrophils and eosinophils in
the BAL fluid at the end of experiment. In agreement with our
results, other researchers detected higher percentage of PMN in
the BAL fluid 4 hours after induction of ALI in animals (19, 20,
27). Transmigration of PMN into the lung was linked with their
decrease in the peripheral blood and was observed by other
authors (30), as well.

Activated neutrophils, eosinophils, alveolar macrophages,
and structural lung cells produce vast quantities of bioactive
substances which concentrations in plasma and BALfluid are
time-dependent and serve as markers of inflammation in an early
phase of ARDS (4, 31). In the lung tissue, the cytokines were
produced in rather high amounts already within 5 h after
induction of the ALI model. Elevated levels of cytokines in the
lung tissue within several hours after induction of ALI were
previously measured also in other studies (19, 20, 27, 28, 32).
However, we have found differences in elevation of the
individual cytokines probably due to different dynamics of their
synthesis. As demonstrated in sepsis, TNF-α and IL-1β are
released within the first 30 – 90 min after exposure to
lipopolysaccharide and in turn activate asecond level of
inflammatory cascade including cytokines and other biologically

active substances (33). This could be the reason why in our study
some cytokines increased significantly while the others showed
just a tendency to elevate at the end of experiment. Early
increase of TNF-α with earlier peak of concentration may
explain why at 5 h we have seen only slight increase of TNF-α
but greater increase of IL-1β.

To estimate an impact of the lung injury on the systemic
level, some cytokines were measured also in the plasma.
Concentrations of IL-1β, IL-8 and TNF-α in the plasma of ALI
animals significantly elevated compared to healthy controls,
whereas the level of IL-6, likely due to larger S.E.M., increased
non-significantly. However, production of IL-6 reaches its
maximum later then the ‘first line’cytokines/chemokines (34)
and possibly later than the 5 h time point. This might explain
why we were not able to detect asignificant increase in plasma
IL-6 in our experiment. Higher plasma concentrations of pro-
inflammatory cytokines in the models of ALI were also
published by other authors (30, 35). Finding of higher
concentrations of pro-inflammatory cytokines in the plasma at 5
h after induction of ALI model is of importance as it indicates
that these cytokines may be released into the blood stream very
early and may influence the function of distant organs shortly
after the impact to the lung.

Lung injury and inflammation in ALI/ARDS are closely
associated with an apoptosis, aprocess of programed death of
lung cells and PMN. Apoptosis can be initiated by two
alternative pathways: an extrinsic pathway triggered by
binding of adeath ligand (e.g., Fas/FasLligand or TNF-α) to
cell surface death receptors, and an intrinsic pathway induced
in response to cytokines, action of hypoxia or oxidants. Both
pathways converge into activating effector caspase-3, -6 or -7,
which are responsible for cell alterations and execution of cell
death (36). In ALI/ARDS, both pathways are activated and
delay apoptosis of neutrophils and increase apoptosis of
epithelial cells (5, 37). Delayed apoptosis of PMN mediated
by macrophages, possibly via the Fas/FasLpathway, leads to
prolonged survival of PMN at the site of injury and
progressing inflammation. Several cytokines released in the
early phase of ARDS, e.g. GM-CSF, IL-8 and IL-2, contribute
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 Contr group ALI group ALI+Bud group 

Plasma    

IL-1�  15.2±2.8 132.8±32.0
**

84.3±18.2
#

IL-6  25.2±1.5 29.5±2.8 24.8±2.8 

IL-8  19.4±4.1 207.1±43.6
**

 148.3±37.6
#

TNFα  286.8±1.0 291.6±1.0
*
 289.1±1.1 

Lung homogenates    

IL-1�  380.0±46.7 688.1±16.1
***

 591.1±24.9
#

IL-6  3.3±0.4 4.1±0.3 3.3±0.4 

IL-8  438.5±62.4 1144.7±29.9
***

 1031.8±55.1 

TNF-α  293.1±0.4 307.6±0.7
***

 303.6±0.7
###

IFN�  688.4±15.6 715.0±4.2 743.2±2.6 

esRAGE  5.4±0.2 6.4±0.2
***

 5.2±0.1
###

caspase-3  1.8±0.2 4.1±0.4
***

 2.6±0.4
##

Abbreviations: IL, interleukin; TNF, tumor necrosis factor; IFNγ, interferon gamma; esRAGE, endogenous soluble receptor for
advanced glycation end-products. For between-group comparisons: ALI versus Contr: *P< 0.05, ** P< 0.01, *** P< 0.001; ALI + Bud
versus ALI: #P< 0.05, ##P< 0.01, ###P< 0.001. Data are expressed as means ± S.E.M.

