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1 INTRODUCTION 

Asthma, the most frequent chronic lung disease in childhood, is a considerable health problem 

worldwide. Asthma is a heterogeneous condition with numerous different phenotypes, which 

can be explained by complex environmental/genetic interactions. Since breathing is a process 

involving adaptation to environmental changes, various detrimental changes in the lung 

function or structure may be related to alterations in the ambient conditions. Besides 

biophysical and economic/psychosocial causes, environmental factors can also pose a high 

risk of the development of asthma or asthma-like symptoms. Exposure to indoor/outdoor 

allergens, tobacco smoke or air pollution and an urban lifestyle may also play a part in the 

emergence of the disorder. Such stimuli can provoke an immune response leading to an 

imbalance in the production of anti-inflammatory/inflammatory cytokines. The chronic 

presence of inflammation results in a hypersensitive reaction in the airways, which is a 

characteristic feature of asthma. This bronchial hyperresponsiveness (BHR) is manifested in 

exaggerated responses to a wide range of seemingly harmless stimuli involving a constriction 

of the airway smooth muscle, an elevated secretion of the submucosal glands and swelling of 

the bronchial wall.The mechanisms underlying BHR are not completely understood, since it 

can be related to both asthmatic and non-asthmatic, non-atopic disorders. In adults, a strong 

relationship has been demonstrated between airway remodeling and BHR, whereas the 

development of these severe structural changes in children is exceptionally rare, which may 

be anticipated from the normal basal lung functional parameters in the periods between the 

exacerbations. In the early stages of the disease therefore, genetic factors and existing 

inflammation are most probably responsible for the development of BHR. In humans, the 

effects of environmental and genetic factors in the pathogenesis of asthma cannot be 

distinguished. Inbred animals, however, may serve as ideal models via which to investigate 

the roles of environmental factors and inflammation without the confounding influence of the 

genetic background.     

1.1 Dust inhalation and BHR 

Previous studies have indicated that the inhalation of various dust particles may involve long-

term adverse pulmonary effects that may promote the development of chronic obstructive 
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pulmonary disease (27), sarcoid-like pulmonary disease (36) and diffuse parenchymal lung 

disease (86); furthermore, airway irritation following the inhalation of ambient particulate 

matter contributes to an increased prevalence and the exacerbation of asthma (17, 42, 45, 63, 

92). The unfortunate red sludge disaster that occurred when the pond dam of a red sludge 

reservoir plant burst on October 4 2010 gave rise to an extreme situation and health hazard in 

the area near the Hungarian town of Ajka. The 600,000-700,000 m
3
 of toxic red sludge that 

streamed out from the damaged reservoir flooded 3 towns and affected 4 other residential 

areas, in some places in a depth of up to 2 meters, and rapidly covered an agricultural area of 

about 40 km
2
. Health professionals agreed that the most important health risk was related to 

the inhalation of the red sludge dust (RSD) formed when the red sludge dried and its particles 

were swept into the atmosphere by the wind. Since the atmosphare may also be contaminated 

the RSD if the common dry storage method is used for the deposition of this byproduct, this 

environmental threat may additionally involve workers or inhabitants in regions neighboring 

plants where alumina is produced from bauxite by the Bayer process.  

1.2 Hyperoxia-induced lung damage 

The initial mechanisms of inflammation and the subsequent BHR are related to the increased 

production of reactive oxygen species (ROS). In developing, immature lungs, the fact that the 

antioxidant system is underrepresented also contributes to the imbalance in the 

oxidant/antioxidant regulation. ROS molecules can be produced excessively by oxygen (O2) 

toxicity cause both direct and indirect damages at molecular and cellular levels leading to 

apoptosis and the activation of an inflammatory response.  

O2 therapy involving prolonged exposure to an elevated concentration of O2 is routinely 

applied in clinical practice to enhance oxygenation in the presence of compromised gas 

exchange. While the adverse pulmonary consequences of O2 toxicity have been well 

established, hyperoxia exposure is often required in clinical situations involving severerly 

compromised oxygenation, such as in premature neonates (9, 38-40) or in patients with acute 

lung injuries (93). Since prolonged exposure to an elevated O2 concentration poses the risk of 

long-term adverse alterations in the lung architecture and pulmonary function (78), the 

prevention of hyperoxia-induced lung injury is of major importance. Although the molecular, 

structural and functional changes in the lungs are manifested simultaneously in the early 
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phase of hyperoxia-induced lung damage, these concomitant alterations are poorly 

characterized. Moreover, previous studies assessed the functional changes only in long-lasting 

animal models in which the airway and vascular remodeling had already taken place (14, 34, 

35, 82, 87). It is therefore of fundamental importance to develop an animal model with which 

the short-term effects of hyperoxia on inflammation and BHR can be systematically 

characterized. With such a model, the effectiveness of preventive strategies against O2 toxicity 

can also be investigated. Many previous studies have highlighted the roles of epithelial and 

endothelial cell injuries following hyperoxia and the consequent decrease in nitric oxide (NO) 

production in the lungs, which may lead to an imbalance in the relaxation/constrictive 

regulation of the smooth muscle (54, 61, 83). NO activates the enzyme guanylate cyclase, 

which facilitates stimulation of the enzyme protein kinase G by cyclic guanosine 

monophosphate (cGMP), leading to a decrease in the intracellular Ca
2+

 level and then to 

relaxation of the smooth muscle (41). Besides this major regulatory role, NO also affects the 

lung structural development, including alveolarization (6), and is involved as a mediator of 

the non-adrenergic, non-cholinergic nervous system in the pathogenesis of the inflammatory 

response and in the regulation of the pulmonary circulation (25). These functions are 

inactivated in a hyperoxic environment (11), which compromises the effect of NO and NO- 

dependent pathways by increasing the activity of cGMP-dependent phosphodiesterases 

(PDEs), resulting in impaired airway relaxation (44) and abnormal angiogenesis (20, 44). 

