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Abstract 

 
�2 adrenergic receptors are expressed on different cell types in the lung including 

respiratory epithelial cells, smooth muscle cells and macrophages. The aim of the current 

study was to determine the role of � adrenergic receptors in the regulation of lung 

inflammation induced by instillation via the airways of either LPS (a constituent of the 

Gram-negative bacterial cell wall) or lipoteichoic acid (LTA, a component of the Gram-

positive bacterial cell wall). Mice inhaled the � adrenergic antagonist propranolol or saline 

30 minutes before and 3 h after intranasal LPS or LTA administration. LPS and LTA both 

induced a profound inflammatory response in the lungs as reflected by influx of neutrophils 

and release of proinflammatory cytokines and chemokines into bronchoalveolar lavage fluid 

(BALF). Propranolol inhalation resulted in enhanced LPS-induced lung inflammation which 

was reflected in particular by a stronger secretion of tumor necrosis factor-�, interleukin-6 

and monocyte chemoattractant protein-1 into BALF, and enhanced coagulation activation 

(thrombin-antithrombin complexes). In LTA-induced lung inflammation propranolol did not 

influence cytokine release but also potentiated activation of coagulation. Propranolol did 

not alter neutrophil recruitment in either model. This study suggests that � adrenergic 

receptors, which are widely expressed in the lungs, serve as negative regulators of lung 

inflammation induced by LPS and less so during LTA-induced pulmonary inflammation.  
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Introduction 
 

Functional � adrenergic receptors are expressed on different cell types in the lung 

including airway smooth muscle cells, respiratory epithelial cells and macrophages1-3. 

Stimulation of �2 adrenergic receptors on smooth muscle cells results in a 

bronchodilatory effect, and as a consequence �2 agonists are commonly used agents in 

the treatment of asthma and chronic obstructive pulmonary disease. In addition, � 
adrenergic stimulation is associated with a variety of effects on immune cells, which are 

predominantly anti-inflammatory4. In line, our laboratory recently showed that local 

administration of �2 agonists inhibits neutrophil recruitment and proinflammatory 

cytokine release in mice and humans challenged with LPS or Haemophilus influenzae via 

the airways3, 5, 6. Additional evidence indicates that endogenous � adrenergic agonists may 

also downregulate lung inflammation and potentially protect against the development of 

acute lung injury7, 8. The most common cause of clinical acute lung injury is acute 

bacterial pneumonia, which on itself is a leading cause of death due to infectious 

diseases9, 10. Common respiratory pathogens include both Gram-negative and Gram-

positive bacterial species. LPS is a major component of the outer membrane of all Gram-

negative bacteria and the predominant inducer of inflammatory responses to these 

pathogens11. Gram-positive bacteria do not contain LPS, but express lipoteichoic acid 

(LTA) as an important proinflammatory constituent in their cell wall12. LPS and LTA 

stimulate immune cells via different pattern recognition receptors: whereas LPS induces 

signal transduction via Toll-like receptor (TLR) 4, LTA activates cells mainly via TLR213, 14. 

Several laboratories, including our own, have investigated the effects of locally 

administered LPS or LTA to obtain more insight into the mechanisms involved in lung 

inflammation elicited by Gram-negative and Gram-positive pathogens respectively; such 

models have also been used to study the pathogenesis of acute lung injury15-20.  

 

The primary objective of this study was to determine the role of endogenous � 
adrenergic receptors in the regulation of the pulmonary response to either LPS or LTA. 

For this we examined the effect of nebulized propranolol, a non specific � receptor 

antagonist, in mice challenged with LPS or LTA via the airways. We studied not only lung 

inflammation, but also bronchoalveolar coagulation, considering as there is a marked 

crosstalk between these systems and that an altered balance between coagulation and 

fibrinolysis has been implicated in the pathogenesis of pneumonia and lung injury 21.     
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In addition, � receptor stimulation has been reported to influence the hemostatic balance 

in vitro and in vivo 22-24.   

