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“We shall not fail or falter; we shall not weaken or tire.... 
Give us the tools and we will finish the job.” 

 
 

Sir Winston Churchill (1874-1965) 
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Abstract 
 
Acute lung injury (ALI), denominated acute respiratory distress syndrome 
(ARDS) in its most severe form, is characterized by lung inflammation, 
hypoxia, non-cardiogenic pulmonary edema and decreased lung compliance. 
Despite numerous experimental and clinical studies, the mortality of ARDS 
remains between 30-70%, and its pathogenesis is still largely unknown. 
The overall aim of the present thesis was to use experimental mouse models of 
ALI/ARDS to identify cells and mediators involved in the pathogenesis of the 
syndrome. Moreover, we have used these models to evaluate the therapeutic 
effects of the corticosteroid dexamethasone as well as the antioxidants N-
acetylcysteine (NAC) and Vitamin E (α-tocopherol: α-toc). 
In the first study, we investigated the inflammatory response in lung tissue and 
bronchoalveolar lavage (BAL) after inhalation of bacterial endotoxin 
(Lipopolysaccharide: LPS), a commonly used experimental animal model of 
ALI. Our results demonstrated that exposure to LPS induced a dose-
dependent increase of neutrophils in BAL fluid (BALF) reaching a maximum 
after 12h at a low dose and after 24h at a high dose. Furthermore, a low dose 
induced an early (2h) and transient onset of cytokine and chemokine gene 
expression in lung tissue, while a high dose caused more delayed and sustained 
(6-12h) activation. In addition, expression of T-cell derived IFN-γ, IL-2, IL-17 
and Rantes was only recorded when mice where exposed to a high dose, 
indicating a dose-dependent activation of T-cells after LPS inhalation. 
In the second and third study, we investigated therapeutic interventions in the 
LPS inhalation model. Significant reduction of neutrophils in BALF was 
obtained through a single i.p injection of dexamethasone (10mg/kg), whereas 
treatment with NAC only resulted in reduction of neutrophils when 
administrated at a high dose (500mg/kg). Measurement of cytokine and 
chemokine expression in lung tissue revealed marked down-modulation with 
dexamethasone, while NAC demonstrated poor anti-inflammatory effect. In 
the third study, we demonstrated that Vitamin E protect against lung tissue 
damage and exerts anti-inflammatory properties as shown by the decreased 
number of neutrophils in airspaces when administrated at a dose of 50mg/kg 
body weight. This effect was due to a reduced transendothelial migration of 



 

neutrophils, but without a profound effect on the early pro-inflammatory 
response. 
The fourth study was conducted to investigate if a generalized Shwartzman 
reaction (GSR) can display similar pathophysiology in mice as observed in 
clinical ARDS. Our results demonstrated that the generalized Shwartzman 
reaction induced rapid decline in lung function and 80% mortality. 
Furthermore, characteristic hallmarks of ARDS, such as lung tissue 
neutrophilia and edema formation, were observed. However, the lung 
neutrophilia was not closely associated with the mortality observed in the 
generalized Shwartzman reaction. Therapeutic effects of 50mg/kg Vitamin E 
and dexamethasone (10mg/kg) were also evaluated in this model, 
demonstrating that both drugs improved lung function and exerted anti-
inflammatory properties measured as decreased levels of cytokines in serum.  
In conclusion, the results in this thesis indicated that lymphocytes may be 
involved in the extensive inflammatory responses observed in ALI/ARDS. 
Furthermore, we have shown that neutrophils are not solely responsible for the 
rapid decline in lung function during the progress of experimental ARDS. 
Therapeutic interventions demonstrated that Vitamin E, alone or in 
combination with corticosteroids, might be effective for treatment of ALI and 
ARDS. 
 
 



 

Abbreviations 
 
ALI acute lung injury      
ARDS acute respiratory distress syndrome                        
MODS         multiple organ dysfunction syndrome 
BAL                  bronchoalveolar lavage 
BALF    BAL fluid 
α-toc alpha-tocopherol (Vitamin E) 
NAC N-acetylcysteine 
PBS             phosphate buffered saline 
LPS lipopolysaccharide 
LBP LPS binding protein  
GSR generalized Shwartzman reaction 
LSR local Shwartzman reaction 
DIC disseminated intravascular coagulation 
i.p intraperitoneally 
s.c subcutaneous 
COPD chronic obstructive pulmonary disease  
PEEP positive end-expiratory pressure 
LIS lung injury score 
PaO2 arterial oxygen data 
FIO2 amount of oxygen delivered by ventilatory support  
AECC American-European Consensus Conference on ARDS 
H2O2 hydrogen peroxide 
ROS reactive oxygen species 
NK cells natural killer cells 
CD4 T cells helper T cells  
IgE immunoglobulin E 
TNF-α tumour necrosis factor-alpha 
IFN-γ interferon-gamma 
IL- interleukin- 
MIP- macrophage inflammatory protein- 
MCP- monocyte chemoattractant protein 
ICAM-1 intercellular adhesion molecule-1 



 

AP-1 activator protein-1  
NF-κB nuclear factor-κB 
TLR toll-like receptors  
LDH lactate dehydrogenase 
KO knock-out  
H2DCF-DA dichlorodihydrofluorescein diacetate 
FITC fluorescein isothiocyanate 
PE phycoerythrin 
PCR polymerase chain reaction 
EMSA electrophoretic mobility shift assay  
ELISA enzyme-linked immunoabsorbent assay 
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Introduction 
 
In 1967, at the Colorado General Hospital, Ashbaugh and collegues observed 
12 critically ill patients with different etiology who all developed sudden acute 
respiratory failure. They wondered what was different with these patients 
compared to the usual cases of respiratory failure observed in chronic 
obstructive pulmonary disease (COPD), pneumonia and asthma (Petty 2001). 
Seven of the 12 patients had multiple trauma, 4 had viral pneumonia and 1 
patient suffered from acute pancreatitis. Others had previously described acute 
respiratory failure in patients with separate single diseases. However, Ashbaugh 
and collegues were the first to describe that patients with a variety of 
underlying illnesses could develop acute respiratory failure with strikingly 
similar pulmonary pathophysiology (Simon 1992). All of the 12 patients at the 
Colorado General Hospital presented a similar pathophysiology characterized 
by tachypnea, hypoxemia resistant to oxygenation by regular ventilatory 
support, decreased lung complience and diffuse bilateral infiltrates on chest 
radiographs. Some patients also demonstrated a deficiency in lung surfactant. 
These surfactant abnormalities, together with the impaired oxygenation of the 
blood, had similarities with the neonatal respiratory distress syndrome i.e 
children born with a deficiency in lung surfactant. Hence Ashbaugh and 
collegues published their finding in The Lancet in 1967 and named the new 
syndrome Acute Respiratory Distress Syndrome (ARDS) in adults (Ashbaugh 
1967). This article was read by military surgeons treating causulties in the 
Vietnam War. They had also observed sudden respiratory failure in soldiers 
suffering from different traumas. A conference on ARDS was quickly planned 
and held in Washington in 1968, and after that meeting the discovery of ARDS 
was rapidly spread in the research community. At present, the syndrome is 
simply denominated ‘the acute respiratory distress syndrome’ so that children 
are not excluded from the criteria. Even in the first report of the syndrome, 
one of the 12 patients was 11 years of age.  
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Thirtyfive years since the original description of the syndrome, the mortality of 
ARDS remains high, resulting in tremendous human and financial costs each 
year. Since the pathogenesis of the syndrome is still largely unknown, there is a 
great demand for experimental animal studies and for new therapeutic 
strategies to be evaluated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  
Trauma patient at the intensive care unit (Sv: Intensivvårdsavdelningen; IVA) 
at the University hospital, Umeå, Sweden.  
 
Photograph received from MD Jonas Claesson, IVA, Umeå University hospital 
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Definitions of ARDS and ALI 
 
The most widely used definition of Acute Lung Injury (ALI) and ARDS was 
published in 1994 by the American-European Consensus Conference (AECC) 
on ARDS. This committee recommended that ALI and ARDS should be 
defined as a syndrome of inflammation and increased lung capillary 
permeability associated with a number of clinical, radiological and physiological 
abnormalities that cannot be explained by, but may coexist with heart failure. 
Furthermore, the AECC committee defined ALI and ARDS as syndromes that 
are acute in onset and characterized by severe hypoxemia. It was agreed that 
the term ALI could be applied to a broad range of pathological abnormalities 
in the lung and that the term ARDS should be reserved for the most severe 
cases of lung injury. To distinguish between ALI and ARDS, the committee 
suggested the use of the ratio between arterial oxygen data (PaO2) and the 
amount of oxygen delivered by ventilatory support (FIO2), which is a value 
commonly used to measure arterial blood oxygenation (PaO2/FIO2). The criteria 
for ALI would be a PaO2/FIO2 ≤ 300mm Hg (40kPa) and for ARDS PaO2/FIO2 

≤ 200mm Hg (26.7kPa) (Bernard 1994).  
An alternative definition was proposed by Murray et al. in 1988. They 
developed a system to grade the degree of lung injury in patients with acute 
respiratory failure which is known as the Lung Injury Score (LIS). This system 
is based on four parameters which include the chest radiographic score, 
hypoxemia score (PaO2/FIO2), PEEP score (the Positive End-Expiratory 
Pressure needed for proper ventilation) and the compliance score. Each 
parameter was given a number using a scale ranging between 0-4 and the final 
value is obtained by dividing the sum of the values with the number of 
parameters used. A LIS score greater than 2.5 in the patient is defined as 
ALI/ARDS (Murray 1988).  
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Table 1. 
AECC criteria for Acute Lung Injury (ALI) and 
Acute Respiratory Distress Syndrome (ARDS) 

 
                                     ALI criteria                              ARDS criteria 
    
Timing                                   Acute onset                                   Acute onset                              
 
Oxygenation                 PaO2/FiO2 ≤ 300 mm Hg               PaO2/FiO2 ≤ 200 mm Hg                      
 
Chest radiograph         Bilateral infiltrates seen on           Bilateral infiltrates seen on 
                                            chest radiograph                            chest radiograph 
 
Pulmonary Artery       ≤ 18 mm Hg when measured      ≤ 18 mm Hg when measured 
Wedge Pressure            or no clinical evidence of              or no clinical evidence of 
                                        left arterial hypertension                left arterial hypertension 
 

(Adapted from Bernard et al. 1994) 
 
 

Incidence 
 
The reported incidence of ARDS varies considerably in different studies. The 
fact that the true incidence has been difficult to establish may be attributed to 
variations in study design and to differences in the definitions of ARDS (Fein 
2000). In the first epidemiological study made on ARDS in 1972 by the US 
National Heart and Lung Institute (NHLI), the estimated incidence of ARDS 
was 75/100 000 persons per year (National heart and Lung Institute. 1972). 
This study has been criticized for using a too broad definition of ARDS and 
thus it is generally agreed that the number of cases was overestimated (Atabai 
2002). Another bias when investigating ARDS epidemiology is that the 
incidence may vary globally between regions depending on the way of life, such 
as in a rural population compared to an urban community, as well as on the 
availability of intensive care. In a study made on the Canary Islands in a non-
urban population, the incidence of ARDS was 1.5-3.5/100 000 persons per 
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year (Villar 1989). In another study performed in Utah, the incidence of ARDS 
was 4.8-8.3/100 000 inhibitants per year (Thomsen 1995). Both the study on 
the Canary Islands and the Utah study have been criticized for excluding 
patients with a PaO2/FIO2 ≥ 150mm Hg. In recent studies using the AECC 
criteria (previously described), the corresponding reported incidences were 
strikingly similar. In a prospective cohort study made in Sweden, Denmark and 
Island in 1997, the reported incidence was 13.5 for ARDS and 17.9 for 
ALI/100 000 persons per year (Luhr 1999). Several other studies using the 
AECC criteria in Japan, Australia and in the USA reported a similar incidence, 
indicating that the results from the study in Scandinavia are reasonable 
(Kanazawa 1996, Nolan 1997, Hudson 1999).  
 
