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ABSTRACT 

It is well established that air pollution has detrimental effects on both human health as 
well as the environment. Exposure to ozone and particulate matter pollution, is associated 
with an increase in cardiopulmonary mortality and morbidity. Asthmatics, elderly and 
children have been indicated as especially sensitive groups. With a global increase in use 
of vehicles and industry, ambient air pollution represents a crucial health concern as well 
as a political, economical and environmental dilemma. 
Both ozone (O3) and diesel exhaust (DE) trigger oxidative stress and inflammation in the 
airways, causing symptoms such as wheezing, coughing and reduced lung function. The 
aim of this thesis was to further examine which pro-inflammatory signaling pathways that 
are initiated in the airways by ozone, as compared to diesel exhaust. Furthermore, to study 
the effects of these two ambient air pollutants in a sequential exposure, thus mimicking an 
urban profile. In order to investigate this in healthy as well as asthmatic subjects, walk-in 
exposure chambers were utilized and various airway compartments were studied by 
obtaining induced sputum, endobronchial biopsies, or airway lavage fluids. 
In asthmatic subjects, exposure to 0.2 ppm of O3 induced an increase in the cytokines 
IL-5, GM-CSF and ENA-78 in the bronchial epithelium six hours post-exposure. The 
healthy subjects, however, displayed no elevations of bronchial epithelial cytokine 
expression in response to the ozone exposure. The heightened levels of neutrophil 
chemoattractants and Th2 cytokines in the asthmatic airway epithelium may contribute to 
symptom exacerbations following air pollution exposure. 
When examining an earlier time point post O3 exposure (1½ hours), healthy subjects 
exhibited a suppression of IL-8 as well as of the transcription factors NFκB and c-jun in 
the bronchial epithelium, as opposed to after filtered air exposure. This inhibition of early 
signal transduction in the bronchial epithelium after O3 differs from the response 
detected after exposure to DE.  
Since both O3 and DE are associated with generating airway neutrophilia as well as 
causing direct oxidative damage, it raises the query of whether daily exposure to these two 
air pollutants creates a synergistic or additive effect. Induced sputum attained from 
healthy subjects exposed in sequence to 0.2 ppm of O3 five hours following DE at a PM 
concentration of 300 µg/m3, demonstrated significantly increased neutrophils, and 
elevated MPO levels, as compared to the sequential DE and filtered air exposure. 
O3 and DE interactions were further investigated by analyses of bronchoalveolar lavage 
and bronchial wash. It was demonstrated that pre-exposure to DE, as compared to 
filtered air, enhances the O3-induced airway inflammation, in terms of an increase in 
neutrophil and macrophage numbers in BW and higher EPX expression in BAL.  
In conclusion, this thesis has aspired to expand the knowledge of O3-induced 
inflammatory pathways in humans, observing a divergence to the previously described 
DE initiated responses. Moreover, a potentially adverse airway inflammation 
augmentation has been revealed after exposure to a relevant ambient combination of 
these air pollutants. This provides a foundation towards an understanding of the 
cumulative airway effects when exposed to a combination of ambient air pollutants and 
may have implications regarding future regulations of exposure limits. 
Keywords: air pollution, ozone, diesel exhaust, airway inflammation, asthma, 
immunohistochemistry
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SVENSK SAMMANFATTNING 