 

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. 

 

Design 

At t=0 mice were lightly anaesthetized by inhalation of 2% isoflurane (Abbott 

Laboratories Ltd., Kent, UK) / 2 liters of O2 after which they received 10 μg LPS (from 

Escherichia coli, serotype 055:B5; Sigma, St. Louis, MO; in 50 μl saline), 100 μg LTA (from 

Staphylococcus aureus; in 50 μl saline; kind gift of Dr. T. Hartung, Univ. Konstanz, 

Germany25) or sterile saline (control, 50 μl). The LTA preparation was >99% pure and the 

LPS contamination was < 1EU/mg as determined by the Limulus amoebocyte lysate assay 

(Charles River, Charleston, SC). Cellular effects of this LTA preparation and dose were 

totally TLR2 dependent, as determined by TLR2 deficient mouse cells, confirming that LPS 

contamination does not play a role in cell activation by the LTA preparation used (data 

not shown).  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 

intranasal administration of saline, LPS or LTA by attaching a plastic chamber (5 L) 

containing 4 (saline control experiments without LPS or LTA) or 8 (experiments in which 

LPS or LTA was administered) conscious mice to an Aeroneb pro nebulizer (Medicare BV, 

Uitgeest, the Netherlands) as described3, 5. Mice were killed 3 h (LPS) or 6 h (LPS, LTA) 

after the intranasal challenge; in experiments in which animals were followed for 6 h, the 

inhalation of propranolol or saline was repeated at t=3 h. At the time of sacrifice mice 

were anesthetized with Hypnorm® (Janssen Pharmaceutica, Beerse, Belgium; active 

ingredients fentanyl citrate and fluanisone) and midazolam (Roche, Meidrecht, the 

Netherlands) and killed by bleeding out the vena cava inferior. Blood was collected in 

EDTA containing tubes.  
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Bronchoalveolar lavage (BAL) 

BAL was performed as described3, 5. The supernatant was collected and stored at -20°C 

until used for cytokine, chemokine and protein measurements. 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 and cytokine-induced 

neutrophil chemoattractant (KC) levels were measured using commercially available ELISA 

kits (R&D systems, Abingdon, UK). Thrombin-antithrombin (TAT) complexes were 

measured by ELISA (Dade Behring, Marburg, Germany). Plasminogen activator inhibitor-1 

antigen (PAI-1) was determined by ELISA and plasminogen activator activity (PAA) by an 

amidolytic assay as described26, 27. Total protein was measured using Bradford Protein 

Assay (Biorad, California). 

  

Statistical Analysis  

All values are mean ± standard error of the mean (SEM). Serial data were analyzed by 

Kruskal-Wallis test. All values are 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 dose-dependently enhances LPS-induced TNF-�, IL-6 and 

MCP-1 release 

Several studies have shown that �2 adrenoceptor agonists such as salmeterol and 

salbutamol have anti-inflammatory properties in the lung3, 5, 6. To determine the effect of 

inhibition of endogenous pulmonary � adrenoceptors, mice were nebulized with 
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propranolol and treated intranasally with LPS. In the absence of LPS challenge 

propranolol inhalation did not result in cytokine release or an alteration in the cellular 

composition of BALF (data not shown). Intranasal administration of saline was associated 

with very low or undetectable cytokine levels. Intranasal administration of LPS resulted 

in a profound rise in the concentrations of TNF-�, IL-6 and MCP-1 in BAL fluid (BALF). 

Propranolol strongly and significantly enhanced LPS-induced secretion of TNF-�, IL-6 and 

MCP-1 into BALF, an effect that was apparent 3 h after the LPS challenge (Figure 1). 