 

Risk factors and mortality 
 
Direct lung injury  
As previously mentioned, a great variety of underlying illnesses can be the 
cause of ALI or ARDS. These conditions can be divided into two categories 
based on whether the insult was direct (pulmonary) or indirect 
(extrapulmonary). Direct injury can be described as a condition in which the 
lung epithelium is directly injured. Causes of such lung injury include 
pneumonia, aspiration of gastric contents, inhalation of toxic substances, 
pulmonary contusion and near drowning (Atabai 2002). Respiratory infection 
is considered as one of the most common etiologies leading to direct ARDS 
(Baumann 1986). In the Scandinavian study previously mentioned, 46.2% of 
the ARDS patients included in the study were diagnosed with pneumonia of 
bacterial or viral origin (Luhr 1999). Substances causing inhalation intoxication 
include nitrogen dioxide, ozone, phosgene, mustard gas and other reactive 
gases (Meulenbelt 2002). The risk of developing ALI, or in the worst-case 
scenario ARDS, after inhalation injury is dependent on the toxicity and 
concentration of the inhaled substance. Direct causes of lung injury seem to 
lead to a syndrome with more predictability and to a shorter latent period than 
do indirect causes. (Fowler 1983).  
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Indirect lung injury 
Indirect lung injuries are conditions that activate a systemic inflammatory 
reponse. Multiple trauma, burns, sepsis, fat emboli and hemorrhagic shock are 
all associated with a high risk of developing ARDS. Sepsis has been 
documented as the condition with the highest risk of progression to ARDS. 
Several studies have documented that the incidence of ARDS in sepsis patients 
is approximately 40% (Pepe 1982 and Hudson 1995). Studies have indicated 
that the incidence of ARDS rose dramatically when several insults were present 
(Fowler 1983 and Pepe 1982). Other factors that influence the incidence is 
chronic alcohol abuse (Moss 1996) and age over 65 (Hudson 1995). The fact 
that chronic alcohol abuse influences the risk of developing ARDS may be 
attributed to impairment of host immune defence or by hepatic dysfunction 
which might lead to more severe lung injury (Fein 2000). An inappropriate 
mode of supportive ventilation is also a risk factor since it may involve 
mechanical stress and activate an acute inflammatory response (Downey 1997). 
 
 

Table 2. 
Clinical disorders associated with the development of ALI/ARDS 

                  Direct                                   Indirect 
    Common     Common 
 * Aspiration pneumonia * Sepsis 
 * Pneumonia * Severe trauma with prolonged 
  hypotension and/or multiple fractures 
  * Multiple blood transfusion 
 
                   Less common    Less common 
 * Inhalation injury * Acute pancreatitis 
 * Pulmonary contusion * Cardiopulmonary bypass 
 * Fat emboli * Drug overdose 
 * Near drowning * Burns  
 * Reperfusion injury * Head injury  
 

(Adapted from Atabai et al. 2002)
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Lung pathology in ARDS 
 
The most important pathological finding in the lung during the early stages of 
ARDS is severe pulmonary edema, due to increased permeability of the 
capillary endothelial and the alveolar epithelial barriers. Furthermore, there is 
an increase in pulmonary vascular resistance due to vasoconstriction and 
thromboembolism which further increases the pulmonary edema (Ten Cate 
2001). The morphological picture has often been labeled diffuse alveolar 
damage (DAD) and includes cellular necrosis, inflammation and fibrosis 
(Welty-Wolf 2002). The disease course of ARDS can be divided into the acute 
phase (exudative phase), followed by the long-term consequences of ARDS in 
surviving patients (the proliferative and fibrotic phase).  
 
Exudative phase 
Lungs of patients who die during this phase are rigid, red-blue due to 
hemmorhage and heavy because of the edema formation (Tomashefski 2000). 
The first barrier that prevents leakage of fluid from the vascular space are the 
endothelial cells which are joined together by tight junctions. During the 
exudative phase, the endothelial cell swell, widening of the tight junctions 
occurs and there is an increase in the number of vesicles (Tomashefski 2000). 
The second barrier that prevents leakage into the intra-alveolar space are the 
alveolar epithelial cells which are joined together by tight junctions that are 
more intricate than the endothelial junctions and thus form a tighter barrier. 
The alveolar epithelium consists of two major cell types: the alveolar type I and 
type II epithelial cells. The alveolar type I cell is a thin flat cell that covers most 
of the interior alveolar surface. The type II cell is the main cell that produces 
and secretes surfactant which prevents collapse of the alveoli by lowering the 
surface tension. During the exudative phase, extensive necrosis of the type I 
cell occurs and the epithelium may detach, leaving large areas of denuded 
basement membrane which allows increased plasma leakage through the 
barrier (Simon 1992). Type II cells may also undergo necrosis although several 
studies have demonstrated that type 1 cells are more susceptible to injury 
(Tomashefski 2000). Such damage to the endothelium and the alveolar 
epithelium produces interstitial and intra-alveolar spaces filled with protein-rich 
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edema fluid and hyalin membranes. The hyalin membranes are composed 
largely of fibrin, fibronectin and cellular debris (Simon 1992). Neutrophils are 
found increasingly during the intitial phase in the capillaries but only sparsely in 
the interstitium and the airspaces. The alveoli become congested from the 
hyalin membranes and the inflammatory cells, edematous, and may in some 
cases collapse because of epithelial necrosis and loss of surfactant tension 
(Tomashefski 2000).  
 
Proliferative phase 
The proliferative phase is characterized by organization of the edema fluid 
aquired in the exudative phase and by fibrosis (Bellingan 2002). There is a 
marked decrease in the number of neutrophils in this phase but lymphocytes 
are often heavily concentrated in the areas of regeneration (Niederman 1990). 
Alveolar type II cells proliferate in an attempt to cover the denuded basement 
membrane and differentiate into type I cells (Bellingan 2002). Fibroblasts 
proliferate within the alveolar wall and migrate into airspaces where they 
organize the exudate and deposit collagen into fibrous tissue (Tomashefski 
2000). The main site of fibrosis is the intra-alveolar space although some signs 
of fibrosis are evident in the interstitium (Bellingan 2002).  
 
Fibrotic phase 
If the patient survives the two first stages in the disease course, they may enter 
a fibrotic phase which can start as soon as 10 days after first signs of 
respiratory failure (Bellingan 2002). This phase is not well documented due to 
lack of autopsy data, although some studies have demonstrated that the alveoli 
and walls of the airspaces are composed of thickened, collagenous connective 
tissue (Tomashefski 2000).  
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A.                                                      B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                             C. 
 
Figure 2. 
Lung x-ray images of  
healthy individual (A),  
patient with ALI/ARDS (B)  
and patient with severe ARDS (C). 
White areas observed in B and C 
are bilateral lung infiltrates.  
 
Images received from  
MD Jonas Claesson, IVA, 
Umeå University Hospital   
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Pathogenesis 
 
Inflammatory response  
As previously mentioned, the pathophysiology observed in ALI or ARDS is a 
consequence of the host response to a wide variety of direct or indirect stimuli. 
The similarities in lung pathology and pathophysiology after different insults 
have led many scientists to the conclusion that there is a single pathway for all 
cases of ALI/ARDS. However, the pathogenesis appears to be more complex 
and it is likely that several separate mechanisms participate in the disease 
course. Although the pathogenesis of ALI and ARDS remains unclear, indirect 
evidence suggest that the pulmonary edema occurs after a direct activation due 
to acute lung inflammation, or as the pulmonary manifestation of a more 
generalized (systemic) inflammatory response (Nuytinck 1985 and Dorinsky 
1990). The inflammatory response in both cases primarily involves 
macrophages and neutrophils activated by several pro-inflammatory cytokines 
and chemokines. Furthermore, there is substancial evidence that other 
pathways such as the coagulation cascade and the complement system are 
activated during ARDS (Welty-Wolf 2002).  
 
Macrophages 
Macrophages are of bone marrow origin and mature to become blood 
monocytes. From the circulation, they migrate into various tissues where they 
differentiate, and in the lung denominated the alveolar macrophages. The 
normal lung contains a large number of macrophages both in the alveolar 
region and in the interstitial compartment. These phagocytic cells represent the 
first line of defence against invading microbes. Furthermore, they can 
internalize extracellular fluid, particulates and bind certain molecules on their 
cell surface (Campbell 1981). However, beside the protective role, there is a 
general agreement that monocytes and macrophages may amplify the 
inflammatory reponse in ALI/ARDS through the production and secretion of 
cytokines, chemokines and other pro-inflammatory mediators. Recent studies 
have demonstrated that the number of alveolar macrophages increases in the 
bronchoalveolar lavage fluid of ALI/ARDS patients, a finding which was 
associated with improved surival rate. This observation raised the hypothesis 
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that macrophages also may play a beneficial role in the resolution of 
ALI/ARDS (Pittet 1997). Support for this theory is the fact that macrophages 
are involved in the repair process by the production of platelet-derived growth 
factor (PDGF) which stimulates fibroblast proliferation (Bitterman 1992). 
Furthermore, they may release transforming growth factor-alpha (TGF-α), of 
importance for endothelial migration and growth (Madtes 1988).  
 