De negativa miljö- och hälsoeffekter, som orsakas av trafikrelaterade 
luftföroreningar såsom dieselavgaser och ozon uppmärksammas alltmer. Sedan 
1950-talet har epidemiologiska studier sammankopplat dessa luftföroreningar med 
ökad sjuklighet och dödlighet i såväl lung- som hjärt/kärlsjukdomar. I 
experimentella studier har både dieselavgaser och ozon visat sig leda till 
inflammation i luftvägarna. Barn samt individer med astma, KOL och 
hjärt/kärlsjukdomar är särskilt känsliga grupper och påverkas mer än friska 
individer. 
Målsättningen med detta avhandlingsarbete har varit att undersöka vilka 
signaleringsvägar i luftvägsslemhinnan som ligger bakom den luftvägsinflammation 
som orsakas av ozon, men även att undersöka om det finns en koppling till de 
sedan tidigare kända bakomliggande mekanismerna till luftvägsinflammation 
orsakad av dieselavgaser. Ett ytterligare syfte var att studera huruvida exponering 
för dieselavgaser följd av en ozonexponering ger ett förstärkt inflammatoriskt svar i 
luftvägarna. Exponering för de båda luftföroreningarna gjordes i avsikt att 
efterlikna det mönster som finns i storstadstrafik - hög halt av dieselavgaser under 
rusningstrafik på morgonen följt av ökad ozonhalt på eftermiddagen.  
Både dieselavgaser och ozon är oxidanter som kan övervinna antioxidantförsvaret i 
luftvägarna. Detta leder till produktion fria radikaler, och en obalans mellan 
oxidanter och antioxidantförsvar ger upphov till så kallad oxidativ stress. Få 
humana studier har tidigare utforskat de signalvägar som aktiveras vid 
luftvägsinflammation inducerad av dessa luftföroreningar, i synnerhet när det gäller 
ozon. Man har dock sett att dieselavgaser ger en ökning av oxidativ stress-känsliga 
transkriptionsfaktorer i luftvägsslemhinnan.  
Alla exponeringar utfördes i särskilda exponeringskammare. Luftvägseffekterna av 
såväl dieselavgaser som ozon jämfördes med effekter av exponering för filtrerad 
luft.  
Material för analys insamlades genom bronkoskopi med slemhinnebiopsier och 
sköljvätska (bronchial wash (BW) och bronkoalveolärt lavage (BAL) från luftrören, 
men även genom upphostat slem (inducerat sputum). 
Samtliga exponeringar för dieselavgaser gjordes vid en partikelkoncentration på 300 
µg/m3 och pågick under 1 timme. Ozonkoncentrationen var 0,2 ppm och 
exponeringen 2 timmar. Båda koncentrationerna är relevanta för de som kan finnas 
i naturlig trafikmiljö, och har i tidigare studier visat sig ge inflammatoriska 
förändringar i luftvägarna. 
Studie I avsåg att undersöka om graden av cytokinuttryck i luftvägsepitelet efter 
ozonexponering skiljde sig mellan friska individer och astmatiker. Sex timmar efter 
ozonexponering fann man hos astmatiker en ökning av neutrofilattraherande och 
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Th2- relaterade cytokiner. Ökningen av dessa proinflammatoriska signalmolekyler 
kan indikera att neutrofila och eosinofila celler kommer att rekryteras till 
luftvägarna. Detta skulle kliniskt kunna innebära att en astmatiker kan försämras i 
sin astma. Hos friska individer noterades däremot ingen ökning av signalämnen 
efter ozonexponering. 
I Studie II var avsikten att utforska om det förelåg en tidig ökning av 
inflammationsreglerande signalvägar i luftvägsepitelet hos friska personer efter 
ozonexponering. En och en halv timme efter exponering för ozon noterades dock i 
stället ett minskat uttryck för signalvägarna NFκB, c-jun och IL-8, med en liknande 
tendens minskning av de flesta undersökta inflammatoriska markörerna. Denna 
hämning av signalvägar, som är associerade med oxidativ stress, visar på en tydlig 
skillnad i inflammatorisk signaltransduktion i luftvägarna mellan dieselavgaser och 
ozon.   
Studie III avsåg att klargöra om det finns ett ökat luftvägsinflammatoriskt svar vid 
en kombinerad exponering för dieselavgaser och ozon, i strävan att efterlikna en 
realistisk trafikmiljö i storstad. Försökspersonerna genomgick två separata 
exponeringsserier bestående av exponering för dieselavgaser på morgonen och fem 
timmar senare exponering för antingen filtrerad luft eller ozon. Inducerat sputum 
(upphostat slem) uppsamlades 18 timmar efter det att den andra exponeringen var 
avslutad. Studien visade att exponering för dieselavgaser med efterföljande 
exponering för ozon gav en ökning av neutrofila celler och myeloperoxidas (MPO) 
och därmed tecken till neutrofilaktivering i luftvägarna. Fynden tyder på att ozon 
intensifierar den tidigare dieselavgasinducerade luftvägsinflammationen. 
I Studie IV undersöktes vidare effekterna av dieselavgaser i kombination med 
ozonexponering. Här gjordes först en morgonexponering för dieselavgaser eller 
filtrerad luft som fem timmar senare följdes av ozonexponering. Bronkoskopi med 
luftvägssköljning utfördes 18 timmar efter avslutad ozonexponering. Resultaten 
visade att dieselexponering följt av ozonexponering gav en ökning av neutrofila 
celler i de större luftrören (BW). I de perifera luftvägarna (BAL) fanns ökade 
mängder av EPX, ett protein som indikerar aktivering av de eosinofila cellerna. 
Dessa fynd styrker hypotesen att exponering för en kombination av 
luftföroreningar ger en ökad luftvägsinflammation. 
Denna avhandling har bidragit till att öka kunskapen om hur de mänskliga 
luftvägarna påverkas av exponering för oxidativa luftföroreningar. Studierna har 
undersökt signaleringsvägar vid ozonutlöst luftvägsinflammation och tidsaspekter 
härvidlag. Vidare har studierna indikerat att det finns betydande skillnader mellan 
de inflammatoriska signaleringsvägarna efter exponering för ozon jämfört med 
dieselavgaser. Dessutom visades att luftvägsinflammationen förstärktes av en 
kombination av exponering för dieselavgaser och ozon liknande den som finns i 
storstädernas trafikmiljö.  
Fynden i denna avhandling utgör underlag till att vidare utforska och förstå de 
mekanismer som orsakar de negativa hälsoeffekterna av luftföroreningar.  
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LIST OF SELECTED ABBREVIATIONS 
Δ Delta, the change or difference between mathematical values 

AP-1 Activator protein-1 

BAL Bronchoalveolar lavage 

BW Bronchial wash 

CO, CO2 Carbon monoxide, Carbon dioxide 

COPD Chronic obstructive pulmonary disease 

DE Diesel exhaust 

DEPs Diesel exhasut particles 

ECG Electrocardiogram 

ELISA Enzyme-linked immunosorbant assay 

ENA-78 Epithelial neutrophil activating peptide 78 

EPA Environmental Protection Agency 

EPX Eosinophil protein X 

ERK Extracellular signal regulated kinase 

EU European Union 

FEF Forced expiratory flow 

FEV1 Forced expiratory volume in one second 

FVC Forced vital capacity 

GAG Glycosaminoglycan 

GMA Glycolmethacrylate 

GM-CSF Granulocyte/macrophage colony stimulating factor 

Gro-α Growth-related oncogene alpha 

GSH Reduced Glutathione 

HNL Human neutrophil lipocalin 

H2O2 Hydrogen peroxide 

ICAM-1 Intercellular adhesion molecule-1 

IgE Immunoglobulin E 

IKKβ IκB kinase β 

IκB Inhibitory kappa B 

IL- Interleukin 

IQR Interquartile range 
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JNK Jun N-terminal kinase 

LDH Lactate dehydrogenase 

LTB4 Leukotriene B4 

MAPK Mitogen activating protein kinase 

MIP-2 Macrophage inflammatory protein-2 

MPO Myeloperoxidase 

MMP-9 Matrix metalloproteinase-9 

1-NN 1- nitronaphthalene 

NADPH-oxidase Nicotinamide adenine dinucleotide phosphate-oxidase 

NF-IL-6 Nuclear factor IL-6 

NFκB Nuclear factor kappa B 

NO, NOx Nitric oxide, Oxides of nitrogen 

O3 Ozone 

˙OH Hydroxyl radical 

PAHs Polycyclic aromatic hydrocarbons 

PBS Phosphate buffered saline 

PGE2 Prostaglandin E2 

PM Particulate matter 

PM10 Particulate matter with an aerodynamic diameter of less than 10 µm  

PM2.5 Particulate matter with an aerodynamic diameter of less than 2.5 µm 

PMNs Polymorphonuclear neutrophilic cells (neutrophils) 

ppb Parts per billion 

ppm Parts per million 

RANTES Regulated upon Activation, Normal T-cell Expressed, and Secreted 

ROS Reactive Oxygen Species 

RTLF Respiratory Tract Lining Fluid 

TBS 

TBST 

TRIS-buffered saline; 