 

Propranolol does not affect LPS-induced neutrophil recruitment 

Recruitment of neutrophils to the pulmonary compartment is an important feature of 

both pneumonia and acute lung injury. Intranasal instillation of LPS was associated with 

a brisk and strong influx of neutrophils into BALF (Table I). Propranolol did not influence 

this characteristic inflammatory response. In addition, propranolol did not influence the 

number of macrophages or lymphocytes in BALF of mice challenged with LPS (Table I). In 

line, propranolol did not modify the rise in the neutrophil attractive CXC chemokines KC 

and MIP-2 in BALF (Figure 2) 

 

Propranolol potentiates LPS-induced protein leakage 

LPS administration was associated with a significant rise in total protein levels in BALF 

(Figure 3). Propranolol 50 mg/ml, but not propranolol 10 mg/ml, enhanced this LPS-

induced effect. 
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Figure 1. 

Propranolol enhances LPS-induced tumor necrosis factor (TNF)-&, interleukin (IL)-6 and monocyte 

chemoattractant protein (MCP)-1 release. 

Mice inhaled propranolol or saline 30 minutes before and 3 h after intranasal administration of LPS (10 μg). 

Broncholaveolar lavage was performed 3 or 6 h after LPS administration and measurements were conducted in the 

fluid obtained. Data represent mean ± SEM of 8 mice per group at each time point. * P < 0.05; *** P<0.001 versus 

saline. 
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Table I. 
Effect of lipopolysaccharide and propranolol on cellular composition of bronchoalveolar lavage fluid. 

                                    Control                      LPS                           LPS                           LPS          

                                                                    Saline                       10 mg/ml Propranolol 50 mg/ml Propranolol 
 

3h 
Cell Count (x104/ml)         
Total Cell Count              6.70 ± 1.11                23.8 ± 3.53**            22.2 ± 2.18**            23.4 ± 3.73** 
Granulocytes                  0.13 ± 0.06                18.0 ± 3.10**            16.0 ± 2.79**            19.7 ± 3.81** 
Macrophages                  6.56 ± 1.07                5.56 ± 1.33                5.91 ± 1.30                3.86 ± 0.67 
Lymphocytes                  0.00 ± 0.00                0.22 ± 0.07                0.14 ± 0.11                0.06 ± 0.04 
6h 
Cell Count (x104/ml)         
Total Cell Count              6.70 ± 1.11                13.5 ± 1.63**            10.7 ± 2.08                13.1 ± 2.27 
Granulocytes                  0.13 ± 0.06                12.6 ± 1.59**            9.48 ± 2.05**            11.6 ± 2.26** 
Macrophages                  6.56 ± 1.07                0.92 ± 0.19**            1.07 ± 0.20**            1.41 ± 0.22** 
Lymphocytes                  0.00 ± 0.00                0.01 ± 0.01                0.15 ± 0.06                0.08 ± 0.04 
 
 

Mice were intranasally inoculated with LPS at t=0. Propranolol or saline was nebulized at t=-30 minutes and 3 h 

after LPS administration. Mice were sacrificed after 3 or 6 h. Control mice are untreated mice. Data represent mean 

± SEM of N=5 (control mice) or 8 (LPS challenged) mice per group at each time point.  ** P<0.01 versus control 
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Figure 2. 

Propranolol does not influence LPS-induced cytokine-induced neutrophil chemoattractant (KC) or macrophage 

inflammatory protein (MIP)-2 release. 

Mice inhaled propranolol or saline 30 minutes before and 3 h after intranasal administration of LPS (10 μg). 

Bronchoalveolar lavage was performed 3 or 6 h after LPS administration and measurements were conducted in the 

fluid obtained. Data represent mean ± SEM of 8 mice per group at each time point. 
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Figure 3. 

Propranolol enhances LPS-induced protein leakage. 