Neutrophils 
Neutrophils are granular cells which have the capacity to engulf 
microorganisms by phagocytosis. Lung lavage in normal subjects yields 
normally only a few percent neutrophils (Sandström 1992). However, a 
subpopulation of circulating neutrophils is always present within the 
pulmonary microvasculature. Upon activation, these neutrophils quickly 
upregulate specific adhesion molecules and may then adhere to the 
counterreceptors on the endothelium and migrate into lung tissue (Wallace 
2002). Several substantial, but indirect pieces of evidence derived from autopsy 
studies implicate neutrophils in the pathogenesis of ALI/ARDS. Firstly, in 
most patients with ARDS the percentage of neutrophils in lavage fluid is 
markedly increased (Simon 1992). Secondly, several studies document that 
circulating neutrophils are activated in ARDS (Partrick 1996). Activated 
neutrophils have the capacity to release elastase, myeloperoxidase and reactive 
oxygen species (ROS) in order to kill invading microorganisms. The ROS 
include the superoxide anion (O2-), hydrogen peroxide (H2O2), hydroxyl radical 
(OH), singlet oxygen and other radicals, all of which can be potentially harmful 
to other cells. When produced in excessive amounts, or when anti-oxidant 
defence is insufficient, radicals can damage DNA, lipids, proteins and 
carbohydrates (Gillissen 1998).  
However, occasional reports have shown that ALI/ARDS can occur in 
neutropenic patients, a finding that has caused controversies about the role of 
neutrophils in the pathogenesis. Moreover, experimental animal models have 
revealed evidence that bacterial endotoxin can produce lung injury independent 
of neutrophils. The underlying mechanism(s) for these observations has not 
been thouroughly investigated but a plausible explanation may be a direct 
action of endotoxin on the endothelium (Winn 1987). These findings suggests 
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that the neutrophils are important, but not an essential component in the 
injurious response.  
 
Lymphocytes 
Three broad classes of lymphocytes are identified: T (thymus-derived) 
lymphocytes, which have important function in orchestrating immune 
responses and also involved in direct effector functions, such as the lysis of 
pathogen-infected cells. B lymphocytes, which are antibody-secreting cells. NK 
(Natural Killer) cells,  acting as important components of innate immunity with 
a role in the host response to pathogens and defence against tumour cells. 
T cells may be divided into two distinct classes based on cell surface receptor 
expression. The majority of T cells express T cell receptors (TCR) consisting of 
α and β chains (αβ T cells). A small group of T cells express TCRs made up of 
γ and δ chains (γδ T cells). αβ T cells are composed of two sub-groups: those 
that express the co-receptor molecule CD4 (helper T cells) and those that 
express CD8 (cytotoxic T cells). The CD4+ T cell can be divided into two 
subsets, Th1 and Th2, as defined by their production of different cytokines.  
Lymphocytes are believed to interplay with the innate immune system to 
successfully identify and eliminate harmful agents. Cytotoxic T cells have been 
shown to have a critical role in immune clearance of infections with 
intracellular pathogens (Walker 2001) and CD4+ T cells are believed to 
enhance elimination of bacteria from the lungs through recruitment and 
activation of macrophages and neutrophils (Dunkley 1995 and Dsouza 1994). 
Furthermore, intraepithelial γδ T cells has been shown to protect the host from 
pathogenic (Nocardia asteroides) as well as nonpathogenic (ozone exposure) lung 
inury by modulation of the inflammatory response to epithelial necrosis (King 
1999).  
However, it has also been suggested that lymphocytes are involved in certain 
airway diseases such as sarcoidosis, asthma and tuberculosis (Berman 1990 and 
Wahlström 2001). In animals, ALI has been provoked by intravenous 
administration of activated CD4+ T cells of Th1 phenotype (Clark 1998 and 
Dixon 2000). Further evidence for an aggravating role of lymphocytes in acute 
inflammatory responses is the finding that NK cells have a critical role in the 
development of lethal septic shock in animals (Ogasawara 1998). 
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Intriguingly, the concentrations of total IgE have been demonstrated to be 
significantly elevated in a group of 32 trauma patients when compared to 
healthy controls. In this trauma group, total IgE concentrations were 
significantly greater in 18 patients that developed sepsis syndrome compared 
with those that did not (DiPiro 1992). These data suggest that humoral 
immunity may be involved in the pathophysiological response to major 
traumatic insults and the sepsis syndrome.  
Taken together, the studies reviewed in this section demonstrate that 
lymphocytes exert beneficial effects in the host response to pathogens, but may 
in some cases also contribute to lung injury. Surprisingly, there is still a major 
lack of knowledge about the involvement of lymphocytes in the pathogenesis 
of ALI and ARDS.   
 
Cytokines and chemokines 
Cytokines are polypeptides that transmit signals between or within cells. A 
number of different cell types can produce cytokines including macrophages, 
monocytes, neutrophils, endothelial and epithelial cells. Excessive or 
unregulated release of cytokines might result in unwanted systemic and/or 
local effects that may cause ALI or ARDS. 
The inflammatory process is regulated by the early reponse cytokines (TNF-α 
and IL-1β) and the chemokine IL-8, which are suggested as key mediators 
involved in the pathogenesis of ALI/ARDS (Downey 1997). TNF-α is 
primarily produced and released by alveolar macrophages or monocytes in 
response to an inflammatory stimulus. IL-1β is produced and released from 
alveolar macrophages, monocytes or from the vascular endothelium in reponse 
to TNF-α stimulation. These early reponse cytokines induce an intricate 
cascade of events which includes the production and release of IL-8 from 
monocytes, alveolar macrophages, neutrophils, epithelial cells, fibroblasts or 
endothelial cells. IL-8 mediates its biological effects as a potent 
chemoattractant for neutrophils and lymphocytes. TNF-α and IL-1β induce 
sequestration of these neutrophils by inducing synthesis of adhesion molecules 
(ICAM-1) on the endothelial cell and, furthermore, activate the neutrophil 
which leads to degranulation (Strieter 1994). Some studies have reported a 
significant correlation between serum TNF-α levels and the mortality 
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associated with sepsis (Waage 1987 and Girardin 1988) In contrast; other 
studies have shown that plasma concentrations of TNF-α revealed no 
predictive value for the development of ARDS (Marks 1990, Roten 1991, 
Hyers 1991). One explanation might be that the release of TNF-α occurs early 
in the disease course, making its detection difficult. IL-1β has been less 
investigated than TNF-α, but studies in a group of trauma patients have 
revealed increased BAL fluid levels of IL-1β in patients who eventually 
developed ARDS compared with those who did not (Suter 1992 and Siler 
1989). Several studies have revealed markedly elevated levels of IL-8 in the 
edema fluid of patients with ARDS compared with patients with hydrostatic 
edema (Miller 1996 and Miller 1992). Besides TNF-α, IL-1β and IL-8, a 
plethora of other cytokines are produced in the host during the inflammatory 
reponse, all participating more-or-less to the injurious response. 
  
Direct injury 
In some cases of ALI/ARDS, the pathogenesis is more easily understood, as 
when a toxic agent directly injures cells in the capillary-alveolar wall. As 
previously mentioned, inhalation exposure to nitrogen dioxide, ozone, 
phosgene or mustard gas leads to inhalation intoxication that might result in 
ALI/ARDS. In general, these substances dissolve poorly in mucus and 
therefore reach distal airways, primarily exerting their damaging effects in the 
alveoli and bronchial terminates (Meulenbelt 2002). Mild injury causes swelling 
of type I epithelial cells and endothelial cells, with the development of a more 
permeable barrier. Severe injury causes epithelial and endothelial destruction, 
leaving large areas of denuded basement membrane which results in an influx 
of plasma and subsequently inflammatory cells that causes ALI, or in the worst 
scenario ARDS (Campbell 1981).  
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Pharmacological treatment 
 
Corticosteroids 
Corticosteroids are anti-inflammatory drugs that have been suggested as 
possible therapeutic drugs to alleviate the undisputible inflammatory 
mechanism in the pathogensis of ALI/ARDS. Corticosteroids down-modulate 
the inflammatory response by reducing the cytokine cascade. They exert this 
effect by inhibiting the activation of the transcription factors activator protein-
1 (AP-1) and nuclear factor-κB (NF-κB) (Barnes 1996 and Karin 1996). 
Corticosteroids have also the capability of inhibiting IL-1 activity through the 
induction of soluble IL-1 receptors (Re 1994). Furthermore, they have 
membrane-stabilizing effects on the endothelium (Cronstein 1992) and 
downmodulate the expression of adhesion molecules on these cells (Schleimer 
1990).  
Despite these powerful anti-inflammatory effects, numerous clinical trials with 
corticosteroids have produced poor results. These studies have demonstrated 
no overall corticosteroid-induced change in mortality associated with ARDS 
(Bernard 1987), or the incidence secondary to sepsis (Luce 1988). Explanations 
for these poor results might be an incomplete understanding of the dose and 
duration of therapy and, furthermore, the optimal time of administration to 
control the inflammatory response (Cranshaw 2002). Nonetheless, it has been 
reported in one study that corticosteroids can alleviate fibrosis and facilitate 
recovery of ARDS when administrated in the fibrotic phase of the disease 
course (Meduri 1998).  
 