Table 3. Concentrations of several biochemical markers of inflammation and lung injury in the plasma and lung homogenates
(expressed in pg/ml) at the end of experiments in the healthy controls (Contr group, n = 6), in the non-treated ALI group (ALI group,
n = 6) and in the animals with ALI treated with budesonide (ALI + Bud group, n = 6).
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Fig. 5. Apoptosis of lung epithelial cells visualized by TUNEL methods. Representative microphotographs of the lungs of healthy
controls (Contr group; Bronchi (A); Alveoli (B)), animals with non-treated ALI (ALI group; Bronchi (C); Alveoli (D)) and animals
with ALI treated with budesonide (ALI + Bud group; Bronchi (E); Alveoli (F)) using the TUNEL method for detection of apoptosis.
Arrowheads indicate higher number of apoptotic (dark brown) nuclei of epithelial cells in the Bronchi and Alveoli (C), (D). After
treatment with budesonide, decreased number of apoptotic bronchial and alveolar cells was found (E), (F). Scale bars: (A), (C), (E) =
50 µm; B = 200 µm; D, F = 100 µm.
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to this process (38). On the other hand, enhanced phagocytosis
of apoptotic neutrophils by alveolar macrophages leads to
faster resolution of inflammation and repair in the late phase
of ARDS (5).

Activation of the Fas/FasLpathway participates in the
epithelial injury, as well. In our study, number of apoptotic cells
in the alveolar and bronchial epithelium increased in rabbits with
ALI compared to healthy controls. Intensive apoptosis was
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Fig. 6. Apoptosis of lung epithelial cells visualized by caspase-3 immunohistochemical staining. Representative microphotographs of the
lungs of healthy controls (Contr group; Bronchi (A); Alveoli (B)), animals with non-treated ALI (ALI group; Bronchi (C); Alveoli (D)) and
animals with ALI treated with budesonide (ALI + Bud group; Bronchi (E), Alveoli (F)) using activated caspase-3 immunohistochemical
staining. Strong cytoplasmic caspase-3 immunoreactivity of bronchial and alveolar epithelium was observed in ALI group (C), (D), while
caspase-3 immunoreactivity decreased after treatment with budesonide (E), (F). Scale bars: (A) – (F) = 50 µm.
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confirmed by two immunohistochemical methods: by detection
of DNA strand breaks using TUNEL method and by detection of
activated caspase-3 immunoreactive cells in the lung tissue.
Additionally, concentration of caspase-3 determined in the lung
tissue by ELISAmethods was significantly higher in the ALI
group compared to controls. These results confirm a rapid
activation of pro-apoptotic processes in the lung epithelial cells
already within the first hours after induction of ALI. Similarly to
our study, DNA damage in the lung tissue determined by a comet
assay was observed 4 hours after saline lavage-induced ALI in
rabbits (22), and DNAstrand breaks detected by TUNEL
methods and increased caspase-3 and -8 within 24 hours after
induction were reported also in a model of sepsis (39). In human
ARDS, decreased size, condensation of chromatin, and DNA
fragmentation inpneumocytes were observed in an early disease
phase (40, 41). Moreover, elevated levels of markers of
apoptosis, including TUNEL-labeled DNAstrand breaks and
caspase-3, were found in the lung tissue from patients who died
from ALI/ARDS (42). Interestingly, in this study apoptotic
changes were more pronounced in the bronchial cells than in the
alveolar cells. These findings are in contradiction to results of
Nakamura et al. (43) who reported higher sensitivity to
inflammation-induced apoptosis in distal (small airway)
epithelial cells than in proximal (bronchial) epithelial cells in
cell cultures. This discrepancy can be caused by different study
designs (cell cultures in the Nakamura’s study versus in vivo
model in our study). Nevertheless, we may speculate that the
process of induction of the ALI model, i.e., repetitive lung
lavage procedure in our study can be partially responsible for
some injury to the bronchial cells and therefore for their higher
susceptibility to apoptosis.

Morphological changes of epithelial cells, particularly of type
I cells, disturb the removal of fluid from the alveolar space,
decrease production of surfactant, and contribute to the
development of septic shock (5). In this study, histological
investigation of the lung tissue samples taken at the end of
experiments showed an increase in atelectasis, emphysema,
hemorrhagia, and PMN infiltration in the lungs of animals with
ALI compared to controls. In agreement to our results,
histopathological changes in the lung within several hours after
induction of ALI were observed also by other authors (21, 32, 44,
45). Furthermore, in this study injury to alveolar cells type Iwas
proven by elevated concentrations of esRAGE which is
responsible for propagation of inflammatory response via nuclear
factor-kappa B, thus stimulating production of pro-inflammatory
cytokines, reactive oxygen species and proteases in ALI/ARDS
(46). Finally, damage to alveolocapillary membrane and
increased leakage of plasma into the interstitium and alveolar
space was in the present study expressed by increased wet-dry
lung weight ratio and protein content in the BALfluid in non-
treated ALI animals compared to controls. Similar findings were
reported in different models of ALI (30, 35).