Thus, restoration of the NO-dependent processes with a PDE5 inhibitor, such as sildenafil, 

may provide an effective protection against the development of lung injury following 

hyperoxia (44). The lack of the NO-mediated effects may also be compensated by enhancing 

the vasoactive intestinal peptide (VIP) pathway, which additionally regulates the smooth 

muscle tone, and potentiates the release of NO from the endothelium and the VIP/NO-

containing nerve fibers (1, 3, 52). All these mechanisms indicate that influencing these 

pathways may be beneficial in the protection against hyperoxia-induced lung injury. 

1.3 Detection of BHR  

The assessment of BHR plays a key role in the diagnosis of asthma (12, 15, 29, 43). Since 

asthma frequently begins during childhood, the early diagnosis and adequate treatment of 

asthma in an early state significantly improve the prognosis and the quality of life (79). In 

older children or adults, the BHR can be detected indirectly by performing spirometry during 
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airway challenges with an inhaled bronchoconstrictor agonist. Carefully dosed and monitored 

bronchoconstrictors such as methacholine (MCh), histamine (His), adenosine, cold air or 

exercise provoke the symptoms resulting in the airway obstruction which reflects the 

worsening of the lung function and the appearance of clinical signs. The confirmatory test for 

the lung function in asthma is based on forced expiratory maneuvers beginning at school age. 

The airway obstruction leads to a reduced airflow during forced exhalation (e.g. the average 

forced expired flow between 25% and 75% of the volume expired- FEF25-75) and smaller 

partial expiratory lung volumes (e.g. the forced expiratory volume in the first second of 

expiration- FEV1). The forced vital capacity (FVC) may be normal because of the 

hyperinflated lungs in asthma and a diminished ratio FEV1/FVC is therefore also an 

informative sign of the obstruction. Although forced expiratory maneuvers furnish valuable 

parameters to through which detect BHR, such measurement of the lung function in young 

(preschool) children is limited by their inability to provide the close cooperation necessary for 

spirometry.  

The forced oscillation technique (FOT) has gained increasing attention for the measurement 

of respiratory mechanics in children because this approach requires no special breathing 

maneuvers (22, 69). Furthermore, the FOT measures the input impedance of the respiratory 

system (Zrs) with, its real part directly reflecting the overall airway caliber and the imaginary 

part related to the elasticity of the respiratory tissues. Thus, in contrast with spirometry, the 

FOT provides direct information on the mechanical properties of the airways and the 

respiratory tissues. These beneficial properties of the FOT have resulted in numerous previous 

studies in which the lung function was assessed in children with no respiratory disease (30, 

64, 88), or with various lung diseases such as cystic fibrosis (23, 24, 49, 77, 88), neonatal 

chronic lung disease (88, 90), wheezy bronchitis (68, 88, 94, 95) or asthma (12, 29, 43, 64, 

88). Despite the potential of the FOT to detect early bronchoconstriction following different 

challenges, the sensitivity of this method for the detection of BHR has not been systematically 

compared with that of the gold standard spirometry in asthmatic children. The efficiency of 

FOT in the detection of BHR has already been confirmed in animal studies and this technique 

has been shown to be an appropriate method for the assessment of changes in airway and 

respiratory tissue mechanics.  
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2 AIMS OF THE STUDIES INCLUDED IN THE PRESENT THESIS 

The main goals of the studies included in the present thesis are related to the attainment of a 

greater understanding of the underlying mechanisms of BHR. Specifically, the studies were 

designed with three particular aims: 

 

 To investigate the consequences of chronic RSD inhalation on the airway and 

respiratory tissue mechanics in an animal model. We further set out to explore whether 

chronic RSD exposure leads to BHR, which is the hallmark feature of airway 

susceptibility. 

  

 To unravel the links between the morphological, biochemical and functional changes 

in the early phase of hyperoxia exposure and to assess the effectiveness of preventive 

treatment by enhancing the NO/cGMP pathway in an animal model of short-term O2 

exposure in immature rats. We hypothesized that sildenafil and VIP have the potential 

to exert protection in the early phase of hyperoxia-induced lung damage and BHR by 

inhibiting the initiation of the cascade mechanism that leads to an irreversible lung 

injury in developing lungs. 

 

  

 To establish which FOT parameter is most appropriate for the detection of BHR in 

asthmatic children, and more specifically to compare the sensitivities of the FOT and 

spirometry during airway challenges involving the inhalation of various direct stimuli 

commonly utilized in clinical practice (His and MCh). 
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3 MATERIALS AND METHODS  

The RSD exposure protocol was approved by the Experimental Ethics Committee of the 

University of Szeged (I-74-17/2010) and the Animal Health and Welfare Office of the local 

authorities in Hungary. The experimental protocols on Sprague-Dawley rats were approved 

by the Experimental Ethics Committee of the University of Geneva and the Animal Welfare 

Committee of the Canton of Geneva (1051/3691/II).  

The clinical research protocol was approved by the Clinical Ethics Committee of the 

University of Szeged (Ref. No. WHO2803). 