Antioxidants 
There is now convincing evidence that ROS plays a major role in mediating 
injury to the endothelial barrier of the lung in ALI/ARDS. Support for that 
scenario is the finding of increased levels of H2O2 in exhaled breath of patients 
with ARDS (Kietzmann 1993). In normal individuals oxidant productions are 
normally balanced by a number of antioxidants, including water-soluble 
molecules such as glutathione and lipid-soluble molecules such as Vitamin E 
(α-tocopherol: α-toc). It has been proposed that antioxidant defences may fail 
in ALI/ARDS and expose the lung tissue to oxidant damage. Gluthatione 
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mediates its antioxidative effect in the reaction: 2 GSH + ROOH → GSSG + 
ROH + H2O, which is catalyzed by the enzyme gluthatione peroxidase 
(Conner 1996). N-acetylcysteine (NAC) is a synthetic antioxidant mediating its 
effect as a precursor for gluthatione (Bernard 1991 and Meyer 1994). 
Furthermore, several studies have indicated that NAC have direct antioxidative 
effects and also displays immunomodulating properties (Sagara 1996, Sato 
1996). NAC has been shown to protect lung tissue against oxidative damage in 
different experimental animal models (Wagner 1989, Cuzzocrea 1999, Berend 
1985) as well as in a clinical study in which NAC improved static lung 
complience, vascular resistence and chest radiographic scores. Despite these 
promising results, further clinical studies with NAC treatment have failed to 
significantly improve mortality in ARDS patients compared to placebo groups 
(Bernard 1997, Jepsen 1992, Domenighetti 1997). However, one of these 
studies revealed a decreased duration of ARDS in surviving patients (Bernard 
1997), which suggests that NAC may benefit selected groups of ALI/ARDS 
patients.  
Nutritional antioxidants acting as free radical scavengers include Vitamin E, 
which is a lipid-soluble molecule. Vitamin E is considered as the principal 
antioxidant defence against lipid peroxidation in the cell membrane of 
mammals (De La Fuente 2000). Incorporated in the cell membrane, Vitamin E 
donates and electron and thus scavenges lipid radicals and lipid peroxides 
(Doelman 1990). Several experimental studies have demonstrated that Vitamin 
E has both antioxidative and anti-inflammatory properties (Demling 1995, 
Suntres 1996, Fan 2000). Clinical investigations with Vitamin E have been 
performed to improve immune responsiveness in middle-aged men and 
women and reduce the incidence and severity of infectious diseases in the 
elderly (Meydani 1992). Plasma levels of Vitamin E have been reported to be 
decreased after infection, trauma, burns and inflammatory reactions, indicating 
that this antioxidant is exhausted during acute tissue injury (Richard 1990). 
Taken together, these studies indicate that Vitamin E may be a drug of choice 
for treatment of ALI/ARDS. 
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Other pharmacological efforts 
As mentioned above, systemic inflammatory responses often lead to the 
development of ARDS. Attempts have been made to reduce the incidence of 
the syndrome by inhibiting the putative mediators. Hence, administration of 
IL-1 receptor anatagonist (Fischer 1994) and monoclonal antibodies against 
endotoxin (McCloskey 1994) and TNF-α (Abraham 1998) have been evaluated 
in clinical trials, but none of these studies reported any improvement in ARDS 
mortality.  
Administration of exogenous surfactant has been an effective treatment for 
neonatal respiratory distress syndrome. Based on these findings, observed 
surfactant abnormalities in ARDS encouraged the use of surfactant, but these 
clinical studies did not result in improved oxygenation or decreased mortality 
(Anzueto 1996). In recent studies, activated protein C has been shown to 
reduce the mortality in sepsis patients through anti-inflammatory and anti-
coagulant mechanisms (Bernard 2001, Matthay 2001).  
 
 

Animal models of ALI/ARDS 
 
Exposure to endotoxin 
Experimental animal models are useful tools for better understanding of the 
underlying mechanisms of ALI/ARDS and may be helpful in development of 
therapy to prevent the human disease. A plethora of models has been used to 
elicit ALI/ARDS in animals, but the most extensively used is inhalation 
exposure or systemic administration of bacterial endotoxin (lipopolysaccharide: 
LPS). Bacterial LPS is an essential structural component of the outer 
membrane of gram-negative bacteria. It consists of a lipid (lipid A) linked to a 
repeating disaccharide unit which varies in length between different bacterial 
species. Lipid A is the portion of the LPS molecule responsible for its 
biological properties. Studies in vivo as well as in vitro have demonstrated that 
the lipid A unit exhibits identical bioactivity as the whole LPS molecule 
(Morrison 1994, Rietschel 1992, Schletter 1995). In recent years, major 
advances have been made understanding how host cells recognize endotoxin. 



Animal models 

30 

Circulating LPS binds to LPS binding protein (LBP) which is produced by 
hepatocytes and is increased 10-20 fold during the acute phase response. The 
LPS-LBP complex, in turn, binds to membrane-bound CD14 expressed on 
monocytes, macrophages and to a lesser extent on neutrophils (Rylander 2002 
and Bannerman 1999). Many studies have implicated CD14 as the major LPS 
receptor molecule (Ulevitch 1994, Ulevitch 1995, Viriyakosol 1995). However, 
CD14 is unable to initiate signal transduction events and subsequent cellular 
activation due to the lack of a membrane-spanning domain (Read 2001). 
Recently, a family of toll-like receptors (TLRs) has been identified. Ten human 
toll receptors have been described to date, and these TLRs respond to 
different bacterial components (Read 2001). By using C3H/HeJ mice, which 
are hyporesponsive to LPS, it was discovered that these mice had a point 
mutation within the coding region of the TLR4 gene which was responsible for 
the hyporesponsiveness (Quereshi 1999 and Poltorak 1998). There is now a 
general agreement that CD14 facilitates the contact between LPS+LBP and 
TLR4 as first suggested by Jiang and coworkers (Jiang 2000). The key feature 
of TLRs is that they initiate a sequence of cytoplasmic interactions upon 
activation that results in release of nuclear transcription factors inducing the 
pro-inflammatory response.  
 
Animal models of endotoxin inhalation   
In animals, lung effects following intratracheal instillation or exposure to 
aerosolized LPS are characterized by edema formation and production of pro-
inflammatory cytokines/chemokines preceding neutrophil recruitment to lung 
tissue and BALF (Kawabata 2000, Johnston 1998, Ghofrani 1996). Exposure 
to moderate doses LPS has been used as a prototypic model of ALI in several 
studies (Kang 2001, Ingenito 2001) and intratracheal administration of high 
doses in rats has been suggested as a relevant model of ARDS in one study 
(van Helden 1997). These rats demonstrated increased microvascular 
permeability reflected by edema and elevated levels of proteins as well as LDH 
in BALF. Moreover, increased number of neutrophils in BALF, impaired 
surfactant status, changes in breathing pattern and a gradual development of 
respiratory failure with decreased compliance was observed.  
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Systemic administration of endotoxin 
LPS is widely considered as the principal agent responsible for the septic shock 
syndrome in humans, due to its powerful activating effect on the innate 
immune system. Injection of LPS intraperitoneally (i.p) or intravenously (i.v) 
into animals induces a septic schock resulting in injury to various organs, 
including the liver (Jaeschke 1991) and the lung (Heremans 2000). Infusion of 
live Escherichia coli bacteria has also been used to elicit septic shock syndrome in 
baboons and rabbits (Matute-Bello 2001, Jansen 1998). The inflammatory 
response following infusion of live bacteria or systemic injection of LPS is 
characterized by elevated concentrations of cytokines/chemokines in the 
circulation and coagulation abnormalities (Kabir 2002, Jourdain 1997, Welty-
Wolf 2001). Secondary lung inflammation following the systemic inflammatory 
response is characterized by lung tissue infiltration of neutrophils, pulmonary 
edema and impaired oxygenation of the blood (Jourdain 1997, van der Poll 
1997, Gatti 1993, Kabir 2002).  
Altogether, these animal models clearly demonstrate that direct (pulmonary) or 
indirect (systemic) challenge by endotoxin may cause lung tissue damage that 
are severe enough to qualify as ALI or ARDS.  
 
Two-hit models 
One theory is that ARDS caused by an indirect insult can be explained through 
a two-hit hypothesis. The concept of this theory is that an initial trauma 
increases host vulnerability to a subsequent, otherwise moderately harmful 
challenge. Several clinical findings exist which support this hypothesis. For 
example, neutrophils recovered from trauma patients are primed, as shown by 
the increased release of superoxide anion, proteases and cytokines in response 
to formyl-methionyl-leucyl-phenylalanine when compared to healthy controls 
(Zallen 1999, Botha 1995). 
In animals, several attempts have been made to mimic a clinically relevant 
situation and thus investigate the validity of the two-hit hypothesis. In rats, 
hemorrhagic shock has been shown to prime for increased expression of the 
chemokines CINC and MIP-2 as well as fibrin deposition in lung tissue in 
response to intratracheal instillation of LPS early after shock (Fan 1998, Fan 
2000). In pigs, a two-hit model of hemorrhagic shock and sepsis resulted in 
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increased pulmonary arterial pressure and pulmonary vascular resistance 
(Eissner 2002). Intestinal ischemia/reperfusion followed by septic shock 
increased mortality in rats when compared to either challenge alone (Grotz 
2001). In another study, an attempt was made to evaluate the effect of 
aspiration of gastric contents followed by nosocomial pneumonia. The results 
demonstrated that intratracheal instillation of acid in rats followed by LPS 
enhanced the inflammatory response and edema formation in the lungs when 
compared to either agent given alone (Yamada 2000). Further support for the 
hypothesis that various traumatic insults can prime host cells for an exaggered 
response is the fact that burn injury in rats has been shown to enhance the ex 
vivo production of TNF-α in macrophages (Williams 1994).  
However, several studies have demonstrated that exposure to low doses of 
LPS may down-modulate the inflammatory response after a second LPS 
challenge. This finding has been denoted “LPS tolerance” and it has been 
demonstrated that this phenomenon correlates with down-regulation of TLR4 
expression on macrophages (Nomura 2000). Thus, it appears that the 
magnitude of the initial insult and the time-point of the second challenge are 
crucial for an altered response. 
 