Mice inhaled propranolol or saline 30 minutes before and 3 h after 

intranasal administration of LPS (10 μg). Bronchoalveolar lavage 

was performed 6 h after LPS administration and measurements were 

conducted in the fluid obtained. Data represent mean ± SEM of 8 

mice per group at each time point. *** P < 0.001 versus saline. 
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Propranolol enhances coagulation activation in mice treated with LPS 

To obtain insight into the role of endogenous � receptors in the regulation of the 

hemostatic balance in the lung exposed to LPS, we measured TATc, PAI-1 and PAA in 

BALF as indexes of coagulation and fibrinolysis (Figure 4). While propranolol 10 mg/ml 

did not influence LPS-induced TATc release, propranolol 50 mg/ml profoundly enhanced 

the secretion of TATc into BALF, an effect that was already present at 3 h after LPS 

administration. Propranolol did not affect PAI-1 or PAA levels, indicating that fibrinolysis 

was not altered by this treatment.  

Effect of propranolol inhalation on LTA-induced lung inflammation and coagulation 

Next we wished to establish the role of endogenous � receptors in the regulation of lung 

inflammation and coagulation induced by LTA, a common proinflammatory component of 

the Gram-positive cell wall. The effect of propranolol on LTA-induced responses in the 

mouse lung differed in several aspects from its effects on LPS-induced lung inflammation. 

Indeed, propranolol given at 50 mg/ml did not influence TNF-� or IL-6 levels (Figure 5), 

whereas it enhanced KC and MIP-2 release in BALF of mice challenged with LTA via the 

intranasal route (Figure 6). LTA did not induce detectable MCP-1 release in BALF. Similar 

to its effects in the LPS model, propranolol did not affect neutrophil recruitment in 

response to intrapulmonary delivery of LTA (Table II). Total protein concentrations were 

not altered by either LTA or propranolol (data not shown).  
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Figure 4. 

Propranolol enhances LPS-induced coagulation activation.  

Mice inhaled propranolol or saline 30 minutes before and 3 h after intranasal administration of LPS (10 μg). 

Bronchoalveolar lavage was performed 3 or 6 h after LPS administration and measurements were conducted in the 

fluid obtained. Data represent mean ± SEM of 8 mice per group at each time point. * P<0.05; ** P<0.01 versus 

saline.  

Chapter 10 



153 

�

����

�����

�����

�����

�

����	
 �����	�����������

��
� �� ��

���
��

�
��

�

���

���

'��

����

�

����	
 �����	�����������

 !
"�

���
��

�
��

Figure 5. 

Propranolol does not influence lipoteichoic acid (LTA) induced cytokine release.  

Mice inhaled propranolol or saline 30 minutes before and 3 h after intranasal administration of LTA (100 μg). 

Bronchoalveolar lavage was performed 6 h after LTA administration and measurements were conducted in the fluid 

obtained. Data represent mean ± SEM of 8 mice per group. 
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Figure 6. 

Propranolol enhances lipoteichoic acid (LTA) induced cytokine-induced neutrophil chemoattractant (KC) and 

macrophage inflammatory protein (MIP)-2 release.  

Mice inhaled propranolol or saline 30 minutes before and 3 h after intranasal administration of LTA (100 μg). 

Bronchoalveolar lavage was performed 6 h after LTA administration and measurements were conducted in the fluid 

obtained. Data represent mean ± SEM of 8 mice per group.  * P < 0.05; *** P<0.001 versus saline. 
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Table II. 
Effect of lipoteichoic acid (LTA) and propranolol on cellular composition of bronchoalveolar lavage fluid. 

                                                       Control                          LTA                                LTA               

                                                                                           Saline                             50 mg/ml Propranolol 
 

6h 
Cell Count (x104/ml)                            
Total Cell Count                                 6.70 ± 1.11                    29.2 ± 2.72**                 31.2 ± 3.95** 
Granulocytes                                     0.13 ± 0.06                    24.7 ± 2.41**                 27.1 ± 3.43** 
Macrophages                                     6.56 ± 1.07                    3.83 ± 0.22*                   3.84 ± 0.49* 
Lymphocytes                                     0.00 ± 0.00                    0.19 ± 0.10                     0.28 ± 0.13 
 
 

Mice were intranasally inoculated with LTA at t=0. Propranolol or saline was nebulized at t=-30 minutes and t=3 h. 