3.1 Animal research studies 

3.1.1 RSD inhalation  

Certified red sludge samples were obtained from the local office of the National Directorate 

General for Disaster Management in Devecser 10 days after the disaster. The red sludge was 

dried in an oven at 60 C for 24 h and the resulting dry material was mechanically ground to 

form a powder containing fine particles able to furnish a cloud of RSD in an air flow. The 

particle size distribution was determined. The resulting RSD was then placed in a sealed glass 

container with two tubes passing through its lid. The internal end of one of these tubes was 

immersed in the RSD and the other end was attached to the inspiratory port of a small animal 

ventilator (model 683, Harvard Apparatus Co. Inc., South Natick, MA, USA). The internal 

end of the other tube was kept above the RSD, while the other end was connected to the inlet 

of the exposure chamber. This system cyclically raises a cloud of dust in the RSD container 

during the inspiratory phases of the ventilator. The airborne flow of RSD by wind was 

Figure 1. Experimental set-up for RSD exposure. 
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mimicked by shaking the glass container containing the RSD for 20-30 s every 60-90 min, 

which intensified the access of particles to the inspiratory port and subsequently increased the 

RSD concentration in the exposure chamber. Since the ventilator frequency was maintained at 

50 strokes/min with the stroke volume set at 30 ml during exposure, this apparatus ensured 

the supply of fresh ambient gas into the exposure chamber, which contained a maximum of 5 

animals at a time. The exposure chamber was connected to the atmosphere via a bacterial 

filter in order to avoid contamination of the room air with RSD particles (Fig. 1.)  

Two groups of male Wistar rats were studied (weight range 350-455 g). The animals in the 

RSD group were exposed to RSD in the exposure chamber for a continuous period of 8 h a 

day for 2 weeks (n=10). The animals in the control group underwent the same procedure 

except that they were allowed to breathe room air (n=11). The rats in both groups had access 

to food and water ad libitum throughout the entire exposure period. The experiment was 

performed on day 15 (Fig. 2.). 

 

3.1.2 Hyperoxia exposure 

Weanling male Sprague-Dawley rats (80-125 g) were exposed to either hyperoxia (>95% O2) 

or normoxia (room air, Group C, n=8) for 72 h. The hyperoxia-exposed animals were 

randomized to 3 groups: no additional treatment (Group HC, n=8), the oral administration of 

sildenafil (20 mg/day; Pfizer, Zürich, Switzerland Group; HS, n=7) or the ip injection of VIP 

(150 µg/day; Sigma-Aldrich, Buchs, Switzerland, Group; HV, n=8), in both cases starting 

simultaneously with the commencement of the exposure to hyperoxia.  

During the 72-h O2 or room air exposure, the rats were kept in a 98-l sealed normobaric 

Plexiglas chamber (Elega, Geneva, Switzerland). The chamber was opened for a short time 

(<5 min) to allow delivery of the daily treatments. The O2 and carbon dioxide (CO2) levels 

were checked twice a day (Datex, Helsinki, Finland). The CO2 level in the box was 

maintained below 1% by using a CO2 absorber (Sodasorb, Asid Bonz GmbH, Herrenberg, 

Germany). Food and water were available ad libitum. 

Figure 2. Experimental protocol after RSD or room air exposure on day 15. 
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The experiment was performed on day 4 (Fig. 3.). 

 

3.2 Clinical research study on asthmatic children 

Twenty asthmatic children (5 girls and 15 boys, age range 5-18 years) were enrolled into the 

study. Asthma was diagnosed according to the Global Initiative for Asthma (GINA) 

guidelines (8), based on the previous history of recurrent coughing, wheezing, shortness of 

breath (at rest or following exercise), and the symptomatic improvement following short-

acting bronchodilator administration. Each child and/or their guardian completed the 

informed consent document, which was approved by the Clinical Ethics Committee of the 

University of Szeged (Ref. No. WHO2803). Seventeen children did not receive any regular 

asthma medication during one month prior to the study; they used only inhaled salbutamol 

(Sal) occasionally as needed. Three children used inhaled corticosteroid as maintenance 

(budesonide 200 µg twice a day) and Sal (200 µg as needed) as rescue therapy. Only patients 

who did not need Sal during 8 h before the visit were included in the study. The children 

visited the pulmonary function laboratory twice in 2 weeks. On the first occasion His 

provocations were performed, and 2 weeks later the measurements were repeated with MCh 

challenges. 

Figure 3. Experimental protocol after hyperoxia or room air 

exposure on day 4. The animals were mechanically ventilated 

(model 683; Harvard Apparatus, South Natick, MA, USA) with a 

tidal volume of 8 ml/kg, a respiratory rate of 110 breaths/min and 

a positive end-expiratory pressure of 2.5 cmH2O. Anesthesia was 

maintained with the repeated administration of 50 mg of chloral 

hydrate every hour. After completion of the end-expiratory lung 

volume (EELV) measurements, a femoral artery was cannulated 

and attached to a pressure transducer (model 156 PCE 06-GW2; 

Honeywell, Zürich, Switzerland) to allow monitoring of the 

systemic blood pressure. The femoral vein was also catheterized 

for drug delivery. This line was used for the MCh provocation 

(Bichsel AG, Interlaken, Switzerland). Intratracheal pressure, 

systemic blood pressure, ECG and rectal temperature were 

monitored throughout the experiments (Biopac, Santa Barbara, 

CA, USA). Body temperature was maintained at 37±0.5°C through 

use ofa homeothermic blanket system (Homeothermic monitor; 

Harvard Apparatus, Edenbridge, UK). 
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3.3 Lung function measurements 

3.3.1 Respiratory mechanics- FOT 

The frequency ranges studied in the various protocols were chosen in accordance with the 

research question and the measurement conditions. Thus, a low-frequency oscillation 

technique (LFOT) was applied in rats in order to assess the airway and respiratory tissue 

mechanics (elastance- H and damping- G) separately. Otherwise, the medium frequency range 

was studied in spontaneously breathing children since it provides detailed information 

concerning the mechanical status of the airways and the respiratory tissue elasticity without 

the need for an apneic period. 