Shwartzman reaction  
Almost 50 years ago, Gregory Shwartzman at the Mount Sinai Hospital in New 
York discovered an interesting two-hit phenomenon. He observed that 
subcutaneous (s.c) injection of Salmonella typhi culture filtrate in rabbits caused 
hemorrhagic necrosis, inflammatory cell recruitment and edema formation at 
the site of s.c injection when an intravenous challenge of endotoxin was 
administrated 20-24 h later. This reaction is now universally identified as the 
“Local Shwartzman Reaction” (LSR). The first subcutaneous injection in the 
local Shwartzman reaction is called the “preparative challenge” and the 
systemic challenge is denominated the “provocative challenge”. Intriguingly, 
pregnancy and tumours have been demonstrated to act as Shwartzman 
preparative conditions in animals (Mori 1983).  
Subsequently, a similar kind of phenomenon was described when both the 
preparative and provocative injections of endotoxin were injected systemically 
20-24h apart. This reaction has been denominated the “Generalized 
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Shwartzman Reaction” (GSR) (Bronza 1990). The most important pathological 
finding in the generalized Shwartzman reaction is fibrin thrombosis in many 
small vessels of various organs with the subsequent development of necrosis, 
in many cases leading to fatal organ failure. The local and generalized 
Shwartzman reactions have often been used as basic models in experimental 
immunology and are often regarded as: “a kind of mad cousin of proper 
immune reactions” (Bouvier 1972). However, attempts have been made to 
identify human counterparts of the Shwartzman reaction. Some cases of 
bilateral renal cortical necrosis and acute hepatic necrosis have been suggested 
as clinical manifestations of the Shwartzman reaction. Both are characterized 
by intravascular coagulation, tissue necrosis, hemorrhage and inflammatory cell 
infiltration. The pathological similarities between these diseases to the 
Shwartzman reaction has motivated scientists to speculate that the Shwartzman 
reactions in humans can occur either as a “single organ” type or as multiple 
organ failure (Mori 1983). A condition often associated with multiple organ 
failure is disseminated intravascular coagulation. Robbins and Angell stated 
that “disseminated intravascular coagulation is the human equivalent of the 
experimentally produced generalized Shwartzman reaction” (Robbins 1976). 
Thus the generalized Shwartzman reaction has often been used as an 
experimental animal model of disseminated intravascular coagulation or 
multiple organ failure (Grossman 1983, Koide 1997, Koide 1996, Toh 1993). 
In one study, a slightly modified  generalized Shwartzman reaction in rabbits, 
involving the systemic injections of LPS spaced 36h apart, has been used an 
experimental model of septic lung disease (Miyata 1993).  
A local Shwartzman reaction has been produced in animal lungs by 
intratracheal instillation of endotoxin as the preparative challenge followed by a 
systemic provocative injection. This model has been used as a “human-like” 
model of idiopathic pulmonary hemorrhage (Shiga 1985). Furthermore, a LSR 
produced in the lung has been investigated as a model of ALI (Imamura 1997) 
as well as ARDS (Yokoi 1997). Taken together, these studies demonstrated 
increased lung edema formation, accumulation of neutrophils in lung tissue, 
fibrin deposition in the alveolar space and marked destruction of the 
pulmonary architecture resulting in severe hypoxia.  
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Other animal models of ALI/ARDS.  
Despite the major focus on LPS, it is now generally agreed that other microbial 
products, structurally different from LPS, may activate an inflammatory 
response. It has been suggested by Kengatharan et al. that approximately one 
third of all cases of sepsis are caused by gram-positive organisms (Kengatharan 
1998).  
In animals, bacterial DNA has been demonstrated to cause septic shock and 
bacterial lipoprotein has been shown to act synergistically with LPS to induce 
lethal shock (Sparwasser 1997, Zhang 1997, Cowdery 1996). Furthermore, 
exotoxins produced by both gram-positive and gram-negative bacteria have 
been demonstrated to synergistically induce lung injury in combination with 
endotoxin (Schütte 1997, Blank 1997, Walmrath 1996).  
Another extensively studied model of ALI/ARDS is the systemic 
administration of oleic acid to animals. This model is characterized by an early 
(1h) accumulation of neutrophils, altered surfactant composition and 
profoundly disrupted alveolocapillary barrier (Davidson 2000, Hussain 1998).  
Inappropriate ventilation in humans needing supportive care might cause 
ventilator-induced lung injury. This mechanically induced injury has been 
shown to induce an inflammatory response in the lungs of animals (Chimuello 
1999, Imai 1999).  
Different models have also been used to induce ALI due to inhalation of toxic 
agents. Inhalation of the cytostaticum bleomycin induces a lung injury often 
used as an experimental model of pulmonary fibrosis (Maeyama 2001, Savani 
2000).  
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Aims of the thesis 
 
The overall aim of the present thesis was: 
 
* To use experimental murine models of ALI/ARDS to study therapeutic 
effects of drugs and to describe the inflammatory response, as well as 
mechanisms involved in the pathogenesis of the syndrome. 
 
 
 
The specific aims were: 
 
* To clarify the role of neutrophils in the pathogenesis of ALI/ARDS by using 
murine experimental models. 
 
* To investigate if lymphocytes are involved in the inflammatory response 
following inhalation exposure or systemic administration of LPS. 
 
* To compare the therapeutic effect of corticosteroid treatment at different 
time-points and doses in murine models of ALI/ARDS. 
 
* To evaluate the antioxidative and anti-inflammatory effects of the 
antioxidants N-acetylcysteine and Vitamin E.  
 
* To examine if a generalized Shwartzman reaction can display similar 
pathophysiological features in mice as are observed in human ARDS.  
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Methodological considerations 
 
Detailed descriptions regarding methods used in this thesis are included in 
papers I-IV. In this section, only a brief summary of methodological principles 
and considerations is given. 
 
Animals 
Female C57Bl/6Jbom mice (age: 10-12 weeks) (M&B A/S, Ry, Denmark) were 
used in all experiments in papers II, III and IV. In paper I, female 
C57Bl/6Jbom mice from M&B were used for studies of dose-response and 
kinetics but for investigation of T- and B-lymphocyte involvement, knock-out 
(KO) mice were purchased from Jackson Laboratories (Bar Harbor, Maine) 
and bred in our animal facility. The T cell-receptor-deficient mice were of 
C57Bl6 origin while mice lacking functional B-cells were of strain C57BL/10. 
Five mice per cage were housed and allowed to acclimatize for seven days prior 
to the experiments with food and water provided ad libitium. 
 
LPS challenge  
In papers I, II and III, animals were exposed to aerosolized LPS (Escherichia 
coli, Sigma) for 15min using a nose-only Batelle exposure chamber. The LPS 
aerosol was generated by a compressed-air Collision six-jet nebulizer at airflow 
of 7.4 liters/min. This experimental setting yielded a particle size of 0.1 to 
0.3µm with a lung deposition of approximately 20% (Koch 1999). In one 
experiment in paper II, we studied the lung inflammation secondary to septic 
shock and thus injected 400µg LPS (dissolved in 0.5ml PBS) intraperitoneally 
(i.p) into the animals. In paper IV, we elicited a generalized Shwartzman 
reaction in the mice by a preparative i.p injection of 100µg LPS dissolved in 
0.5ml of PBS, followed 20 hours later by a provocative injection of 100µg LPS 
(0.5ml). 
 
Administration of drugs. 
Administration of N-acetylcysteine (NAC) and dexamethasone was performed 
through i.p injection either 1 hour before LPS challenge or as a therapeutic 
approach 1 hour after exposure to LPS (paper I). We also administrated NAC 
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throughout the experimental period in one experiment using 5 injections, 
starting 1 hour prior to LPS challenge. Instillation of NAC directly into the 
lungs was also performed in one experiment in paper I.  
In papers III and IV, Vitamin E (α-tocopherol: α-toc) or dexamethasone was 
injected i.p 1 hour after LPS challenge, except for the studies of the drug effect 
on NF-κB and AP-1 activation and the subsequent production of 
cytokine/chemokine mRNA expression in lung tissue (paper III). Results in 
paper II showed that pre-treatment with dexamethasone inhibited the mRNA 
expression of cytokines and chemokines in lung tissue. Based on these results, 
we also used a pre-tretreatment protocol for those experiments in paper III, to 
be able to compare our results with the results from paper II.  
NAC and dexamethasone was dissolved and administered in 400µl saline 
(paper I). Different doses of NAC were studied and the highest concentration 
caused an acidic pH of the solution that was adjusted by adding NaOH.  
Given the fact that Vitamin E is a lipid-soluble molecule that is poorly soluble 
in saline, this drug was incorporated into liposomes (papers III, IV). Vitamin 
E-encapsuled liposomes were prepared as described by Suntres and Shek 
(Suntres 1996) with some minor modifications. One ml of liposomes dissolved 
in PBS was injected into the mice. In one experiment, a combination treatment 
was performed with 400µl dexamethasone and 1 ml Vitamin E. Appropriate 
control groups receiving saline (paper I) or empty liposomes (papers III and 
IV) were included to the protocol in each experiment.     
 
Flow cytometry 
Cells obtained from bronchoalveolar lavage (BAL) were analyzed with a 
FACSort flow cytometer (Becton Dickinson). The number of granulocytes 
accumulated in BALF and the spontaneous granulocyte production of oxygen 
radicals was analysed by flow cytometric double-staining using the GR-1 
MoAb labelled with phycoerythrin (PE) combined with the ROS-sensitive 
probe H2DCF-DA (FITC). In preliminary experiments, H2DCF-DA, 
hydroethidine and dihydrorhodamine were investigated as possible indicators 
for the oxidative burst produced by granulocytes. Based on the fact that 
H2DCF-DA demonstrated the most reproducible results, this molecule was 
used in all experiments involving oxidative burst in this thesis. In addition to 
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neutrophils, the GR-1 MoAb might bind to eosinophils and bone marrow 
monocytes. We therefore performed a standard cytospin staining (May-
Grünewald Giemsa) confirming that the GR-1+ cells were neutrophils. After 
BAL, total leukocytes in BAL fluid were counted and 2x105 cells from each 
animal were used. The cells were preincubated with H2DCF-DA before adding 
the granulocyte-specific GR-1 antibody. The number of granulocytes in BALF 
was determined by analysing the percentage of positive cells in FL2. The 
production of oxygen radicals in gated granulocytes was determined by 
calculating the median fluorescence in FL1. 
 
Immunohistochemistry  
In papers III and IV the accumulation of neutrophils in lung tissue was 
determined by immunofluorescence staining. Frozen lung tissue (7µm) was 
serially sectioned and mounted on superfrost slides. In paper III, we observed 
that most alveoli were collapsed, which made the scoring procedure somewhat 
difficult. Thus, in paper IV we inflated the lungs with 300µl O.C.T (Tissue-Tek 
O.C.T compound) diluted 1:3 in PBS before dissection of the lungs. This 
method maintained the pulmonary structure and prevented collapse of the 
alveoli. After mounting, slides where incubated with the granulocyte-specific 
GR-1 primary antibody or anti-CD11b antibody followed by incubation with a 
FITC-conjugated or PE-conjugated secondary antibody respectively. In paper 
III, the numbers of GR-1+ and CD11b+ cells in lung blood vessels and in the 
lung tissue were scored. In paper IV, only scoring of lung tissue neutrophilia 
was performed.   
 
Edema formation 
Microvascular permeability can be determined by the in vivo administration of 
Evans blue dye, analyses of protein content in BAL or as the wet-to-dry lung 
weight ratio. All these methods are valuable tools to determine microvascular 
permeability and the method chosen is a matter of personal preference. In 
papers III and IV in this thesis, we measured lung edema formation by 
calculating the wet/dry lung weight ratio. Lungs were dissected and cleared of 
extrapulmonary tissue followed by rinsing in PBS to remove contaminating 
blood. Excessive PBS was removed by careful drying on tissue paper which is 
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crucial for achieving reproducible results. Lungs were weighed (wet weight) 
followed by a second weighing after an overnight drying at 50°C (dry weight). 
 