TRIS-buffered saline with added Triton-X-100 

Th2 T helper cell type 2 

TNF-α Tumor Necrosis Factor alpha 

VE Volume of gas expired 

VOC Volatile Organic Compounds 

WHO World Health Organisation 
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INTRODUCTION 

AMBIENT AIR POLLUTION 
Recent years have seen a mounting concern about the environmental and health 
related impacts of air pollution. The air surrounding us is becoming an increasing 
threat and is the source of many harmful substances that may enter our bodies 
through the nose, mouth, skin, and the digestive tract. The World Health 
Organization (WHO) has estimated that 2 million people every year die 
prematurely as a consequence of urban air pollution [193]. 
Increased traffic, expanding cities, and industrialization have all contributed to a 
rise in emissions and growing levels of air pollution. Outdoor ambient air pollution 
has serious implications on respiratory health as well as the environment. Pollutants 
are linked to the destruction of ecosystems, formation of acid rain and instigators 
of global climate changes. Therefore making pollution not only an environmental 
and health problem, but also a hot political and economical issue 
Two major contributors to traffic related air pollution are ozone (O3) and diesel 
exhaust (DE). Many countries around the world have no regulations in effect for 
limiting these pollutants. However, even in countries where national standards 
exist, these are often exceeded. The American Lung Association has reported that 
almost 50% of Americans live in regions with health-threatening levels of ozone 
pollution and more than one-quarter live in areas where particle pollution reach 
harmful levels [7]. China, which has seen a doubling of vehicles within the last five 
years, is currently home to 16 of the planet's 20 most air-polluted cities [4]. In the 
EU in 2002, 12 of the 15 member states surpassed the limit values for the year. 
This indicates an increasing need not only for worldwide guidelines, but also the 
importance for achieving stricter adherence to air quality regulation already set in 
place. 
In general, air pollution is classified into two groups; direct release or subsequent 
air pollutants. The former refers to air pollutants that are directly emitted from a 
source, all of which are byproducts of combustion, such as carbon monoxide or 
sulfur dioxide. Whereas subsequent air pollutants are created in the atmosphere 
through chemical reactions involving direct release pollutants, where 
photochemical formation of ozone is a key example. Numerous combustion, 
atmospheric and meteorological conditions influence this complex mechanism of 
secondary aerosol formation [108, 198]. 
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OZONE 

Sources 
Ozone (O3), a tri-atomic odorless gas discovered in 1840, is an unstable allotrope 
of oxygen (O2). It is ordinarily colorless, but turns pale blue at high concentrations. 
Ozone displays contrasting properties depending on where it is located in the 
atmosphere. The so-called ‘ozone layer’, otherwise known as stratospheric ozone, 
occurs 10-50 km above earth, where it is formed by an interaction between oxygen 
and ultraviolet (UV) rays. This highly concentrated, protective layer filters out 
approximately 90% of harmful UV wavelengths emitted from the sun. 
Paradoxically, tropospheric ozone, produced at ground level, is a powerful irritant 
and associated with numerous deleterious effects. 
The infamous London smog in 1952 that is estimated to have killed 4000 people 
was in fact an antiquated definition of the term “smog”. It was referring to a 
mixture of soot particles and sulfur dioxide trapped in fog, hence the name. 
However, in the second half of the 1950s the term came to be associated with 
photochemical smog, composed of a deleterious mixture of traffic related air 
pollutants in which tropospheric ozone is the major component. Photochemical 
smog also includes substances such as nitrogen oxides, volatile organic compounds 
(VOCs), carbon monoxide (CO), peroxyacyl nitrates (PAN), aldehydes (R'O), all 
highly reactive and oxidizing, as well as many being precursors to ozone. Emissions 
of volatile organic compounds (VOCs) and nitrogen oxides (NOx) from such 
sources as motor vehicles and industrial factories create a complex cycle of 
photochemical reactions ultimately producing ozone. 
 

 



INTRODUCTION 

 17

Once it has been formed, ozone has a lifespan of 22 days, and elimination occurs 
by ground deposition as well as photolysis. This photodissociation in turn creates 
further harmful byproducts such as hydroxyl radicals and peroxacyl nitrates.  
As the production of ozone is a sunlight driven reaction, it reaches its highest levels 
during sunny summer days as well as causing the peak concentration to occur in the 
afternoons. Photochemical smog tends to be regarded as a concern for most major 
urban centers but it can also affect sparsely populated areas since it easily travels 
with the wind. 

Toxicology 
A powerful respiratory oxidant and irritant, O3 exists in gaseous form, allowing it to 
access further into lungs, thus impacting the entire respiratory tract. In the airway, 
ozone initially comes in contact with the respiratory tract lining fluid (RTLF). This 
fluid layer protects the airway epithelium and is made up of numerous constituents, 
such as antioxidants, various proteins and surfactant. Although ozone is a highly 
reactive gas, it does have a restricted aqueous solubility; therefore, unlike many 
other atmospheric gases, it is taken up by reactive absorption. Consequently, the 
amount of O3 that will be consumed in the RTLF is directly correlated with how 
much oxidizable substrate is at hand [103, 139, 143]. If the oxidant exposure 
depletes these defenses, hence disturbing the redox environment stability, it will 
then go on to create secondary oxidation products via the oxidation of 
biomolecules such as proteins and lipids [57, 144]. These secondary oxidation 
products reach the epithelium, initiating an inflammatory cascade, which includes 
complex pathways of transcription factors, cytokines, and inflammatory cells. 
The oxidative stress effects caused by ozone are thus brought about in two separate 
ways. Initially as an exogenous source directly reacting with the RTLF, and then 
indirectly via an endogenous source. This endogenous source is the formation by 
activated inflammatory cells of highly reactive molecules referred to as reactive 
oxygen species (ROS) (Figure 1). 
This oxidant burden and ongoing airway inflammation can result in tissue damage 
as well as necrosis. These damaged cells are continually cleared and restored. 
However, it has been speculated that with continuous, chronic exposure to elevated 
levels of ozone, this process would create airway scarification and causing 
permanent respiratory consequences. 
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Figure 1: Schematic picture of the exogenous and endogenous oxidative stress in the airway 
tissues caused by ozone exposure (modified from Mudway IS, Kelly FJ. Ozone and the lung: a 
sensitive issue. Mol Aspects Med 2000). 

