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Abstract 

 
Stimulation of � adrenergic receptors in the lung by exogenous agonists inhibits 

inflammation in various models. The aim of the current study was to determine the role of 

endogenous � adrenergic receptor agonists in the regulation of the host response to 

pneumonia caused by Pseudomonas aeruginosa.  Mice inhaled the � adrenergic antagonist 

propranolol or saline 30 minutes before and 3 hours after intranasal infection with  

P. aeruginosa. Inhalation of propranolol resulted in 5-fold higher bacterial loads in lung 

tissue 6 hours after infection. Propranolol did not influence lung inflammation, as 

determined by semi-quantitative histopathology and influx of neutrophils into 

bronchoalveolar lavage fluid. Propranolol inhalation increased the pulmonary levels of 

interleukin (IL)-6 and the plasma concentrations of tumor necrosis factor-�, IL-6 and 

monocyte chemoattractant protein-1 after induction of pneumonia. These data suggest that 

P. aeruginosa pneumonia increases the endogenous � receptor tone, which facilitates the 

clearance of Pseudomonas from the mouse respiratory tract, concurrently attenuating the 

systemic cytokine response.  
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Introduction 
 

�2 receptor agonists are frequently used agents in the treatment of asthma and 

chronic obstructive pulmonary diseases because of their capacity to induce 

bronchodilation via activation of �2 receptors on smooth muscle cells1. �2 receptors are 

also expressed by cells involved in the regulation of inflammation, including neutrophils, 

monocytes and macrophages2, 3. Stimulation of �2 receptors results in a number of anti-

inflammatory effects, including inhibition of neutrophil functions and a reduced capacity 

to release proinflammatory cytokines such as tumor necrosis factor (TNF)-� and 

interleukin (IL)-1� by macrophages2, 3.  

 

Our laboratory recently showed that salmeterol, a long-acting �2 agonist, exerts anti-

inflammatory effects in models of lipopolysaccharide (LPS)-induced lung inflammation in 

mice and humans, as reflected by an inhibition of neutrophil recruitment to the 

pulmonary compartment and a reduction in lung TNF-� levels4, 5. Evidence exists that � 
adrenergic receptors can also be stimulated by endogenous agonists to exert anti-

inflammatory effects in the pulmonary compartment: in a model of hemorrhage induced 

lung injury intraperitoneal administration of the � receptor antagonist propranolol 

further increased (relative to the effect of hemorrhage alone) TNF-� and IL-1� expression 

in pulmonary mononuclear cells6. However, intraperitoneal administration of � adrenergic 

antagonists did not significantly influence vascular leakage of albumin into lungs of rats 

with LPS or immune complex induced lung injury7.  

 

We and others previously studied the possible role of � adrenergic receptors in the 

host response to pneumonia. In a model of respiratory tract infection caused by 

nontypable Haemophilus influenzae (NTHi), inhalation of either salmeterol or salbutamol 

(a shorter acting �2-agonist) was associated with a reduced early TNF-� production in 

lungs, an effect that was reversed by concurrent treatment with the � blocker 

propranolol8. Importantly, the clearance of NTHi from the lungs was impaired in mice 

treated with �2 agonists, an adverse effect that was prevented by propranolol and 

independent of the reduction in TNF�8. Propranolol given both intraperitoneally and 

intratracheally enhanced the accumulation of extravascular lung water during acute 

Escherichia coli pneumonia, while not influencing the bacterial load in lungs9.  

Beta Receptors and P. aeruginosa Induced Pneumonia 
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The primary objective of the current study was to determine the role of endogenous � 
adrenergic receptors, expressed in the airways, in the local and systemic host response to 

acute respiratory tract infection caused by Pseudomonas (P.) aeruginosa, the most 

important causative pathogen in nosocomial pneumonia10. For this we investigated the 

effect of nebulized propranolol, administered by inhalation, in mice challenged with      

P. aeruginosa via the airways.  

 

Materials and methods 
 

Mice 

Pathogen-free 7 week old female C57BL/6 mice were purchased from Harlan (Horst, The 

Netherlands). The Institutional Animal Care and Use Committee of the Academic Medical 

Center approved all experiments. At the start of the experiments mice were 8 weeks old. 

 

Induction of pneumonia 

P. aeruginosa (strain PA01) pneumonia was induced as described previously11. Briefly, 

bacteria were grown to midlogarithmic phase in Luria broth for 6 h at 37°C, harvested by 

centrifugation at 1500xg for 10 minutes, and washed twice in sterile isotonic saline. 