LDH 
Lactatedehydrogenase (LDH) is a cytoplasmatic enzyme that is only detected in 
BALF in the presence of dead or damaged lung cells (Drent 1996). 
Measurement of the extracellular appearance of LDH in BALF is a useful tool 
to determine pulmonary epithelial cell injury, which may arise as a consequence 
of lipid peroxidation and release of other reactive oxygen species.  
In paper III we evaluated the protective efficiency of treatment with Vitamin E 
on lung cell injury. We used a commersially available LDH assay (Sigma) to 
determine the activity of LDH in the supernatant of BAL fluid. This method 
determines LDH activity based upon the oxidation of lactate to pyruvate and 
reduced nicotinamide adenine dinucleotide as end-products. The reaction 
results in an increase absorbance at 340nm, which is directly proportional to 
the LDH activity in the sample.  
 
PCR 
The reverse-transcription polymerase chain reaction (RT-PCR) is a method to 
amplify and measure levels of mRNA expression in cells. The specifity of PCR 
amplification is based on two oligonucleotides primers flanking the DNA 
segment of interest. Temperature cycling induces annealing (binding of primers 
to template), extension (synthesis of complementary DNA) and denaturation 
(heat-induced separation of the synthesized double strands). After multiple 
rounds of amplification, the material produced during the PCR reaction can be 
run on a gel and visualised in UV-light by ethidium bromide staining. In papers 
I and II we used this method to investigate cytokine and chemokine mRNA 
expression in lung tissue. In paper III, we used real-time PCR (TaqMan), which 
is a method based on the ordinary PCR but with sybr green added to the 
reaction, which gives the opportunity to detect fluorescent-amplified products 
as they accumulate instead of at the end of the rection. A great advantage using 
this technology is the fact that the real-time reaction is insensitive to number of 
cycles so that a semi-quantitative estimation can always be obtained from the 
reaction curve. 
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EMSA 
Electrophoretic Mobility Shift Assay (EMSA) is used to detect the interaction 
of DNA binding proteins with their DNA recognition sequences. In paper III, 
nuclear protein extracts prepared from frozen lung tissue were incubated with 
a radiolabelled DNA probe. The protein-DNA complex was separated from 
the free probe by migration through a polyacrylamide gel, with the complexes 
migrating more slowly. Intensity of bands corresponding to the transcription 
factors NF-κB and AP-1 were determined using an image analyzis system. 
 
ELISA 
Measurement of the systemic concentrations of cytokines in paper IV was 
performed using commercially avalible cytokine ELISA kits (R&D Systems). 
Mice were anesthetized and blood was recovered from the animals using 
orbital puncture. Blood was allowed to clot at room temperature and the 
concentrations of cytokines in serum was analysed as recommended by the 
manufacturer, with some minor modifications. 
 
Analysis of respiratory function 
In paper IV we analysed the respiratory function in animals with a generalized 
Shwartzman reaction. To assess lung function we used plastic animal holders 
and rubber membranes around the neck of the animals that separated the front 
nose-only, head-out exposure section from the rear plethysmographic 
compartment of the holder. The benefit of using this experimental setting is 
that we were able to determine respiratory function in conscious, 
spontaneously breathing mice. The breathing pattern was determined using the 
Lfx-system and enabled us to record the tidal and minute volumes of five 
animals simultaneously. After acclimatisation in the holders, breathing patterns 
were recorded for 10min. Final data from each animal was expressed as the 
mean of ten minute values. 
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Main results and discussion 

 
Generalized Shwartzman reaction as an animal model of  

acute respiratory distress syndrome (IV). 
As previously mentioned, the incidence of ARDS is especially high in sepsis. 
The inflammatory response during this condition often leads to a widespread 
endothelial injury named the Multiple Organ Dysfunction Syndrome (MODS), 
and it has been suggested that ARDS is simply the pulmonary manifestation of 
the MODS (Nuytinck 1985). One hypothesis is that MODS may occur after 
sequential insults. As described earlier, the concept of this two-hit theory is 
that a traumatic insult can prime for a response rendering the host more 
susceptible to a second, otherwise moderately harmful challenge (Sauaia 1996). 
This scenario can be fitted into a clinically relevant situation where a trauma 
patient is at risk for a second insult, either extra-pulmonary or nosocomial 
infections, or through ventilator-associated pneumonia. Consistent with this 
hypothesis, autopsy studies of patients who failed to survive ARDS have 
revealed that pneumonia is present in as many as 70% of the patients 
(Niederman 1996). Other studies have pin-pointed that the incidence of ARDS 
rose dramatically when several predisposing risk factors were present (Fowler 
1983).  
Based on these findings, we hypothesized that a generalized Shwartzman 
reaction (GSR) could accurately portray a clinically relevant situation. 
Experimental GSR is an often lethal two-hit shock model induced by two 
consecutive systemic injections of endotoxin administered 18-24 hours apart. 
Pathophysiology of the generalized Shwartzman reaction is characterized by 
perivascular accumulation of neutrophils, hemorrhage, necrosis and 
disseminated intravascular coagulation (DIC), a clinical picture often evident in 
ARDS and MODS (Levi 2001). It is thus possible that some cases of ARDS in 
humans occur as a Shwartzman-like reaction due to sequential hits of 
predisposing factors. In paper IV we used the generalized Shwartzman reaction 
and investigated if this experimental setting could prime for acute respiratory 
distress syndrome. Our aim was to investigate a possible relationship between 
the  generalized Shwartzman reaction in mice and human ARDS. We induced 
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the GSR in mice by administrating a preparative injection of 100µg LPS, 
followed 20 hours later by a provocative challenge of 100µg LPS. Our data 
revealed that the first injection of LPS resulted in a decreased tidal and minute 
respiratory volume when measured after 4 hours. After 20 hours, the minute 
volume was partly normalized, which can be interpreted as an ability of the 
mice to compensate the low tidal volume with a fast and shallow breading. The 
second injection resulted in dramatic decrease in tidal volume and minute 
respiratory volume 4 hours later, but these mice were unable to fully 
compensate the diminished tidal volume with an increased respiratory 
frequency. This unability to compensate most likely leads to a depressed 
oxygen saturation and may explain the 80% mortality observed after 30 hours 
in the group of mice receiving 100 + 100µg LPS.  
These observations motivated us to further study the lung pathophysiology 
during a GSR, in order to define the mechanism(s) for the dramatic decline in 
lung function. One hypothetical explanation for the loss of respiratory function 
might be formation of a massive lung edema after the provocative LPS 
challenge. Our data demonstrated that animals prepared for a generalized 
Shwartzman reaction developed a significant lung edema subsequent to the 
systemic LPS injection, a result which is in agreement with other studies on the 
lung effects of sepsis (Kabir 2002). However, contrary to our initial hypothesis, 
the rapid decline in lung function of mice with lethal GSR was not associated 
with aggravated lung edema when compared to animals receiving a single dose 
of LPS. A plausible explanation for this observation might be that mice 
injected with high doses of LPS reached a maximal response in wet lung 
weight and were thus unable to further increase the edema. Our results also 
demonstrated a widespread distribution of neutrophils in the lung interstitium 
7 hours after the injection of LPS, which is in agreement with a previous study 
(Kabir 2002). However, the provocative injection of LPS did not further 
increase the infiltration of neutrophils into the lung interstitium when 
compared to animals injected with a preparative dose alone (described in detail 
in the next section). 
In conclusion, we have demonstrated that the generalized Shwartzman reaction 
in mice exhibits a lung pathology that resembles clinical features of ARDS, as 
evidenced by acutely impaired respiratory function leading to mortality as well 
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as characteristic hallmarks of ARDS such as lung edema and interstitial 
neutrophil infiltration. Furthermore, previous studies of the GSR have 
demonstrated intravascular coagulation and tissue necrosis often occuring in a 
widespread distribution, which are pathological features often observed in 
human ARDS. Taken together, the results in our study combined with 
previous studies present pathophysiological and morphological similarities to 
human ARDS. It is thus possible that some cases of human ARDS occur due 
to a Shwartzman-like reaction. However, one must bear in mind that the 
generalized Shwartzman reaction model has some limitations before 
extrapolating our results to the human syndrome. For example, an optimal 
Shwartzman reaction is produced when the provocative challenge is 
administered 18-24h after the preparative challenge, implicating that the 
secondary insult in trauma patients must occur during this time interval. 
However, animal studies have demonstrated that less severe Shwartzman 
reactions can occur if the provocative challenge is injected before or after the 
18-24h interval.  
We argue that our experimental model can be used in future studies to evaluate 
new therapeutic strategies and to more thoroughly investigate the pathogenesis 
of respiratory distress following trauma.  
 

Lung neutrophilia in acute lung inflammation, septic shock and  
in the generalized Shwarzman reaction (I, II, III, IV). 

Inhalation of endotoxin is a commonly used experimental model of ALI 
caused by inhalation exposure. Inflammatory events following inhalation of 
endotoxin are characterized by the production of pro-inflammatory cytokines 
and chemokines in lung tissue with a subsequent recruitment of neutrophils. 
This inflammatory reponse has close resemblance to the observed pathology in 
many cases of ALI, which motivated us to systematically characterize this 
model in paper I. We exposed mice to various nebulizer concentrations of 
LPS, ranging between 0-1000µg/ml. At concentrations of 100 and 1000µg/ml, 
the number of neutrophils in BALF was significantly increased. The high dose 
(1000µg/ml) provoked a more severe and sustained inflammation than 
exposure to low-dose LPS (100µg/ml). The two doses did not differ 
significantly in neutrophil accumulation during the first 12h. However, at the 
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high dose, granulocytes continued to accumulate for a further 12h, while 
animals exposed to a low dose started to resolve the neutrophilic inflammation 
12h after LPS exposure. The BALF number of neutrophils were nearly 
normalized to pre-exposure levels within 48h for both doses. The powerful 
neutrophilic inflammation observed in mice exposed for the high dose LPS 
was sufficient to cause lung cell damage as measured by the increased LDH 
activity in BALF (paper III). Measurement of the extracellular appearance of 
the enzyme LDH is a useful parameter to determine pulmonary epithelial cell 
injury, which may arise as a consequence of ROS production by neutrophils. 
Our results in paper III demonstrated that a detectable increase of LDH 
activity in BALF was observed 22h after provocation, but only when mice 
where exposed to the high dose LPS (1000µg/ml). This time-point 
corresponds to the maximal amount of neutrophils in BALF observed at 24h 
in paper I, indicating that neutrophils are involved in tissue damaging events 
during an extensive acute lung inflammation.  
 