Ozone and asthma 
An estimated 300 million people worldwide suffer from asthma. There is a broad 
disparity in the prevalence of this disease when comparing individual countries, yet 
a clear rise in incidence has been seen on a global scale. Although the underlying 
reasons for this are not established, many look to the issue of air pollution as a key 
factor.  
Childhood exposure to air pollution is of particular concern since children’s lungs 
and immune system are not yet fully developed. The resulting damage could thus 
lead to persistent lifetime effects. A clear association exists between the reduction 
of lung function levels in children with exposure to high ozone concentrations [91, 
135]. It has been observed in numerous epidemiological studies that increased 
ozone exposure when young heightens the risk of developing asthma, as a higher 
prevalence of (childhood) asthma is seen in more highly polluted areas [33, 115].  
Ozone exposure has been linked with an increase in asthma-related hospitalizations 
and use of rescue medication [1, 61, 116, 169]. This is further supported by the 
observations noted during the 1996 Atlanta Olympic Games. As a result of traffic 
restrictions, peak ozone concentrations decreased from an average 81.3 ppb to 58.6 
ppb, causing the number of asthma acute care visits and hospitalizations to decline 
by 44.1% [59].  
Asthmatics have a chronic activity of inflammatory mediators in the bronchioles, in 
particular cytokines from Th2 cells. This results in an abnormal level in the airways 
of mast cells, eosinophils and lymphocytes. A rise in each of these cell types has 



INTRODUCTION 

 19

been associated with ozone exposure, giving further basis for the supposition of 
asthmatics being more at risk [56, 74, 85, 134].  

Epidemiological studies 
It has been a common praxis in air pollution epidemiological studies to focus on 
hospital admissions, since these are good indicators of increased morbidity as well 
as mortality. Total respiratory, asthma and cardiovascular admissions increase on 
the same day and/or on subsequent days after higher-level O3 days, though 
especially with asthmatic patients, usually a one to two day lag time is observed [30, 
169, 179, 190]. There is an indication that ozone exposure results in heightened 
susceptibility to allergens, virus and bacteria. This vulnerability may be a factor in 
the increased respiratory as well as cardiovascular mortality seen following periods 
of heightened ozone levels, particularly in already susceptible individuals such as 
those with asthma, COPD or pre-existing heart disease [62, 122]. 
As multiple aspects play a part in air pollution exposure, it is at times difficult to 
isolate the cause and effect association when investigating the effects of 
atmospheric pollutants on the respiratory system using epidemiological studies. 
Such confounding factors include second hand smoke, occupational exposure, and 
exposure to several pollutants.  

Animal and in vitro studies 
These studies are a valuable initial step in the investigation of the mechanistics 
behind tissue and cellular effects of ozone toxicity, as several logistical factors can 
be controlled for.  
In both human cell lines and animals, ozone exposure has been found to produce 
epithelial injury and a subsequent acute inflammatory response in the upper and 
lower airway tissues. This reaction is characterized by an increase in inflammatory 
cells; in particular neutrophils, yet macrophages, mast cells, eosinophils and T 
lymphocytes also play a role [41, 92, 93, 105, 110, 184]. In conjunction, ozone 
exposure also elicits an enhancement of proinflammatory mediators, including 
TNF-α, MIP-2, IL-8, IL-6, IL-1β and ICAM-1 [37, 48, 105, 121, 180]. In vitro 
studies have revealed that airway epithelial cells react to ozone exposure earlier and 
with greater activity than macrophages. Epithelial inflammation has been found in 
vitro to be instigated by ozone levels as low as 0.1 ppm and as early as one hour 
post-exposure [44, 119].  
Several studies have attempted to plot the intracellular signaling that mediates this 
inflammatory response, especially concerning oxidative stress. Jaspers et al, using a 
human alveolar type-II cell line exposed to 0.1 ppm of O3, demonstrated that the 
DNA-binding of NFκB, NF-IL-6 and AP-1 increased, along with an enhancement 
of IL-8 mRNA and protein levels [84]. A following study also showed that ozone 
induced protein tyrosine kinase and protein kinase A [83]. It was hypothesized that 
this activation of protein kinases was instigated by the formation of lipid oxidation 
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products and reactive oxygen intermediates, thus leading to phosphorylation of 
transcription factors with ensuing IL-8 expression. Both lipid peroxidation and the 
creation of secondary free radicals have been reported after exposure to ozone [67, 
88, 109, 145]. However, this comprehensive sequence of events has never been 
replicated in vivo. 
In animals, exposure to ozone has also been linked to altered respiratory function 
and airway hyperresponsiveness [36, 132, 159]. These changes in pulmonary 
function are associated with cellular injury, influx of inflammatory cells and 
morphological damage. Moreover, these structural effects, including damaged 
mucociliary clearance cells, increase in airway permeability and impaired 
macrophage phagocytosis, leads to increased susceptibility to allergens, virus and 
bacteria [36, 105]. Ozone exposure has also been shown to alter the immunological 
response and demonstrates a dose-dependent increased vulnerability to infectious 
agents [64, 65]. 