Bacteria were resuspended in sterile isotonic saline at a concentration of 108 colony 

forming units (CFUs)/ml, as determined by plating serial 10-fold dilutions on blood agar 

plates. After preparation of the inocula, mice were lightly anesthetized by inhalation of 

2% isoflurane (Abbott Laboratories Ltd., Kent, UK) / 2 litres of O2, and 50 �l of the 

bacterial suspension (containing 5 x 106 CFUs P. aeruginosa) was inoculated intranasally. 

Inhalation of nebulized propranolol (Sigma, St. Louis, MO; 10 or 50 mg/ml in normal 

saline) or control solution (normal saline) was achieved 30 minutes before and 3 hours 

after intranasal administration of P. aeruginosa by attaching a plastic chamber (5 L) 

containing 8 conscious mice to an Aeroneb pro nebulizer (Medicare BV, Uitgeest, the 

Netherlands) as described4, 8.  

 

Sample harvesting and preparation 

6 hours after induction of pneumonia mice were anesthetized with Hypnorm® Janssen 

Pharmaceutica, Beerse, Belgium; active ingredients fentanyl citrate and luanisone) and 

midazolam (Roche, Meidrecht, The Netherlands) and sacrificed by bleeding out the vena 
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cava inferior. Blood was collected in EDTA containing tubes. Whole lungs were harvested 

and homogenized in 4 volumes of sterile saline using a tissue homogenizer (Biospec 

Products, Bartlesville, OK). CFUs were determined in lungs and blood from serial dilutions 

plated on blood agar plates and incubated at 37°C for 16 h before colonies were counted. 

For cytokine measurements, lung homogenates were diluted with an equal volume of lysis 

buffer (pH 7.4) containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton 

X-100, and AEBSF (4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride), EDTA, 

Pepstatin A, and Leupeptin (all from MP Biomedicals, Ohio, concentrations in accordance 

with the manufacturer’s recommendations) and incubated for 30 minutes. Homogenates 

were centrifuged at 1500xg at 4°C for 15 minutes, and supernatants were stored at -20°C 

until assays were performed. 

 

Bronchoalveolar lavage (BAL) 

In a second identical experiment BAL was performed as described4, 8. The cell pellet was 

resuspended in saline and total cell numbers were counted in each sample using a 

hemacytometer (Beckman Coulter, Fullerton, CA). Differential cell counts were performed 

on cytospin preparations stained with a modified Giemsa stain (Diff-Quick; Dade Behring 

AG, Düdingen, Switzerland).  

 

Assays  

Tumor necrosis factor (TNF)-�, interleukin (IL)-6 and monocyte chemoattractant protein 

(MCP)-1 levels were determined using a commercially available cytometric beads array 

multiplex assay (BDBiosciences, San Jose, CA) in accordance with the manufacturer’s 

recommendations. Macrophage inflammatory protein (MIP)-2, cytokine-induced 

neutrophil chemoattractant (KC) (both R&D systems, Abingdon, UK) and myeloperoxidase 

(MPO) (HyCult, Uden, the Netherlands) were measured by ELISA’s.  

 

Histology 

Lungs for histology were prepared and analyzed as described earlier12, 13. The parameters 

bronchitis, edema, interstitial inflammation, intra-alveolar inflammation, pleuritis and 

endothelialitis were graded on a scale of 0 to 4 with 0 as ‘absent’ and 4 as ‘severe’. The 

total ’lung inflammation score’ was expressed as the sum of the scores for each parameter, 

the maximum being 24. Besides that the percentage of inflammation was determined. 
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Statistical Analysis  

All values are mean ± standard error of the mean (SEM). Differences between groups were 

analyzed by Mann Whitney U test using GraphPad Prism version 4.00, GraphPad Software 

(San Diego, CA). P<0.05 was considered to be statistically significant.  

 

Results 
 

Propranolol inhalation impairs anti-bacterial defense in lung 

To obtain insight in the role of � adrenergic receptors in host defense against respiratory 

tract infection by P. aeruginosa, we intranasally infected mice, exposed to nebulized 

propranolol or saline via the airways, with Pseudomonas and determined the pulmonary 

bacterial loads 6 hours post inoculation. Propranolol treated mice had 5-fold higher 

bacterial loads in their lung homogenates than saline treated mice (P < 0.05; Figure 1).  

Blood cultures remained sterile in all mice.  
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Figure 1. 

Propranolol inhalation enhances bacterial growth in lungs.  

Mice inhaled propranolol (open bars) or saline (black bars) 30 minutes before and 3 hours after induction of 

pneumonia. Data represent mean ± SEM of 8 mice per group at each time point. * P < 0.05 
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Propranolol inhalation does not influence lung inflammation 

To evaluate the role of endogenous � adrenergic receptors in lung inflammation during   

P. aeruginosa pneumonia, we analyzed lung tissue slides obtained from propranolol and 

saline treated mice 6 hours after inoculation (Figure 2). Upon histopathological 

examination, the lungs of all mice revealed mild pleuritis, moderate alveolitis, 

peribronchial inflammation, oedema and endothelialitis, and severe interstitial 
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Figure 2. 