Administration of LPS intraperitoneally evokes a systemic shock, followed by a 
secondary lung inflammation. This experimental protocol is a commonly used 
murine model of ARDS (Kabir 2002). In one experiment in paper II, we used 
a single systemic injection of 400µg LPS and evaluated the number of 
neutrophils in BALF 20h after induction of the systemic shock. Our results 
demonstrated a moderate recruitment of neutrophils into airspaces using 
injection of LPS i.p as the inflammatory stimulus. The number of neutrophils 
in BALF was approximately 10 times less than the number observed in mice 
exposed to a low-dose aerosolized LPS, and 30 times less when compared to a 
high dose. However, in paper IV we observed a significant interstitial 
accumulation of neutrophils 7h after the mice were injected with a single dose 
of 100µg LPS. These results clearly demonstrate that the lung inflammation 
caused by a systemic injection of LPS is characterized by numerous neutrophils 
in the interstitium and a limited accumulation of neutrophils into airspaces.  
 
In our  generalized Shwartzman reaction protocol (paper IV), we compared 
lung tissue neutrophilia in mice injected with two consecutive i.p injections of 
100µg (t=0h and t=20h) to mice injected with 200µg at t=0h or 100µg at  
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t=20h. Immunofluorescence staining demonstrated a widespread distribution 
of neutrophils in the lung interstitium 7h after a single injection of 100µg LPS. 
These data indicate that the fast formation of lung edema in the GSR model 
(paper IV) is accompanied by accumulation of neutrophils in lung tissue. In 
animals injected with 200µg at t=0 h, the neutrophilia declined 27h later. Our 
respiratory data of these animals indicate that lung function improves when the 
inflammatory response resolves, suggesting that neutrophils play a role in the 
early edema formation and subsequent lung function decline. However, the 
provocative injection of LPS did not further increase the infiltration of 
neutrophils into the lung interstitium when compared to animals injected with 
the preparative dose alone. These data implicate that neutrophils are not solely 
responsible for the lethal decline in lung function after the second challenge. A 
similar lack of correlation has been demonstrated in other animal models 
(Delclaux 1997), as well as in sepsis patients, where it is reported that the 
severity of ALI is not associated with number of neutrophils in lung tissue 
(Kinoshito 1999). Furthermore, some studies have shown that ALI/ARDS 
may occur in neutropenic patients (Ognibene 1986). 
Altogether, our results in this thesis indicate that neutrophils cause tissue 
damage as indicated by edema formation and LDH release into BALF, but that 
the neutrophils are not the only mechanism involved in the lethal lung function 
decline observed during a generalized Shwartzman reaction.  
 

Activation of lymphocytes in endotoxin-induced airway inflammation 
and in the generalized Shwartzman reaction (I, IV). 

Inhalation of aerosolized endotoxin is assumed to primarily involve the innate 
immune system. Most research in this area has thus focused on the role of 
macrophages and their production of cytokines and chemokines. However, 
both synthesis of TNF-α in macrophages and recruitment of inflammatory 
cells are controlled, at least in part, by T cells, as demonstrated by the 
consequences of depletion of CD4+ cells before LPS challenge (Dsouza 1994). 
In that study, the decreased production of TNF-α following T cell depletion 
could be fully restored with the macrophage-activating cytokine IFN-γ, a 
cytokine primarily produced by T cells and NK cells. Enhanced levels of IFN-γ 
have been observed in sepsis, and administration of anti-IFN-γ antibody 
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enhanced survival through modulation of macrophages (Redmond 1991). 
Based on these findings, it is tempting to speculate that lymphocytes may have 
a role in the modulation of inflammatory responses occuring during the disease 
course of ALI/ARDS. However, the role of lymphocytes in ALI/ARDS is still 
remarkably unknown.  
In the first paper in this thesis, we investigated the role of different lymphocyte 
subsets in the acute inflammation caused by inhalation of endotoxin. The 
kinetics of gene expression in lung tissue of pro-inflammatory cytokines and 
chemokines was analyzed after exposure to aerosolized LPS. Our results 
demonstrated that a low-dose LPS (100µg/ml) induced an early (2h after 
exposure) and transient onset of genes for the chemokines MIP-1α, MIP-1β, 
MIP-2, MCP-1 and MCP-3. We also detected a similar pattern for TNF-α, IL-
1α, IL-1β, and IL-6, which are pro-inflammatory cytokines generally associated 
with early macrophage activation. At high dose exposure (1000µg/ml) we 
observed a significant but somewhat delayed mRNA expression of these 
cytokines and chemokines. Furthermore, we recorded a strong induction of the 
chemokines RANTES and eotaxin, the cytokines IL-12, IFN-γ, IL-10, IL-17, 
IL-2, as well as IL-2Ra, which is a cell surface marker for activated T cells. The 
cytokine IL-12, which is primarily produced by macrophages, induces cytotoxic 
activity and production of IFN-γ by T cells and NK cells (Wolf 1994). The 
chemokine RANTES as well as the cytokine IL-2 are primarily produced by 
activated T cells. Interestingly, we also recorded a strong expression of the T 
cell-derived cytokine IL-17 after exposure of high-dose LPS. This cytokine has 
recently been identified and has been shown in vitro to induce production of 
IL-8, the major chemoattractant for neutrophils in humans (Yao 1995). In 
addition, it has been reported that instillation of human IL-17 in rats 
significantly increases the number of neutrophils in the airways (Hoshino 1999, 
Laan 1999). To our knowledge, paper I in this thesis was the first study 
demonstrating that gene expression of IL-17 is induced in lung tissue after 
exposure to aerosolized LPS. Exposure to high dose LPS did not activate the 
Th2-associated cytokines IL-4 and IL-5, implying a contribution of T cells to 
the inflammatory process through a type 1 response. Our results indicate that 
low-dose exposure to endotoxin induces a macrophage-driven inflammatory 
response, while a high dose activated both macrophages and lymphocytes.  
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The enhanced and prolonged accumulation of neutrophils in BALF in animals 
exposed to a high dose (described in detail in the previous section) may thus be 
explained by a significant contribution of lymphocytes to the inflammatory 
response. This motivated us to investigate which lymphocyte subsets where 
involved in this response. We therefore used genetically modified mice (knock-
out mice: KO) which lacked functional αβ T cells, γδ T-cells, or both subsets 
(double KO mice), or B cells, respectively. Unfortunately, we were forced to 
exclude the αβ T cell and the double knock-out mice from the study because a 
health test revealed infection of Pneumocystis carinii in these animals. We also 
depleted NK cells in vivo through an i.p. injection of the pk136 Mab which 
recognizes the NK1.1 receptor. Our results demonstrated that neither γδ T 
cells, B cells nor NK cells, respectively, influenced the inflammatory response 
as measured by number of neutrophils in BALF. These results, together with a 
previous study (Dsouza 1994), indicate an exclusive contribution of CD4+ αβ 
T cells to the inflammatory response following LPS inhalation.  
 
In paper IV, we investigated the kinetics of cytokines in serum during the 
Shwartzman reaction. Injection of the preparative doses LPS (100 and 200µg) 
resulted in a cytokine response in serum characterized by increased levels of 
IL-1β, IL-6, IL-10 and IFN-γ after 4 hours, reaching a maximal concentration 
at t=20 hours (IL-6, IL-10 and IFN-γ) or t=4 hours (IL-1β). The provocative 
injection at t=20 did not further increase the serum concentrations of any 
cytokine analyzed in this study. The observation of a delayed peak 
concentration for IFN-γ indicates that Th 1 T cells and/or NK cells are 
activated by the systemic injection of LPS, probably as a consequence of the 
initial burst of pro-inflammatory cytokines. It is suggested by others that the 
hypersensitivity to the provocative LPS challenge in the Shwartzman reaction 
is attributed to IFN-γ (Ogasawara 1998). The results in our study support that 
hypothesis, given the fact that the peak of IFN-γ, 20 hours after the 
preparative injection, coincides with the optimal time-point for the provocative 
challenge (Brozna 1990). The definite role of IFN-γ in the generalized 
Shwartzman reaction is not yet defined, although other investigators have 
reported that IFN-γ stimulates the expression of important cell surface 
molecules on endothelial cells (Dustin 1986). Taken together, our results 
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support the hypothesis that lymphocytes are involved in the host response 
during acute inflammatory reactions, such as in sepsis and severe acute lung 
injury. The results in this thesis indicate that lymphocytes may potentiate or 
regulate the inflammatory response during the pathogenesis of human ARDS.  
 

Treatment with dexamethasone in experimental 
murine models of ALI/ARDS (II, III, IV). 

The model of acute lung inflammation characterized in paper I was used in 
paper II for treatment studies with the drugs dexamethasone and N-
acetylcysteine (NAC). We exposed the mice to an aerosol with the low dose 
LPS (0.1mg/ml), and used the accumulation of neutrophils in BALF 18h after 
provocation as the disease endpoint. Furthermore, spontaneous granulocyte 
production of oxygen radicals were analyzed by flow cytometric double-
staining using the ROS-sensitive probe H2DCF-DA. We also investigated the 
ability of the drugs to down-modulate the expression of cytokine and 
chemokines in lung tissue.  
A previous study in mice had revealed that treatment of dexamethasone at a 
dose of 2 x 5mg/kg efficiently inhibits LPS-induced inflammation (Lefort 
1998). Our results demonstrated a powerful reduction of neutrophils in BALF 
when mice were treated with dexamethasone (10mg/kg). Both prophylatic 
administration 1h before LPS exposure and, more importantly, therapeutic 
treatment 1h after disease onset, almost completely inhibited the accumulation 
of neutrophils in BALF. In papers II and III we also demonstrated that 
relatively low doses of dexamethasone down-modulate the neutrophilic 
response in airways after LPS exposure. In paper II, we treated mice with 
1mg/kg and in paper III we injected a suboptimal dose of 0.5mg/kg. Both 
these doses significantly decreased the number of recovered neutrophils in 
BALF when compared to control animals. 
Interestingly, the results in paper II also demonstrated that dexamethasone 
significantly reduced the spontaneous production of ROS in granulocytes. Our 
data indicated that this effect is probably due to blocking of early events in the 
inflammatory response. Previous studies have revealed that blocking of MIP-
1α might inhibit the activation of neutrophils. Besides MIP-1α, 
dexamethasone also down-modulated gene expression in lung tissue of  
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TNF-α, IL-1α, IL-1β, IL-6, IL-12, but not that of IL-10 or the chemokines 
MCP-3 and MIP-2.  
In paper II we also evaluated the effects of dexamethasone on secondary lung 
inflammation caused by septic shock. Animals pretreated with 10mg/kg 
dexamethasone and injected with 400µg LPS demonstrated significantly lower 
number of neutrophils in BALF compared to control mice.  Furthermore, 
results from paper IV indicated that dexamethasone also down-modulated the 
serum concentrations of cytokines after a systemic injection of 100µg LPS. 
Treatment with 10mg/kg dexamethasone in the generalized Shwartzman 
reaction revealed a clear-cut anti-inflammatory effect as indicated by the 
attenuated levels of IL-1β, IL-6 and IFN-γ. Taken together, these results from 
papers II and IV indicate that dexamethasone inhibits the systemic production 
of cytokines during sepsis and thus down-modulates the recruitment of 
neutrophils to the airways. However, our results in the two-hit generalized 
Shwartzman reaction model demonstrated that dexamethasone must be 
administered early in the disease course to be effective (paper IV). Late 
treatment with 10mg/kg dexamethasone revealed weak and not statistically 
significant improvement of respiratory function. 
In conclusion, our results in this thesis clearly document the powerful anti-
inflammatory effects of dexamethasone in various experimental murine models 
of ALI/ARDS. We have also demonstrated that dexamethasone can exert anti-
inflammatory effects at much lower doses than has been used in previous 
studies. Furthermore, we have shown that besides its anti-inflammatory 
properties, dexamethasone also exerts antioxidative effects. Our results also 
pin-point the importance of early treatment with corticosteroids following a 
traumatic insult that activates an inflammatory response. 
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Treatment with antioxidants in experimental  
murine models of ALI/ARDS (II, III, IV). 