Lung Function studies 
Decreased lung function has been recorded in subjects exposed to O3 
concentrations above as well as below present ambient air quality standards and 
occupational exposure limits [54, 77]. Both FEV1 and FVC decrements have been 
seen directly following ozone inhalation in asthmatics as well as in healthy. These 
impairments are reversible after acute exposures and return to pre-ozone values 
within approximately 24 hours [8, 55, 118]. Chronic ambient exposure, in particular 
during adolescence, result in permanently diminished levels of FEV1, FEF25–75 and 
FEF75 [91, 100, 173]. No discernable relationship has yet been found linking the 
intensity of the inflammatory response with the decrease in lung function [12, 22, 
181]. 
Apart from susceptible groups, such as those with cardiorespiratory disease, the 
elderly and children, large variation in individual reactions to ozone exposure have 
been found to occur, involving both lung function and inflammatory 
consequences. Ozone responders are classified as those who experience a >15% 
decline from baseline in FEV1 or a known >10% neutrophil influx following an 
ozone exposure (125 ppb) [56, 75, 117].  

Human in vivo studies  
Human exposure studies have investigated the airways from nasal passages to 
alveoli utilizing such methods as induced sputum, lavage fluids, and endobronchial 
biopsy samples. The results confirm the existence of a marked airway inflammatory 
reaction, associated with an increase in neutrophils, total protein, albumin, PGE2, 
adhesion molecules (P-selectin, ICAM-1) and cytokines (IL-6, IL-8, GM-CSF, Gro-
α) [8, 12, 21, 43, 56, 95, 97, 157, 168]. Studies in the 1990s to the present have 
tended to focus on relevant ambient concentrations of ozone, showing induced 
responses to O3 levels as low as 0.08 ppm [43]. 
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Evidence of early ozone reactions have been demonstrated in BAL and BW, where 
an immediate (≤ 1 hour) neutrophilia and increase of proinflammatory mediators 
such as IL-6, IL-8 and PGE2 occurs [42, 56, 94, 157, 181]. Although, when 
observing ozone effects at a very early timepoint in endobronchial biopsies from 
healthy volunteers (1½ hours post exposure), no inflammatory cells were amplified, 
though a significant upregulation of P-selectin and ICAM-1 was found, indicating 
an initial step in neutrophil recruitment [22, 97]. The acute airway neutrophilia seen 
in BAL has been shown in healthy subjects to peak at approximately six hours post 
exposure; however significantly increased numbers have still been found in lavage 
after 18 to 24 hours [8, 43, 157]. In biopsies taken six hours after a 0.2 ppm O3 
challenge bronchial tissues displayed neutrophilia and continued upregulation of P-
selectin and ICAM-1 [168]. This suggests that neutrophil response within the 
airway epithelium and submucosa may have a later culmination as compared to that 
seen in lavage. Further indication of this is that a continued upregulation has been 
demonstrated in biopsies at 18 hours, however, it should be noted that this was in 
response to a longer exposure time, thus creating a higher total O3 exposure [8] 
(Table 1). 
Ozone is consumed by substrates found in the RTLF, thus inducing oxidative 
stress on underlying tissues largely through a cascade of secondary ozonation 
products. The RTLF contains a variety of antioxidant defenses, including 
enzymatic, metal binding and low molecular weight antioxidants. The 
concentrations of these molecules differ between the upper and lower respiratory 
tract; fluid from the nasal cavity consists of large amounts of uric acid, whereas 
lining fluid in the lower airways mainly contains reduced glutathione (GSH) and 
ascorbate [90]. Therefore the consumption of RTLF antioxidants is a quantifiable 
marker of oxidative stress within the airways. Healthy subjects evaluated 1½ hours 
after a two hour exposure to 0.2 ppm of ozone displayed an increase of GSH in 
BAL and BW [22]. However, using an identical exposure pattern at six hours post 
exposure leukocytes obtained from BAL exhibited a significant ozone-induced loss 
of GSH [18]. Both glutathione and ascorbate concentrations in BAL and BW have 
been shown to be return to pre-exposure levels eighteen hours following an ozone 
challenge [49]. 
Experimental exposures in asthmatics have shown a tendency of these subjects to 
develop a more pronounced ozone-induced airway inflammatory response as 
compared to healthy individuals [14, 156]. However, previous studies have not 
detected a corresponding neutrophilia in the asthmatic subjects as in the healthy 
group at six and 18 hours post exposure [12, 168]. This finding suggests a possible 
discrepancy between the regulation of the O3 induced inflammation in healthy and 
asthmatic subjects airways. 
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DIESEL EXHAUST 

Sources and components 
The diesel engine, patented in 1892, is today used to operate a variety of vehicles 
and equipment. Diesel exhaust is the product of the complete and incomplete 
combustion of diesel fuel, representing thousands of different chemical substances 
within its particle and gaseous components. Diesel exhaust particles contain a 
carbonaceous core which is coated by transition metals and organic chemicals, such 
as benzene, carbon dioxide (CO2), formaldehyde, carbon monoxide (CO), 
polycyclic aromatic hydrocarbons (PAHs), sulphur dioxide, nitrogen dioxide, and 
nitrogen oxides (NOx); nearly all of which are classified by the Environmental 
Protection Agency (EPA) as hazardous air pollutants substances. 
Diesel engines are the major source of traffic related particulate matter less than 2.5 
µm in diameter (PM2.5) and ultrafine particles (<0.1 µm). Particulate matter is 
comprised of a suspension of diesel soot (elemental carbon) and aerosols such as 
ash particulates, metallic particles, sulfates, nitrates and silicates. When dispensed 
into the air, diesel PM can remain as individual particles or form chain aggregates, 
with approximately 90% in the imperceptible range of 100 nanometers.  