Propranolol inhalation does not influence lung pathology.  

Mice inhaled propranolol or saline 30 minutes before and 3 hours after induction of pneumonia. Representative H&E 

stainings of lung tissue at 6 h post inoculation. A: saline. B: propranolol. Magnification x 4. C: Graphical 

representation of the degree of lung inflammation, determined according to the scoring system described in the 

Materials and Methods section. Black bars: saline. Open bars: propranolol. Data represent mean ± SEM of 8 mice per 

group at each time point. 

Beta Receptors and P. aeruginosa Induced Pneumonia 

Table I. 
Inhalation of propranolol does not influence leukocyte recruitment during Pseudomonas pneumonia.  

                                                       Control                          P. aeruginosa +                P. aeruginosa +          

                                                                                           Saline                             50 mg/ml Propranolol 

 
Cell Count (x104/ml)                            
Total Cell Count                                 6.70 ± 1.11                    43.1 ± 4.76**                 51.7 ± 5.93** 
Granulocytes                                     0.13 ± 0.06                    39.9 ± 4.66**                 47.9 ± 5.53** 
Macrophages                                     6.56 ± 1.07                    3.02 ± 0.67*                   3.70 ± 0.71 
Lymphocytes                                     0.00 ± 0.00                    0.14 ± 0.14                     0.12 ± 0.08 
 
 

Mice were intranasally inoculated with P. aeruginosa at t=0. Propranolol or saline was nebulized at t=-30 minutes 

and 3 hours after induction of pneumonia. Mice were sacrificed after 6 hours. Control mice are untreated mice. Data 

represent mean ± SEM of N=5 (control mice) or 8 (pneumonia) mice per group. * P<0.05; ** P<0.01 versus control 

inflammation, which however were not different between saline and propranolol treated 

mice (determined by the semi-quantitative scoring system as described in the Methods 

section).  An important feature of the host response to pneumonia is the recruitment of 

neutrophils to the lung. Propranolol inhalation did not influence this characteristic 

inflammatory reaction (Table 1). In line, MPO levels in whole lung homogenates, 

indicative for total neutrophil content, were similar in both treatment groups (data not 

shown).  
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Finally, propranolol inhalation did not influence the pulmonary concentrations of the 

neutrophil attracting CXC chemokines MIP-2 and KC (Figure 3).  

 

Propranolol inhalation enhances systemic TNF-�, IL-6 and MCP-1 release 

Induction of pneumonia resulted in a profound rise in the concentrations of TNF-�, IL-6 

and MCP-1 in lung and plasma. Propranolol inhalation strongly increased plasma TNF-�, 
IL-6 and MCP-1 concentrations (P < 0.05 – P < 0.001; Figure 4, left panels). Although the 

same trend was seen in lung homogenates, only IL-6 levels were significantly increased 

by propranolol inhalation (P < 0.01; Figure 4, right panels).  

 

Discussion 
 

P. aeruginosa is a common nosocomial pathogen in pneumonia. In this study we 

investigated the role of endogenous � adrenergic receptors in respiratory tract infection 

caused by P. aeruginosa. We demonstrate that inhalation of � receptor antagonist 

propranolol impairs bacterial clearance from the airways and enhances plasma levels of 

TNF-�, IL-6 and MCP-1, while not influencing neutrophil recruitment or lung pathology 

during Pseudomonas pneumonia.  

 

Several investigations have supported the concept that � adrenergic receptor 

stimulation, either by endogenous or exogenous agents, exerts anti-inflammatory effects 

Figure 3. 

Propranolol does not influence pulmonary levels of cytokine-induced neutrophil chemoattractant (KC) or 

macrophage inflammatory protein (MIP)-2.  

Mice inhaled propranolol (open bars) or saline (black bars) 30 minutes before and 3 hours after induction of 

pneumonia. Data represent mean ± SEM of 8 mice per group. 
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Figure 4. 

Lung and plasma levels of tumor necrosis factor (TNF)-�, interleukin (IL)-6 and monocyte chemoattractant 

protein (MCP)-1.  

Mice inhaled propranolol (open bars) or saline (black bars) 30 minutes before and 3 hours after induction of 

pneumonia. Data represent mean ± SEM of 8 mice per group. * P < 0.05; ** P<0.01; *** P<0.001 versus saline. 
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and protects the lungs against injury4, 5, 9, 14, 15. Recently, Su et al. reported on the effects 

of � adrenergic blockade on the lung injury accompanying acute E. coli pneumonia in a 

study in which  propranolol was administered both intraperitoneally and intratracheally9. 