3.3.1.1 Measurements in rats 

Zrs was estimated with the LFOT, as described in detail previously (73). Briefly, the tracheal 

cannula was connected to a loudspeaker-in-box system generating a composite signal 

containing 23 components at low 

frequencies (0.5-20.75 Hz). The 

forcing signal was driven through a 

100-cm-long and 2-mm-ID 

polyethylene wave-tube into the 

trachea during 6-s apneic periods. Two 

identical pressure transducers (Model 

33NA002D; ICSensors, Malpitas, CA, 

USA) were used to measure the lateral 

pressures at the loudspeaker and at the 

tracheal end of the wave-tube (Fig. 4.). A deep inspiration to a pressure of 30 cmH2O was 

applied before the first FOT measurement so as to standardize the volume history. The 

mechanical ventilation was then paused at end-expiration, and 4-6 6-s-long recordings were 

collected at 1-min intervals between each measurement under baseline conditions and 

following MCh provocations. Zrs was calculated by applying the transmission line theory 

(91). A model including frequency-independent resistance (Raw), inertance (Iaw) and a 

constant-phase tissue compartment with tissue parameters for G and elastance H was fitted to 

the ensemble-averaged Zrs spectra (31): 

Figure 4. Experimental set-up for FOT measurements. 
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Zrs = Raw + jωIaw + (G-jH)/ω
α
 

where j is the imaginary unit, ω is the angular frequency (2πf) and α=2/π arctan (H/G). The 

parameters Raw and Iaw can be attributed to the airways, while G and H represent the viscous 

(damping or resistive component) and elastic properties, respectively, of the respiratory 

tissues. The lung tissue hysteresivity () was calculated as =G/H (21). The model was fitted 

to each average impedance spectrum by minimizing the differences between the measured 

and the modeled impedance data. The optimization procedure was used with a relative 

(weighted) fitting criterion: the differences between the measured and modeled impedance 

values were normalized by the impedance magnitude at each frequency point (32). 

3.3.1.2 Measurements with the classical setup in human patients 

The FOT measurements were performed in accordance with the European Respiratory Society 

(ERS) guidelines (69). To measure Zrs during spontaneous breathing, a commercially 

available device (i2m, Chess Medica, Oostakker, Belgium) was applied. Briefly, a 

loudspeaker was used to generate the pseudorandom broad-band oscillatory pressure signals 

containing integer multiple frequencies between 4 and 48 Hz. The forcing signal was applied 

to the child via a disposable bacterial filter and a mouthpiece (Type PBF-30, Piston Ltd, 

Budapest, Hungary). Zrs was obtained from 8-s-long measurements while the child performed 

normal breathing during the oscillatory measurements. The equipment was calibrated by 

measuring known impedances prior to the measurements. The additional impedance of the 

bacterial filter and mouthpiece was determined and the Zrs spectra were corrected for this 

equipment component. 

During the 8-s-long data-recording periods, the children sat upright, wearing a noseclip and 

breathing quietly through the mouthpiece. They were asked to support their cheeks with their 

palms during these maneuvres in order to minimize upper airway shunting. The Zrs 

recordings were accepted if the coherence functions between the pressure and flow signals 

were generally greater than 0.95, no leak was noted around the mouthpiece, and no technical 

artefact occurred due to coughing, swallowing or glottis closure. 

The changes in the resistive properties of the respiratory system were evaluated by calculating 

the average resistance between 4 and 24 Hz (R4-24) and by extracting the resistance at 6 Hz 

(R6; the lowest frequency where the resistance was reliably measured). The elasticity of the 
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respiratory system was assessed by calculating the sum of all negative values in the imaginary 

part of Zrs from 4 Hz, which corresponds to the area between the reactance curve and the x 

axis (AX), and resonant frequency (Fr) was also extracted. 

3.3.2 Spirometry 

Spirometry is the gold standard lung function measurement in the clinical practice. Since the 

forced expiratory maneuvers need a high level of cooperation from the patient, this 

measurement technique can be used only in the clinical research field. In our study on 

asthmatic children, spirometry was performed in accordance with the American Thoracic 

Society (ATS)/ERS recommendations (59). Forced expiratory flow-volume curves were 

measured by means of a commercial spirometer (Type PDD-301/s, Piston Ltd, Budapest, 

Hungary), including a screen pneumotachograph equipped with a differential pressure 

transducer. The flow signal was integrated to obtain the changes in lung volume during the 

forced expiratory maneuvers. FEV1, FVC and FEF25-75 were extracted from the recordings. 

Three technically acceptable reproducible measurements were made, and the highest values of 

the spirometric parameters were extracted for the final analyses.  