Toxicology 
Since the main particulate portion of diesel exhaust consists of ultrafine particles, 
they pose an eminent health risk when inhaled because of their deposition deep in 
the lungs, large surface area, and their possible progression into the blood stream 
[39, 130, 158, 161]. 
The large, uneven surface of ultrafine particles facilitates their combination with 
other toxins in the atmosphere, hence increasing the hazards of particle inhalation. 
PAHs and their oxidized derivatives as well as transition metals, also found in 
diesel exhaust, may be adsorbed onto the surface of the diesel particulate matter 
[53, 89, 162, 191]. An overload of particles in the airways causes impairment to 
pulmonary clearance, thus increasing the length of time that the airways are 
exposed to these harmful substances [142, 170, 171]. 
At high levels, diesel exhaust particles (DEPs) typically function as nonspecific 
airway irritants. However, at lower ambient concentrations, DEPs stimulate a 
release of cytokines, chemokines, immunoglobulins, and oxidants causing airway 
inflammation, serum leakage into the airways, as well as bronchial smooth muscle 
contraction in both the upper and lower airways [11, 41, 172]. Moreover, the TH2 
response phenotype, which is coupled with asthma and allergic disease, has been 
triggered as a result of DEP inhalation [35, 131]. Although much remains 
unanswered about whether the cytotoxic effects of DE are mainly driven by the 
particles or their surface associated chemical compounds.    
Diesel exhaust is considered a significant occupational exposure hazard since a 
variety of professions entail a chronic exposure to the exhaust, for example bridge, 
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tunnel and loading dock workers, auto mechanics, toll booth collectors, truck and 
forklift drivers, bus drivers and people who work near areas where diesel powered 
vehicles are used, stored and maintained. 

Epidemiological studies 
Diesel exhaust research has generally concentrated on the measurement of diesel 
particulate matter present in the atmosphere of residential and occupational settings 
using such methods as gravimetric analysis. Traffic exposure has been most 
commonly used as a factor, since it has been difficult finding a specific and accurate 
biomarker or measurement of exposure in humans to focus on.  
Exposures have been linked to acute short-term symptoms such as dizziness, 
nausea, headache, light-headedness, coughing, breathing difficulties, chest pain, and 
irritation of the eyes, nose and throat [9, 151]. Exposure to particulate matter has 
also been associated with hospitalizations and deaths due to numerous respiratory 
and cardiovascular diseases [46, 47]. Long-term recurrent diesel exhaust exposures 
can lead to chronic health problems such as cardiovascular or cardiopulmonary 
disease, and has also been linked to increased risk of developing lung cancer [29, 
96].  
Analysis regarding diesel exhaust exposure is further complicated by the fact that 
the exhaust components continually react with each other creating larger and more 
complex chemicals. As diesel exhaust is a complex mixture of particulate matter 
and gaseous air pollution, controlling for other interferences in the atmosphere is 
difficult, thus adding to the challenge to interpret its health effects with certainty. 

Animal and in vitro studies 
Conventionally, the results of animal studies have remained a crucial part in setting 
acceptable exposure limits for diesel exhaust. However, many of these studies use 
DE concentrations significantly higher than found in ambient air and questions still 
remain how well human risk can be characterized by animal findings. 
Murine diesel exhaust health effects have been discovered throughout the body, 
affecting the reproductive system, lung, liver, skin and kidney. Within the airways 
much emphasis has been put into the evaluation of oxidative stress, inflammation, 
pro-allergic reactions and the association with asthma.  
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Oxidative stress has been proposed to be one of the underlying mechanisms of the 
detrimental effects on the airways inflicted by diesel exhaust. PM exposure is 
reported to lead to an excessive ROS production, arising from four possible 
mechanisms:  

(1) Direct production induced by surface associated composites, primarily 
transition metals and organic molecules such as PAHs and quinones [15, 68, 
99, 125, 152, 165, 183, 196]. 

(2) Direct production induced by the particle surface  
(3) Modified function of NADPH-oxidase or mitochondria [107, 149] 
(4) Activation of inflammatory cells capable of producing ROS [158] 

Disproportionate ROS generation depletes the antioxidant defenses and 
contributes to the activation of MAPK and NFκB pathways, in turn elevating 
proinflammatory cytokines, chemokines and adhesion molecules. This premise is 
further strengthened by the evidence of intracellular triggering of redox sensitive 
pathways such as NFκB, p38 and JNK after DE exposure, coupled with the 
increased release of TNF-α, MIP-2, IL-6, IL-8, RANTES, GM-CSF, ICAM-1 and 
VCAM-1 [16, 17, 23, 113, 114, 146, 176, 177]. 
There is also evidence that DEPs are capable of directly elevating Th2 cytokine 
responses, and that asthmatic cells are more sensitive when it comes to releasing 
proinflammatory mediators. An adjuvant effect can be shown since the 
combination of exposure to a known allergen with a subsequent DEP challenge 
greatly increases the specific IgE concentration [45]. It is also been established that 
DEPs can adsorb aeroallergens to their surface, thus intensifying the retention in 
the airways. These aspects indicate a potential involvement of diesel exhaust in the 
pathogenesis of allergic disease. Moreover, the augmented inflammation induced by 
diesel exhaust exposure may alter the pulmonary susceptibility to viral or bacterial 
infections through modification of the lung host defense [69, 163].  

Human exposure studies  
Human in vivo studies have found DE toxicity to primarily affect the upper and 
lower airway epithelial cells, lung tissue, alveolar type II cells and the heart. 
Currently, there is no direct evidence of exposure to PM causing ROS production 
in humans. However, several recent findings demonstrate a convincing link 
between DE exposure and oxidative stress. CO, a marker for oxidative stress, has 
been found to be increased after DEP exposure in healthy [126]. In a recent study, 
short-term exposure to DE at a concentration of 300 µg/m3 produced an 
upregulation of p38, together with an elevated nuclear translocation of p38, JNK, 
AP-1 and NFkB in healthy bronchial epithelium [140]. This indicates a possible 
oxidative stress related inflammatory pathway induced by DE exposure. 
Controlled chamber studies have demonstrated a distinctive association between 
diesel exhaust inhalation and airway inflammation. At six hours post exposure, Salvi 
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et al showed that an exposure to a PM concentration of 300 µg/m3 for one hour 
produced in healthy tissues and lavage significant increases in inflammatory cells 
(neutrophils, B lymphocytes, mast cells, CD3+, CD4+ and CD8+ T lymphocytes) in 
conjunction with an upregulation of the vascular adhesion molecules (ICAM-1 and 
VCAM-1) and epithelial cytokines (IL-8, Gro-α) [153, 154]. Collaborating biopsy 
results were also illustrated at six hours by Stenfors et al using a lower PM 
concentration of 108 µg/m3. Post DE exposure healthy subjects exhibited greater 
numbers of neutrophils, lymphocytes, as well as increased expression of IL-6, IL-8, 
P-selectin and VCAM-1 [167]. Furthermore, at 18 hours post exposure, using 
similar experimental conditions and a PM concentration of 100 µg/m3, a significant 
increase in neutrophils and mast cells was observed in endobronchial mucosal 
biopsies. BW at this timepoint displayed a DE exposure induced rise in neutrophils, 
IL-6, IL-8 and MPO [19]. At the higher PM concentration of 300 µg/m3, the DE 
mediated neutrophilia was still found to be present in lavage 24 hours after 
exposure [150].  
Studies analyzing induced sputum after exposures to PM concentrations of 300 
µg/m3 also reveal interesting timeline and compartmental aspects of the DE 
stimulated airway inflammation. A marked increase in neutrophils and IL-6 was 
observed at six hours after exposure, however at 24 hours no DE related 
neutrophilia remained [129].  