Mice were sacrificed after 6 h. Data represent mean ± SEM of N=5 (control mice) or 8 (LTA challenged) mice per 

group. * P<0.05; **P<0.01 versus control  
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Finally, propranolol enhanced LTA-induced TATc release, while not influencing PAI-1 or 

PAA levels, thereby mimicking its effects on LPS-induced coagulation and fibrinolysis 

(Figure 7).  

 

Discussion 
 

Acute bacterial pneumonia is the most common cause of acute lung injury. In the 

current study we sought to investigate the role of endogenous � adrenergic receptors in 

bronchoalveolar inflammation induced by intrapulmonary delivery of LPS, an important 

constituent of the Gram-negative cell wall and an established TLR4 ligand, or LTA, a 

proinflammatory component of the Gram-positive cell wall and an established TLR2 

ligand. We here demonstrate that inhalation of the � adrenergic antagonist propranolol 

differentially affects LPS- and LTA-induced lung inflammation. In particular, whereas 

propranolol enhanced LPS-induced release of TNF-�, IL-6 and MCP-1 into BALF, it did not 

alter these responses upon LTA administration. Moreover, propranolol potentiated local 

activation of coagulation upon both LPS and LTA instillation, while not influencing 

fibrinolysis. Propranolol did not influence neutrophil recruitment in either model. 

Together these data suggest that endogenous � adrenergic receptors are involved in the 

regulation of lung inflammation induced by two distinct and common bacterial TLR 

ligands.  
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Figure 7. 

Propranolol enhances lipoteichoic acid (LTA)-induced coagulation activation.  

Mice inhaled propranolol or saline 30 minutes before and 3 h after intranasal administration of LTA (100 μg). 

Bronchoalveolar lavage was performed 6 h after LTA administration and measurements were conducted in the fluid 

obtained. Data represent mean ± SEM of 8 mice per group. * P<0.05 versus saline.  
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Our finding that propranolol administered via the airways increased local TNF-� release 

after LPS instillation is in line with several earlier studies. Administration of propranolol 

to mice challenged with LPS intraperitoneally enhanced circulating TNF-��
concentrations28-30. In a model of hemorrhage induced lung injury intraperitoneal 

administration of propranolol further increased (relative to the effect of hemorrhage 

alone) TNF-� and IL-1� expression in pulmonary mononuclear cells7. However, systemic 

propranolol treatment did not influence the expression of TNF-� mRNA by lung 

neutrophils after intraperitoneal LPS injection31. Clearly, the design of this investigation31 

differed from our current study, in which both propranolol and LPS were administered via 

the airways. Of note, 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 humans5, 6. Moreover, both salbutamol 

and salmeterol diminished TNF-� levels in the lungs of mice with respiratory tract 

infection caused by the Gram-negative pathogen H. influenzae 3. Earlier studies reported 

on the systemic effects of � adrenergic agonists on TNF� release into the circulation after 

systemic (intravenous or intraperitoneal) administration of LPS28, 32, 33. To the best of our 

knowledge the effect of � adrenergic stimulation or blockade on LTA-induced TNF-� 
production has not been studied before. Our finding that propranolol did not alter this 

response suggests that pulmonary TNF-� release in response to LTA is mediated by 

mechanisms or cell types that are different from those after LPS administration.   