3.3.3 Plethysmography in rats exposed to hyperoxia or room air  

End-expiratory lung volume (EELV) was measured at a positive end-expiratory pressure of 

2.5 cmH2O by using a whole-body plethysmograph (620 ml), as detailed previously (37). The 

rats were anesthetized with an ip injection of chloral hydrate (350 mg/kg) for the surgical 

preparation of the tracheotomy and the trachea cannulation. Briefly, the rats were placed in a 

supine position in a sealed Plexiglas chamber. The tracheal cannula was connected to the 

respirator and also to a pressurized (2.5 cmH2O) loudspeaker chamber. Before the 

measurement, the mechanical ventilation was paused, the plethysmograph was opened to the 

atmosphere and the trachea was opened to the loudspeaker chamber to equilibrate the lungs to 

a pressure of 2.5 cmH2O. The airway opening and the plethysmograph box were then closed 

until the first few breathing efforts generated by the animal against the closed trachea. Six-to-

eight breathing maneuvers were recorded for 10 s by measuring the tracheal (Ptr) and box 

(Pbox) pressure changes. The recordings of Pbox were then corrected for the thermal properties 

of the plethysmograph. Via Boyle’s law, EELV was calculated from the relationship between 

the corresponding changes in Ptr and Pbox (37).  
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3.4 Bronchoprovocation and reversibility tests  

3.4.1 Intravenous challenges 

3.4.1.1 Assessment of BHR with iv bolus of MCh  

An iv bolus of MCh at a dose of 2 µg/kg was administered into the tail vein, and Zrs was 

recorded 20 s, 1 min and 2 min after the injection. Previous experiments had revealed that the 

peak response occurs at 20 s after the MCh injection, and the effect is diminished 2 min later 

(65).  Following this transient constriction, the animal was allowed to recover, and further iv 

MCh challenges were given with elevation of the MCh dose to 4, 8 and 16 g/kg. The peak 

increases in the mechanical parameters were observed 20 s after the MCh injection; these 

increases were related to those obtained from the average of the three baseline Zrs recordings. 

The MCh dose causing a 100% increase in Raw (ED100) was calculated by linear interpolation 

of the dose-response curves from the individual animals. 

3.4.1.2 Stable bronchoconstriction with infused MCh 

To assess the lung responsiveness, MCh was infused iv in incremental doses from 4 to 8 and 

16 µg/kg/min. The development of stable bronchoconstriction (Raw values within 5%) 

required 5 min. Three Zrs data recordings were collected and ensemble-averaged under 

steady-state conditions 6 min after the onset of MCh provocation at each infusion level. After 

the last dose, a 15-min period was allowed for the rat to recover from the bronchoconstriction 

and 3 further Zrs recordings were made and ensemble-averaged. The equivalent dose causing 

a 50% increase in Raw (ED50) was calculated by linear interpolation. 

3.4.2 Aerosol challenges in children 

Increasing doses of aerosolized (Voyage Mefar jet nebulizer, Italy) His (Sigma-Aldrich Ltd, 

Budapest, Hungary) were administered to the children for 2 min via a face mask, in doubling 

doses ranging from 0.5 to 16 mg/ml. A set of Zrs recordings and three forced expiratory 

maneuvers for spirometry were collected after each dose. An interval of at least 5 min was 

allowed between two consecutive doses. The study was terminated before the highest dose of 

histamine, or if FEV1 decreased by more than 20% and/or clinical symptoms of wheeze or a 

persistent cough were noted (10, 16). To detect the reversibility of the bronchoconstriction, 

the challenge protocol was terminated in all children by administering 400 µg of inhaled Sal 
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(Ventolin; GlaxoSmithKline, Greenford, UK), followed by the final assessment of Zrs and 

spirometry. The children revisited the lung function laboratory 2 weeks later. The baseline 

FOT and spirometry were performed identically as detailed above. Aerosolized saline as the 

solvent of the agonists was then administered for 2 min, and both the FOT and spirometry 

were repeated. The bronchoprovocation tests with increasing doses of MCh (0.5 to 8 mg/ml 

for 2 min) and the broncholysis with Sal was then repeated in the same manner as detailed 

above. 

3.5 Lung inflammation, morphological and biochemical assessments in rats 

3.5.1 Lung histology following RSD inhalation 

Representative lung tissue sections (from the mid portion of both lungs) were embedded in 

paraffin blocks. Transhilar horizontal sections (perpendicular to the longitudinal axes of the 

lung from the hilum) were embedded in paraffin. Two 5-μm sections were prepared in each 

lung specimen and were stained with hematoxylin-eosin. All slides were examined by the 

same investigator in a blind fashion and in a random sequence. A lung injury score was used 

to quantify the changes in lung morphometry observed under a light microscope. The degree 

of microscopic injury was scored with regard to the following variables: blood congestion 

(hyperemia), infiltration of perivascular and perialveolar inflammatory cells (lymphocytes, 

plasma cells and macrophages), and the presence of bronchus-associated lymphoid tissue 

(BALT) or its hyperplasia. The severity of injury was graded as follows for each of the four 

variables: no injury (None), injury involving up to one-third of the field (Mild), injury 

involving up to two-thirds of the field (Moderate) and diffuse injury throughout the field 

(Severe). 

3.5.2 Bronchoalveolar lavage and lung histology in hyperoxic and normal rats 

Since inflammation plays an important role in the development of hyperoxia-induced lung 

injury, bronchoalveolar lavage fluid (BALF) was collected in order to analyze the 

inflammatory response to hyperoxia in the lungs. The lungs were instilled with 3 ml of 

phosphate-buffered saline (PBS, 37 °C) via the tracheal cannula at a pressure of 20 cmH2O. 