 

COMBINED EXPOSURE 

Urban air pollution cycle 
Reasonably, ambient exposure to several air pollutants, such as ozone and diesel 
exhaust, may cause these compounds to exhibit synergistic or additive properties. 
Nitrogen oxides, formaldyde and hydrocarbons, all components of diesel exhaust, 
react with other atmospheric pollutants to subsequently form ozone precursors, 
resulting in an increase in O3 levels. 
Since diesel exhaust is a direct release pollutant, it tends to reach its highest 
concentrations at peak rush hour, such as mornings. However, as ozone is the 
product of photochemical reactions, it is predisposed to culminate in the 
afternoons. 

Exposure limits for individual pollutants  
Air quality measurements are now regularly tested and reported in most developed 
nations. Ozone and several components of diesel exhaust are classified by the U.S. 
Environmental Protection Agency (EPA) as a “criteria pollutant”, meaning they are 
regarded as harmful to humans. This makes it essential to monitor and set rational 
standard exposure limits. 
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As of the revisions in 1997, the EPA set the standards for O3 to 0.08 ppm over an 
8- hour period. They set the annual standard of PM2.5 at 15 μg/m3 and the 24-hour 
PM2.5 standard at 65 μg/m3. The corresponding standards set for PM10 are 50 
μg/m3 and 150 μg/m3 respectively [51]. Since these exposure limits have not been 
altered since 1997, the ozone standards are currently undergoing a review by the 
EPA and a report outlining revision recommendations is due out during this spring. 
The WHO has contested that the present international averages are unacceptable in 
a global health perspective. According to the 2005 Air Quality Guidelines, the 
aspiration should be to limit O3 8-hour standard to 100 µg/m3 (approximately 0.05 
ppm). The guidelines also propose an annual mean for PM2.5 at 10 µg/m3 and for 
PM10 at 20 µg/m3; and a target 24-hour mean at 25 µg/m3 and 50 µg/m3 
respectively. These new targets are set based on what studies have shown to be 
levels negatively affecting human health [192]. The EU is also presently debating a 
new energy strategy which will by 2020 reduce all greenhouse gas emissions by at 
least 20 percent below 1990 levels.  
Sweden started measuring air quality in the lager urban areas in the early 1960s, yet 
regulations were not put into place until 1969. Today Sweden follows the EU 
standards for air quality, which are set at a 24-hour mean of 50 µg/m3 for PM10 and 
a 110 µg/m3 (approximately 0.06 ppm) 8-hour standard for ozone. 
The air pollution standard limits for each pollutant are at present set independently 
of each other. As more data emerges showing the potentially damaging interactions 
these pollutants inflict upon one another, it might become relevant to instead set 
co-regulated limits. 

Animal and in vitro studies 
Only a few experimental studies have addressed the airway effects generated by the 
exposure to several pollutants. 
Animal studies in this field have mainly focused on using simultaneous exposure 
models. Madden et al found that diesel exhaust particles exposed to 0.1 ppm of O3 
for 48 hours caused increased neutrophilia, lavage total protein, and LDH activity 
in rats, as opposed to unexposed DE particles. In contrast, exposing particles to 
higher concentrations of ozone (1.0 ppm) instead caused a decrease in particle-
induced bioactivity [111]. Rats co-exposed to 0.8 ppm of O3 and urban particles for 
four hours displayed an increase in airway macrophages and neutrophils, as well as 
more extensive epithelial cell damage, as compared to exposure to O3 or particles 
alone [5]. A further study examined the combination effects of a long term O3 
exposure (0.8 ppm for >90 days) and 1-nitronaphthalene (1-NN), a component of 
DE, in the airways of rats. The long term O3 exposure caused a chronic low level 
inflammation, probably leading to the heightened susceptibility to 1-NN. The 
subsequent 1-NN exposure resulted in an increase in primarily Th2 cytokines, such 
as IL-4, and GM-CSF [160]. These studies all show the potentiation of airway 
inflammatory changes when exposed to a combination of ambient air pollutants.  
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So far, only one study has been published involving pollutant interactions in human 
tissue in vitro. This study used A549 airway epithelial cells to examine if the known 
DE particle gene enhancement of IL-8, a neutrophil chemoattractant, would be 
affected by a subsequent O3 exposure. The one-hour 0.5 ppm ozone exposure led 
to a significant rise in IL-8 gene expression as compared to DE particles alone, or 
filtered air. This enhancement was thought to be associated with previously 
described ozone-induction of the transcription factors NFkB and NF-IL6 [87]. 