 

� adrenergic blockade did not influence the recruitment of neutrophils into the 

bronchoalveolar space after instillation of either LPS or LTA. These results are in line with 

several earlier studies. Abraham et al31 reported that systemic propranolol treatment did 

not influence the recruitment of neutrophils to the lung after intraperitoneal LPS 

injection. In addition, in a model of hemorrhage induced lung injury intraperitoneal 

administration of propranolol did not affect neutrophil accumulation or activation7, 34. The 

effects of � adrenergic agonists on neutrophil trafficking likely vary depending on the 

inciting stimulus: salmeterol reduced the influx of neutrophils into the lungs after LPS 

administration via the airways5, 6, whereas it did not affect neutrophil recruitment during 

H. influenzae pneumonia3. Moreover, salmeterol did not alter neutrophil accumulation in 

lungs of rats with acid aspiration induced lung injury35. Notably, systemic administration 

of several �2 agonists has been reported to diminish neutrophil recruitment to the lungs 

of experimental animals33, 36, 37.    
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Although the primary objective of our study was to determine the role of endogenous 

� receptors on lung inflammation, we measured total protein concentrations in BALF as 

one parameter of protein leakage into the bronchoalveolar space38. LPS administration 

was associated with a rise in BALF total protein concentrations, which was exaggerated by 

propranolol. In line, in a study focusing on the lung fluid balance and pulmonary vascular 

permeability, Su et al. demonstrated that propranolol given both intraperitoneally and 

intratracheally enhanced the accumulation of extravascular lung water during acute 

Escherichia coli pneumonia by increasing vascular injury and impairing the resolution of 

alveolar oedema8. Conversely, � adrenergic agonists reduced pulmonary edema and 

vascular permeability, while increasing alveolar fluid clearance during acid aspiration 

induced lung injury35. 

 

Local activation of the coagulation system, within the pulmonary compartment, has 

been implicated in the pathogenesis of bacterial pneumonia and acute lung injury21, 39. We 

therefore were interested to examine the effect of � adrenergic blockade on activation of 

coagulation induced by intranasal administration of either LPS or LTA. Our laboratory 

earlier reported an increase in BALF TATc concentrations after instillation of LPS via the 

airways of mice and humans16, 24. We now expand these data showing that S. aureus LTA 

elicits the same response. Propranolol enhanced the procoagulant response to both LPS 

and LTA. It has been suggested that � adrenergic agents can inhibit the expression of 

tissue factor, which is considered the main initiator of coagulation activation, by 

increasing intracellular cyclic AMP levels22. In line, intravenous infusion of epinephrine 

attenuated systemic coagulation activation upon intravenous injection of LPS in healthy 

humans23. However, salmeterol did not alter the procoagulant response in the lungs of 

healthy subjects after inhalation of nebulized LPS, although this lack of an effect may 

have been caused by insufficient dosing24. PAI-1 is the main inhibitor of fibrinolysis in 

the lung of which the release strongly increases during lung infection and/or injury21, 39. 

Propranolol did not affect PAI-1 release or PAA. In healthy humans inhalation of a �2 

agonist did also not influence LPS-induced PAI-1 release in BALF24. 

 

Shortly after the completion of our studies Flierl et al. reported on the role of 

endogenous adrenergic receptors in LPS and immune complex induced lung injury in rats, 

focusing primarily on albumin leak into BALF40. Intraperitoneal administration of � 
adrenergic antagonists did not significantly influence vascular leakage of albumin into 
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lungs in either model. In contrast, blockade of �2 adrenergic receptors did reduce the 

intensity of the albumin leak into lung in the two models of injury. The effect of 

adrenergic blockers on cytokine release or activation of coagulation in the lung 

compartment was not reported, thereby hampering a direct comparison with our current 

investigation. Of note, while Flierl et al40 administered adrenergic blockers 

intraperitoneally, we chose for direct intrapulmonary delivery. In the present study, the 

role of � receptors was not investigated.  

 

In conclusion, this study demonstrated that � adrenergic blockade, achieved by 

inhalation of nebulized propranolol, differentially affects LPS- and LTA-induced lung 

inflammation, whereby in particular the effects of LPS were exaggerated. These data 

suggest that LPS elicits an increase in the endogenous � adrenergic receptor tone in the 

airways which may serve to protect the lung against excessive inflammation and 

coagulation.  
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