Our aim in paper II was to evaluate the therapeutic effects of dexamethasone 
and N-acetylcysteine (NAC). Other investigators have reported significant anti-
inflammatory and anti-oxidative effects by NAC in various inflammatory 
conditions in animals, such as in collagen-induced arthritis (Kröger 1997, Tsuji 
1999), ARDS induced by hemorrhage (Fan 1998) or endotoxin shock 
(Blackwell 1996) and phosgene-induced lung injury (Sciuto 1995). As discussed 
in the introduction, NAC has also been used in clinical studies without 
improving mortality, but with some beneficial effects. Based on these results 
and combined with the results in animal studies, we considered that NAC 
could be a drug of interest as a therapeutic agent for ALI/ARDS, and thus 
thoroughly evaluated the anti-inflammatory and antioxidative effects of NAC 
in paper II. Treatment with NAC demonstrated reduction of granulocytes only 
when treated with the highest dose used in this study (NAC 500mg/kg). This 
result could not be reproduced in a subsequent experiment, which suggests 
that NAC displays only mild anti-inflammatory effects using this experimental 
protocol. An explanation for this result can be the fact that the half-life of 
NAC in the body is only 5-6h, which indicates a fast metabolism of the drug. 
In order to study if effective NAC treatment required a high level of the drug 
during the entire disease course, we administered NAC repeatedly 5 times with 
the doses NAC 100mg/kg or NAC 500mg/kg, starting with the first injection 
1h prior to LPS exposure. This protocol resulted in one experiment in which 
we observed a tendency to reduced neutrophil number in BALF, and one 
repeated experiment in which we observed a significant effect of both doses. 
We also investigated the effects of NAC on indirect lung inflammation caused 
by septic shock. Treatment with NAC resulted in a small, but statistically 
significant, reduction of neutrophils in BALF when compared to control 
animals. However, when compared to dexamethasone, the anti-inflammatory 
effect of NAC was weak, possibly explained by the fact that NAC did not 
down-regulate the expression of pro-inflammatory cytokine and chemokine 
genes controlled by NF-κB. In contrast to our initial hypothesis, treatment 
with NAC demonstrated only weak antioxidant effects as measured by the 
spontaneous ex vivo production of oxygen radicals by BALF neutrophils.  
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In paper III we investigated the therapeutic effects of the drug Vitamin E (α-
tocopherol: α-toc). Other investigators have demonstrated that in addition to 
its antioxidative properties, Vitamin E also exerts anti-inflammatory effects 
(Demling 1995, Suntres 1996, Fan 2000, Vojdovic 1985, Suntres 1997). 
Furthermore, plasma levels of Vitamin E have been reported to be decreased 
after infection, trauma, burns and inflammatory reactions, indicating that this 
antioxidant is exhausted during acute tissue injury (Richard 1990). Our results 
in paper III demonstrated that Vitamin E administered 1 h after aerosolized 
LPS significantly down-modulates neutrophilia in a dose-dependent manner. 
To our knowledge, this study was the first to document that therapeutic 
treatment with Vitamin E is useful in counteracting neutrophilia following 
inhalation of compounds activating an acute inflammatory response. 
Furthermore, we demonstrated that treatment with 50mg/kg Vitamin E 
protects against lung cell injury as measured by LDH activity in BALF and 
edema formation. Our results indicate that Vitamin E down-modulates airway 
inflammation through mechanisms different from those of corticosteroids.  
Analysis using electrophoretic mobility shift assays (EMSA) demonstrated that 
Vitamin E had no effect on either NF-κB or AP-1 binding activity. Neither did 
pre-treatment with Vitamin E down-modulate the LPS-induced expression of 
TNF-α, IL-1β or MIP-1α in lung tissue. But interestingly, in paper IV we 
analyzed the serum production of IL-1β, IL-6, IL-10 and IFN-γ in animals 
receiving a GSR (100+100µg LPS) and treated with 50mg/kg Vitamin E 
injected i.p 1h after the preparative injection, demonstrating a strong inhibition 
of IL-1β, IL-6 and IFN-γ in animals treated with Vitamin E. These results 
indicate a limited pulmonary uptake of Vitamin E when injected systemically 
and that the anti-inflammatory effects in the lung could be enhanced if the 
drug is delivered directly into the target tissue. In an attempt to elucidate the 
mechanism for the decreased number of neutrophils in BALF after exposure 
to aerosolized LPS and treatment with Vitamin E, we investigated the number 
of neutrophils in peripheral blood and in lung tissue. Our results showed that 
the number of cells in peripheral blood and lung blood vessels was unchanged 
compared to control animals, but that Vitamin E prevented the 
transendothelial migration of the neutrophils, as measured by the decreased 
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lung tissue neutrophilia in mice treated with Vitamin E (paper III). The 
mechanism(s) for blocking of transendothelial migration in mice treated with 
Vitamin E remains to be elucidated. However, previous studies have shown 
that Vitamin E blocks the adhesion of neutrophils to endothelial cells. 
Expression of the adhesion molecules ICAM-1 and VCAM-1 on endothelial 
cells as well as their counter-receptors CD11b/18 and VLA-4 on neutrophils 
and monocytes have been reported to be inhibited by Vitamin E in vitro (Islam 
1998, Yoshida 1999). 
We also investigated if treatment with Vitamin E could inhibit the spontaneous 
production of intracellular oxygen radicals in neutrophils. However, the 
inhibition of intracellular ROS formation was weak, indicating that this 
antioxidative effect is not a major mechanism for the protective properties of 
Vitamin E on lung injury (paper III). It is thus probable that the main 
antioxidative effect of Vitamin E is defence against lipid peroxidation in the 
cell membrane. 
Altogether, our results demonstrate that NAC has poor anti-inflammatory 
activity and that the anti-oxidative effects in our model were weak. But 
interestingly, Vitamin E demonstrated a dose-dependent down-modulation of 
the transendothelial migration of neutrophils and, in addition, protected against 
lung injury. These results suggest that Vitamin E, either alone or in 
combination with low doses of corticosteroids, might be effective for 
treatment of ALI/ARDS.  
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Final comments 
 

In this thesis, experimental animal models of ALI/ARDS have been used in 
order to achieve a comprehensive knowledge of which cells and mediators are 
involved in the pathogenesis of the syndrome. In addition, a major part of the 
work was focused on investigating the therapeutic effects of antioxidant and 
corticosteroid treatment in these models. 
  
Although this thesis has not identified the precise mechanism(s) underlying 
ALI/ARDS, the papers included have added new insights about involvement 
of neutrophils and lymphocytes in the disease course. The role of lymphocytes 
in the pathogenesis of ALI/ARDS is a research area that is still mainly 
unexplored. Results in this thesis have implicated participation of lymphocytes 
in some situations in the response to a major insult. Whether this involvement 
is beneficial to the host or contributes to the lung damaging events in patients 
with ALI/ARDS remains to be elucidated in future studies.  
The results also support the hypothesis that neutrophils may cause adverse 
effects when accumulated in excessive amounts in lung tissue. However, 
neutrophils appear not to be exclusively involved in the mortality during a 
generalized Shwartzman reaction. These data indicate that some other 
mechanism(s) also participate in the disease course during indirect ALI/ARDS. 
It is argued that the generalized Shwartzman reaction can be used in future 
studies as a complement to clinical investigations to fully characterize the 
events leading to indirect ALI/ARDS. Besides the definite role of lymphocytes 
and neutrophils, other mechanisms of possible importance such as 
intravascular coagulation and necrosis should be thoroughly investigated in 
future studies.  
 
Efforts to reduce the mortality of ALI/ARDS by treatment with antioxidants 
and corticosteroids have been fruitless to date. The results in this thesis 
confirm the hypothesis that corticosteroids are ineffective when administered 
during the acute phase of ARDS. However, the data also indicate that 
corticosteroids, when administrated very early after a direct or indirect insult, 
may be beneficial.  
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N-acetylcysteine has been administered to trauma patients in several clinical 
investigations without improving mortality. This is consistent with the results 
in this thesis, given the fact that we have only observed mild anti-inflammatory 
and antioxidative properties of N-acetylcysteine. However, this thesis also 
documented clear-cut anti-inflammatory and antioxidative effects of the 
antioxidant Vitamin E. This result motivates investigations of Vitamin E as a 
therapeutic drug in clinical studies aimed at protection of lung tissue during 
ALI/ARDS. One can speculate that the optimal treatment approach for 
ALI/ARDS will involve several separate drugs to alleviate different aspects of 
the pathogenesis. Future studies will reveal if Vitamin E is one of those drugs. 
 
Finally, although the disease course of ALI/ARDS appears to be complex, 
especially when caused by an indirect trauma, it is not an impossible task to 
elucidate the pathogenesis and the optimal treatment protocol to finally 
improve the chances of survival for patients with acute respiratory distress.  
 
 
 
 

“Now this is not the end. It is not even the beginning of the end. 
But it is, perhaps, the end of the beginning.” 

 
Sir Winston Churchill (1874-1965) 
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