From the withdrawn BALF, the total cell number was counted in a Neubauer hemocytometer 

by using the trypan blue exclusion method. The BALF was then centrifuged at 200 x g for 10 
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min at 4 °C. The BALF supernatant was collected to assess the protein content (PIERCE BCA 

assay kit; Rockford, IL, USA). The cell pellet was resuspended at 10
6 

cells/ml in PBS 

containing 1% bovine serum albumin, and the level of alveolar cell repartition was 

determined on cytospin after May-Grünwald Giemsa staining. At the end of the experiment, 

the left lung was clamped to avoid the formalin fixation. The right lung was fixed with 4% 

formaldehyde under a pressure of 20 cmH2O and embedded in paraffin. The 6-m sections 

were stained with hematoxylin-eosin. Full-section images were captured with a MIRAX 

MIDI system (Carl Zeiss MicroImaging GmbH). Digitalized images were analyzed for 

perivascular edema by using Panoramic Viewer software (3DHISTECH, Budapest, Hungary) 

and for lung alveolar geometric structure and density by mean linear intercept (MLI) 

measurement, using Image J software (version 1.46r, NIH, Bethesda, USA) by the same 

investigator in a blind fashion and in a random sequence.   

3.5.3 Hyperoxia-induced apoptosis 

The left lung was clamped, removed and preserved in Optimal Cutting Temperature 

Compound at -80 °C. Terminal deoxynucleotidyl transferase (TdT)-mediated 

deoxyuridinetriphosphate (dUTP) nick end-labeling (TUNEL) was performed on lung 

cryosections according to the protocol for the In Situ Cell Death Detection Fluorescein Kit 

(Roche, Mannheim, Germany). Briefly, 6-µm lung slices were fixed with 4% formaldehyde 

for 10 min at room temperature and next permeabilized for 2 min with 0.1% Triton X-100 in 

0.1% sodium citrate at 4 °C. The slices were then incubated with the labeling mix containing 

TdT and fluorescein-labeled dUTP for 1 h at 37 °C. Fluorescent staining of total nuclei was 

performed with 250 ng/ml 4',6-diamidino-2-phenylindole (Sigma) for 5 min at room 

temperature. The slides were mounted with FluorSave Reagent (Calbiochem, Nottingham, 

UK). Images for analysis were acquired by confocal microscopy (LSM 510 Meta; Carl Zeiss 

MicroImaging GmbH, Jena, Germany) and cells were counted by using MetaFluor 

Fluorescence Ratio Imaging Software (version 7.7.6; Molecular Devices, Sunnyvale, USA). 

The ratio of the number of apoptotic nuclei as a percentage of the total number of nuclei was 

calculated.   
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3.6 Statistical analysis 

In the animal studies, the Shapiro-Wilk test was used to test data for normality. The 

mechanical parameters were normally distributed. Accordingly, two-way repeated measures 

analysis of variances (ANOVA), with variables of MCh dose (baseline, 4, 8, 16 µg/kg/min, or 

baseline, 2, 4, 8, 16 µg/kg) and groups (C, HC, HS and HV or RSD and Control Groups), was 

used to evaluate the effects of hyperoxia or RDS inhalation on the lung responsiveness to the 

bronchoconstrictor provocation. The MCh doses causing a 50 or 100% increase in Raw (ED50 

or ED100) were calculated by linear interpolation of the dose-response curves from the 

individual animals. 

To analyze the effects of hyperoxia on the inflammatory response (total cell number, 

percentage of polymorphonuclear cells-PMN and protein), or on the functional and structural 

changes (ED50, EELV, MLI and edema) and on the apoptosis, one-way ANOVA with the post 

hoc Holm-Šidák test was used in the event of normal distribution. When the distribution was 

not normal, ANOVA on ranks was applied for the statistical analysis.  

Since the histological data following RSD inhalation were not distributed normally, the 

Wilcoxon signed rank test was used to compare these findings between the protocol groups.  

In the human study, short-term variability in the spirometric and FOT parameters was defined 

as the standard deviation of percentage changes between measurements before and after saline 

inhalations, while long-term variability was determined by calculating the standard deviation 

of the percentage changes between the two baseline values at the two visits. The SD index for 

each parameter was calculated as the difference between the post-test and the basal value 

divided by the short-term SD. The Kolmogorov-Smirnov test was used to test data for 

normality. The changes in the FOT and spirometric parameters were assessed by using one-

way ANOVA tests on repeated measures. The relationships between the continuous variables 

(i.e. the FOT and spirometry indices) were examined by means of Pearson correlation tests. 

Pairwise comparisons were performed by using the Student-Newman-Keuls multiple 

comparison procedures.  

The values are reported as means±SE. Statistical significance was accepted at the level 

p<0.05. The statistical tests were performed with a SigmaPlot software package (version 11, 

Systat Software, Inc. Chicago, IL, USA) 
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4 RESULTS 

4.1 Basal respiratory mechanical parameters in animal studies 

4.1.1 RSD vs. room air inhalation 

Figure 5. illustrates the baseline values of the airway and respiratory tissue mechanical 

parameters for the rats in both groups. RSD exposure did not lead to any significant change in 

Raw (p=0.65) or  (p=0.90). There was a tendency for G and H to increase in the rats exposed 

to RSD, but these differences did not reach the level of statistical significance (p=0.071 and 

p=0.10, respectively). 
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Figure 5. Baseline (BL) values of airway resistance (Raw), respiratory tissue damping (G) and elastance (H), 

and hysteresivity (η) in individual rats (circles). Horizontal lines denote the group means. 