Complex action of the lung injury, inflammation, and edema
formation in this study resulted in serious worsening in the
respiratory parameters. After induction of ALI model, decreased
oxygenation and efficacy of ventilation were observed in
comparison to the initial values (i.e., before induction of ALI),
whereas these parameters remained relatively unchanged until
the end of experiment in the non-treated ALI group.
Deterioration in the gas exchange after induction of ALI model
was presented also by other researchers (21, 22, 44, 47).

Considering the pathogenesis of ALI/ARDS we have
presumed that CS have apotential to alleviate inflammation,
lung injury, and edema and thereby can improve the lung
functions in animals with ALI. However, intravenous delivery of
CS previously led to controversial results (14-17), probably due
to different study designs and heterogeneity on mortality

endpoints and etiologies of ARDS as well as due to different
dosage and timing of CS therapy in different studies (18). In this
study, budesonide was administered intratracheally after ALI
induction as acurative treatment. By this local way of delivery,
we have expected more pronounced local effect in the injured
lung and lower side effects (7, 48, 49). To avoid any potential
complications resulting from maldistribution of CS powder
throughout the lungs and to provide homogenous lung
distribution, budesonide in the form of nebulization suspension
was administered through the jet of ventilator during application
of inpulsion regime of HFJVventilation. After delivery,
budesonide prevented migration of PMN into the lung and likely
modulated their activation as suggested by decreased
concentrations of almost all pro-inflammatory cytokines in the
lung homogenate and in the plasma. Contrary, concentration of
IFNγ in the lung tissue after budesonide slightly increased which
might be related to lower efficacy of CS in T-lymphocytes,
amain source of IFNγ, than in granulocytes (50). Anyway, effect
of CS on production of cytokines by inflammatory cells is
complex and dependent on CS concentration, timing and
concomittant factors. Generally, CS suppress production of
many pro-inflammatory cytokines and induce production of
anti-inflammatory cytokines (e.g., IL-10). However, in an acute
phase of inflammation, CS can provide not completely
elucidated divergent actions where they both inhibit cytokine
release while enhance cytokine receptor expression (51, 52). In
addition to anti-inflammatory action, budesonide in our study
reduced apoptosis of epithelial cells, as indicated by lower
numbers of apoptotic cells detected by TUNEL methods.
Budesonide decreased activation of caspase-3 in the epithelial
cells and diminished concentration of caspase-3 in the lung
tissue homogenate, as well. Similarly to our results, other CS
dexamethasone alleviated inflammation and suppressed Fas
ligand in the lung of mice with ALI (53) and inhibited caspase-
3 and -7 activation in the lung epithelial cells in in vitro study
(11). Furthermore, budesonide in the present study reduced
histopathological signs of lung injury and concentrations of
esRAGE in the lung homogenate, and decreased lung edema
formation. Finally, we could observe rapid improvement in
oxygenation and ventilation indexes. These favorable findings
could be explained i) by administration of budesonide early after
induction of ALI which might be more effective than the late
treatment (15), ii) by local homogenous delivery by means of
HFJV, and iii) by both genomic and nongenomic CS
mechanisms since effects of budesonide were observed as early
as 30 min after administration (12, 13). The findings on
enhanced lung mechanics and reduced inflammation after
budesonide treatment in various ALI models were recently
published also by other authors (54-56) and also by us in
meconium-injured rabbits (23, 24), while budesonide was not
effective in animal models where lung injury was induced by
phosgene (57, 58). Importantly, improved oxygenation and
ventilatory parameters were observed in the subgroups of
patients with ALI/ARDS after early CS therapy (14, 15), as well.

Concluding, curative intratracheal administration of
budesonide reduced PMN migration into the lung, mitigated
lung injury, decreased concentrations of pro-inflammatory
cytokines, reduced apoptosis of lung epithelial cells, decreased
lung edema formation, and improved ventilation in arabbit
model of ALI induced by repetitive saline lung lavage. The
results from this experimental study suggest that inhaled
budesonide may be of benefit also for patients with ARDS
especially in early disease stage.
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