Propranolol was found to worsen pulmonary edema by increasing lung vascular 

permeability and decreasing alveolar fluid clearance9. The inflammatory response was not 

investigated in detail, although propranolol was reported to enhance plasma MIP-2 

concentrations9. We observed an increase in the circulating levels of TNF-�, IL-6 and MCP-

1 (mediators not measured in the study by Su et al9). Although the local (pulmonary) 

concentrations of TNF-�, IL-6 and MCP-1 were also higher in mice that had inhaled 

propranolol, the difference with saline treated animals was only statistically significant 

for IL-6. Considering that blood cultures were negative in all animals, thereby excluding 

differences in bacterial loads in the systemic compartment as the cause of differences in 

plasma cytokine levels between the two groups, our data suggest that local blockade of � 
adrenergic receptors within the airways impacts on the systemic cytokine response during 

Pseudomonas pneumonia. The finding that � adrenergic blockade can influence cytokine 

production is in line with several earlier studies. Administration of propranolol to mice 

challenged with LPS intraperitoneally enhanced circulating TNF-� concentrations16, 17 and 

potentiated TNF-� and IL-1� expression in pulmonary mononuclear cells in hemorrhage 

induced lung injury 6. Moreover, our laboratory recently showed that local stimulation of 

� adrenergic receptors in the bronchoalveolar space using specific �2 agonists attenuated 

the LPS-induced production of TNF-� in mice and humans4, 5 and reduced TNF-� levels in 

the lungs of mice with respiratory tract infection caused by NTHi8. Additionally, systemic 

administration of � adrenergic agonists inhibited TNF-� release into the circulation after 

intravenous or intraperitoneal administration of LPS16, 18, 19.  

 

Propranolol did not influence neutrophil recruitment into the bronchoalveolar space 

after intranasal inoculation of P. aeruginosa. Earlier investigations seem to confirm the 

limited role (if any) of endogenous � adrenergic agonists in this characteristic 

inflammatory response. Systemic propranolol treatment did not influence neutrophil 

influx into the lung after intraperitoneal LPS injection20 or during hemorrhage induced 

lung injury6, 21. Of note, however, the administration of exogenous � adrenergic agonists 

did impact on neutrophil trafficking in some but not all models: salmeterol reduced the 

influx of neutrophils into the lungs after LPS administration via the airways4, 5, whereas it 

did not affect neutrophil recruitment during NTHi pneumonia8. Moreover, salmeterol did 
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not alter neutrophil accumulation in lungs of rats with acid aspiration induced lung 

injury15. In addition, systemic administration of several �2 agonists diminished neutrophil 

recruitment to the lungs of experimental animals in different models19, 22, 23. Together 

these data suggest that exogenous stimulation of � adrenergic receptors inhibits 

neutrophil influx to the lungs in certain conditions, whereas endogenous � adrenergic 

agonists do not impact on this response. 

 

Inhalation of propranolol was associated with a higher bacterial load 6 hours post 

infection. This finding should be viewed upon in the context of two earlier studies that 

reported on the effect of � adrenergic receptors on bacterial growth during pneumonia. 

Whereas Su et al. did not document an effect of propranolol on the pulmonary bacterial 

burden 4 hours after intratracheal infection with E. coli9, our laboratory recently found 

that the exogenous � adrenergic agonists salmeterol and salbutamol delayed the 

clearance of NTHi from the lungs8. � agonists can inhibit several inflammatory cell 

functions considered important for defense against bacteria, including neutrophil 

respiratory burst activity24, and bacterial killing and superoxide anion release by alveolar 

macrophages25; � agonists did not influence phagocytosis by neutrophils or alveolar 

macrophages26, 27. Hence, the finding that � adrenergic blockade increased the number of 

Pseudomonas CFU may be somewhat unexpected. It should be noted, however, that 

proinflammatory cytokines seem to impair the clearance of Pseudomonas from the 

respiratory tract in experimental mouse models. Indeed, elimination of either the type I 

TNF-� or type I IL-1 receptor was associated with an improved clearance of P. aeruginosa 

in mice infected with this pathogen via the airways28, 29. Hence, the inhibitory effect of 

endogenous � adrenergic agonists on proinflammatory cytokine production may have 

been involved in the higher bacterial loads in propranolol treated mice.  

 

In conclusion, this study demonstrates that P. aeruginosa pneumonia results in an 

increase in the endogenous � receptor tone, which facilitates the clearance of 

Pseudomonas from the mouse respiratory tract, concurrently attenuating the systemic 

cytokine response.  
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