4.1.2 Hyperoxia vs. room air exposure 

Since a significant difference in the body weight (BW) was found between the groups, the 

mechanical parameters were corrected by BW. There was no evidence of a statistical 

significance in the baseline values of Raw·BW following hyperoxia exposure, whereas G·BW 

was significantly elevated in Group HC (p<0.01 vs. Group C), and H·BW was also higher in 

Groups HC (p<0.05) and HV (p<0.01) (Fig. 6.).  
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Exposure to hyperoxia significantly increased EELV in the rats in Group HC (Fig. 8B.; 

p<0.001 vs. Groups C, HS and HV), but this was blocked by the sildenafil and VIP 

treatments. 
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4.2 Changes in lung mechanics following bronchial challenges 

4.2.1 MCh challenges after RSD or room air exposures  

The changes in the airway and tissue parameters in the control and RSD-exposed animals 

following the MCh challenges are demonstrated in Fig. 7. MCh caused marked dose-

dependent increases in Raw, G and  (p<0.001), while the increases in H were less 

pronounced, but still statistically highly significant (p<0.001).  

The significant interactions revealed between MCh and RSD by two-way ANOVA (p<0.01) 

indicated that RSD inhalation affected the magnitude of the MCh-induced increases in Raw, 

i.e. BHR developed in the RSD group. The presence of BHR following chronic RSD 

inhalation was also reflected in the significantly lower ED100 values in the RSD group than in 

Figure 6. Mechanical parameters normalized 

to body weight (airway resistance: Raw•BW, 

tissue damping: G•BW, tissue elastance: 

H•BW) under baseline conditions, during and 

after MCh challenges (MCh 4-8-16, after 

MCh) in rats exposed to room air (Group C) 

subjected to hyperoxia without any additional 

treatment (Group HC) and hyperoxic rats 

treated either with sildenafil (Group HS) or 

VIP (Group HV). *: p<0.05 vs. Group C, #: 

p<0.05 vs. Group HC. 
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the controls (5.3±0.2 vs. 7.5±0.9 g/kg, respectively, p<0.05). The tissue parameters were not 

affected significantly by RSD inhalation (p=0.69, p=0.15 and p=0.37 for G, H and , 

respectively). 
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Figure 7. Airway and respiratory tissue parameters measured after MCh challenges relative to the baseline (BL) 

values in the control rats (closed circles) and in rats exposed to RSD (open circles). Horizontal lines denote the 

group mean values. *: p<0.05 vs. the baseline; #: p<0.05 between the groups.  

4.2.2 MCh provocations after exposure to hyperoxia or room air 

The development of BHR was apparent from the significantly greater responses to MCh in the 

rats in Group HC (p<0.05 and p<0.001, at the second and third doses of MCh vs. Group C, 

respectively), whereas a significant reduction in the lung responsiveness to MCh was obvious 

in the hyperoxic rats treated with sildenafil (Group HS, p<0.001 at the third dose of MCh vs. 

Group C) or VIP (Group HV, p<0.001 at the third dose of MCh vs. Group C). The enhanced 

lung responsiveness in Group HC was also manifested in the significantly greater increases in 

G·BW in response to MCh (p<0.005), whereas there was no evidence of an enhanced 

response in this parameter following either sildenafil or VIP treatment. No statistically 

significant treatment-dependent differences were observed in the slight MCh-induced 

elevations in H·BW. All mechanical parameters exhibited a complete recovery by 15 min 

after the last MCh dose, with no statistically significant difference from their initial values 

(Fig. 6.).  
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The difference due to hyperoxia in the airway responsiveness to MCh  is also reflected in the 

statistically significantly decreased ED50 value (Fig. 8A) in Group HC as compared with 

Group C (p<0.01). Both sildenafil and VIP treatments significantly elevated this hyperoxia-

induced lowering in ED50 (p<0.01 and p<0.001, respectively). 

Figure 8. Equivalent doses of MCh required to cause a 50% elevation in airway resistance (ED50, panel A) and 

the end-expiratory lung volumes (EELV, panel B) measured in rats exposed to room air (Group C) subjected to 

hyperoxia without any additional treatment (Group HC) and hyperoxic rats treated either with sildenafil (Group 

HS) or VIP (Group HV). *: p<0.05 vs. Group C, #: p<0.05 vs. Group HC.  

4.3 Inflammation 

4.3.1 Inflammatory response after RSD inhalation 
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Figure 9. Histological sections obtained in a representative 

control rat (A, left) and in another rat exposed to RSD (B, 

right) at a magnification of 10x. A/1 and B/1 are magnification 

of a pulmonary vessel, while A/2 and B/2 focus on alveolar 

regions (magnification 20x). B/3 depicts fine granular and 

pigmented cytoplasmatic inclusions of RSD particles in 

macrophages. 
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Representative histological sections in lungs obtained from rats in both groups are 

demonstrated in Fig. 9. Inhalation of RSD led to the perivascular infiltration (in decreasing 

sequence of particle amount in the lymphocytes, plasma cells, eosinophils, mastocytes and 

neutrophils) and the perialveolar infiltration (in decreasing sequence in macrophages, 

lymphocytes and plasma cells) of inflammatory cells. In the alveolar areas which exhibited an 

inflammatory response, RSD particles were recovered as fine, granular and pigmented 

cytoplasmatic inclusions in the alveolar macrophages.  

4.3.2 Hyperoxia-induced inflammation 

The alterations in the cellular profile and the protein content of the BALF are outlined in 

Fig. 10. Hyperoxia led to an increased number of inflammatory cells in the BALF collected 

from the animals in Group HC (Fig. 10A, p<0.001 vs. Group C and p<0.01 vs. Groups HS 

and HV). The repartition of the cell types differed in Group HC from that in the other groups 

of rats; the percentage of PMN cells was significantly increased (Fig. 10B, p<0.001 vs. 

Groups C, HS and HV). The protein content of the supernatant was significantly elevated in 

Group HC  relative to Group C (Fig. 10C, p<0.001), while there was no evidence of a 

significant change in the sildenafil- or VIP-treated animals as compared with Groups HC 

and C (Fig. 10C).  

Figure 10. Total cells (panel A), the repartition to PMN cells (panel B) and the protein content (panel C) of the 

BALF obtained from rats exposed to room air (Group C) subjected to hyperoxia without any additional treatment 

(Group HC) and hyperoxic rats treated either with sildenafil (Group HS) or VIP (Group HV). *: p<0.05 vs. 

Group C, #: p<0.05 vs. Group HC.  
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4.4 Lung histological changes 

4.4.1 After RSD or room air inhalation 

Figure 11. depicts the histological findings. Chronic exposure to RSD induced the 

development of mild hyperemia (p<0.05) and the mild-to-moderate infiltration of 

inflammatory cells into the perivascular (p<0.01) or perialveolar (p<0.001) areas. No 

difference in BALT hyperplasia was observed between the two groups (p=0.43).  
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Figure 11. Numbers of control (closed bars) and RSD-treated rats (open bars) with different severity scores 

based on the histopathological evaluations. 

 

4.4.2 After exposure to hyperoxia or room air 

The histological findings are depicted in Fig. 12. The lung sections of untreated animals 

subjected to hyperoxia (Group HC) revealed an aberrant alveolarization with decreased 

alveolar septation and consequently enlarged alveolar spaces in comparison with normoxia-

exposed lungs (Group C). These changes are expressed by the significantly increased MLI 

value (Fig. 13A, p<0.001 vs. Group C). When sildenafil (Group HS) or VIP (Group HV) 

treatment was applied concomitantly with hyperoxia, the normal alveolarization was 

preserved, as indicated by the MLI values, which exhibited no statistically significant 

difference from those for the normoxia group (Fig. 13A).  
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The 72 h of hyperoxia led to a vascular leakage, as revealed by the manifest edema around the 

pulmonary vessels (Fig. 13B). The ratio of the edema surface area to the total surface area of 

the lung sections was significantly greater in the non-treated animals exposed to hyperoxia 

than in the controls (p<0.001) or in the hyperoxia-treated rats (p<0.001 and p<0.01 vs. Group 

HS and HV, respectively).  

Figure 12. Representative images of hematoxylin/eosin-stained lung sections collected from control rats 

exposed to room air (C), rats subjected to hyperoxia without any additional treatment (HC), and hyperoxic 

rats treated with either sildenafil (HS) or VIP (HV).  
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Figure 13. Mean linear intercept values (panel A) and percentage of edema surface (panel B) were determined 

from the lung sections of the rats in the protocol groups. *: p<0.05 vs. Group C, #: p<0.05 vs. Group HC.  
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4.5 Hyperoxia-induced apoptosis 

For each lung cryosection, the total number of nuclei and the number that were TUNEL-

positive were counted in 10 independent randomized microscopic fields, representing at least 

500 nuclei (506 to 1190); these results are presented in Fig. 14.  

Exposure to hyperoxia induced a statistically significant increase in the percentage of positive 

nuclei in Group HC relative to that in Group C (p<0.01). No evidence of statistically 

significant differences was observed in the sildenafil- or VIP-treated rats as concern the 

apoptosis in the lung cells in comparison with either the untreated hyperoxic or to the 

normoxic animals, although there were strong tendencies to increases in the relative numbers 

of TUNEL-positive nuclei in these groups. 

4.6 Results of the clinical study 

4.6.1 Basal lung functional and mechanical parameters in asthmatic children  

The children had normal basal lung function parameters with a mean percentage predicted 

value for FEV1 of 104% (range  93-136%) and a mean respiratory resistance between 4 and 

24 Hz (R4-24) of 91% (range  74-105%). 

Figure 14. Percentages of TUNEL-positive nuclei counted in lung cryosections (panel A) collected from rats 

exposed to room air (Group C) subjected to hyperoxia without any additional treatment (Group HC) and 

hyperoxic rats treated either with sildenafil (Group HS) or VIP (Group HV). *: p<0.05 vs. Group C, 
#
: p<0.05 vs. 

Group HC. Representative images for TUNEL in cryosections from the studied groups are shown in panel B. 

Arrows indicate TUNEL-positive nuclei (green).   
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4.6.2 Detection of BHR 

Figure 15. Lung function parameters 

obtained with spirometry (left) or 

forced oscillations (right) in individual 

asthmatic children under the baseline 

condition (BL), following inhalations 

of increasing doses of His (0.5-16 

mg/ml) and after inhalation of 

salbutamol (SA). Vertical dashed lines 

indicate the limits of statistical 

significance. 