 

INFLAMMATORY MECHANISMS 
The immune system is a complex set of mechanisms designed to protect cells and 
tissues throughout the body from pathogens and external harmful stimuli. There 
are several methods of protection, including mechanical, chemical and biological 
barriers; as well as inflammation and biochemical cascades. 
Within the lungs, one of the first barriers encountered by exogenous agents is the 
respiratory tract lining fluid (RTLF). This consists of two layers, the upper a mucus 
gel phase and the lower consisting of an aqueous sol phase. Both of these coverings 
contain antioxidants which manage oxidative stress, consequently delaying the 
oxidation of lipids, proteins and carbohydrates [34, 124, 185]. Since ozone and 
diesel exhaust are both potent oxidants, they react with the RTLF components 
generating secondary oxidation products, which impact the pulmonary epithelium 
[10, 15, 90]. 
The epithelium is not only a physical barrier, but also an important contributor to 
the innate immune defense. In response to endogenous or exogenous stimuli, 
pulmonary epithelial cells release an abundance of substances designed to influence 
airway defenses, among these antioxidants (eg. glutathione), proteins (eg. surfactant 
protein A), lipid mediators, and various growth factors [120, 175]. The epithelial 
cells also have the ability to release chemoattractants and cytokines, thus playing a 
pivotal role in recruiting and regulating inflammatory cells [175, 178]. 

Inflammatory cells 

Neutrophils 

Neutrophils, also known as polymorphonuclear leukocytes (PMN), make up 50-
60% of the circulating leukocytes and are therefore fundamental in the first line of 
defense upon injury or inflammatory stimuli. The recruitment of circulating PMNs 
is complex and highly regulated. Chemotactic factors, bioactive lipids and pro-
inflammatory cytokines are released, signaling the location of impairment. This 
initiates the three step process of transendothelial migration. First, selectins mediate 
the loose adhesion of circulating neutrophils to the activated endothelial cells. 
Nearby cytokines and chemoattractants stimulate the neutrophils, causing 
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transmembrane integrins on the surface to bind to ICAM-1. Following this firm 
adhesion of the neutrophil to the vascular endothelium, chemoattractant gradients 
direct transmigration between the endothelial cells into the extracellular matrix. 
This process known as the leukocyte adhesion cascade can be applied to the 
recruitment of other leukocytes, such as monocytes and eosinophils. The release of 
specific and appropriate cytokines, adhesion factors and proinflammatory 
mediators offers selective control of the inflammatory action. 
Neutrophil chemoattractant chemokines, such as IL-8 and Gro-α, play a vital role 
in the further migration of neutrophils through the tissues to the site of injury. 
Consecutively, activated PMNs release cytokines and proteases that continue to 
recruit both nonspecific and specific immune cells.  

Macrophages 

Macrophages are mononuclear phagocytes found throughout the body and are 
associated with various homeostatic, immunological, and inflammatory processes. 
Resident macrophages at different anatomical sites display unique characteristics 
and functions. Normally they exist within the tissue in a resting state, but following 
damaging or immunological stimuli they are activated, largely in response to 
cytokines such as IFN-γ and IL-1. Additional mobile macrophages can also be 
recruited as monocyte concentrations in the peripheral blood increase in response 
to the cytokine signaling. Circulating monocytes enter the tissue via the leukocyte 
adhesion cascade and undergo maturation into macrophages. 
Activated macrophages perform several important immune functions aside from 
phagocytosis and antigen presentation to T cells. They can also initiate and prolong 
inflammation by releasing leukotrienes, cytokines, and other inflammatory 
mediators [27, 66]. Diesel exhaust particle ingestion by macrophages has been 
shown to cause the release of lysosomal enzymes and oxygen radicals, inflicting 
damage to nearby cells and enzymes [80]. It has also been suggested that air 
pollution exposure can suppress macrophage activity, either by direct damage or 
indirectly via altered microenvironment [71, 82, 150, 155]. 

Eosinophils  

The eosinophil is characteristically associated with asthmatic and allergic airway 
inflammation. Eosinophil granules contain various mediators including eosinophil 
peroxidase (EPO), eosinophil cationic protein (ECP), eosinophil protein X (EPX), 
major basic protein (MBP), cysteinyl leukotrienes, platelet activating factor, and 
metalloproteinases [186-188]. The toxins from the granules are designed to kill 
parasites, yet in asthma the erroneous eosinophil accumulation and subsequent 
granule release causes damage to the airway tissues.  
The Th2 cytokines IL-5 and GM-CSF are crucial as they essentially affect the entire 
life span of the eosinophil, from differentiation to activation and enhanced survival. 
Furthermore, IL-5 and GM-CSF display autocrine growth factor activity when 
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expressed by eosinophils. Other chemotactic factors, such as chemokines and 
leukotrienes, also play a role in the migration and degranulation of eosinophils in 
the tissue. Recent studies have shown that human eosinophils are capable of 
producing numerous cytokines, for instance IL-6, IL-8, TNF-α and IL-1α, giving 
them an active function in acute and chronic inflammatory responses [63, 195]. In 
addition, eosinophils potentiate the production of ROS in the presence of 
proinflammatory cytokines, displaying a more prolonged oxidant reaction as 
compared to neutrophils [70]. 

Lymphocytes 

The three major types of this white blood cell are categorized into B cells, T cells 
and natural killer (NK) cells. T cells and NK cells are a part of the cell-mediated 
immune response, whereas B cells are associated with humoral immunity. The main 
purpose of NK cells is to release cytotoxic granules when a host cell signals that it 
is infected by presenting a foreign peptide on their cell surface.  
When B cells encounter their initiating antigen accompanied by a collaborating 
helper T cell, they produce numerous plasma cells. Each B cell is encoded to create 
plasma cells which deliver a specific antibody, otherwise known as 
immunoglobulins. The T cells involved in the activation of B cells are known as 
regulatory T lymphocytes, mainly comprised of helper/inducer cells. These also 
stimulate other T cells, macrophages and NK cells primarily through the release of 
cytokines. In contrast, cytotoxic T cells attack invaded body cells, thus interacting 
directly with their target.  

Cytokines  
These chemical signals, mainly made up of proteins, glycoproteins or peptides, 
relay intercellular communication. They play a pivotal role in the immune system, 
conveying immunological, inflammatory and infectious information to a wide 
variety of cell types. Cytokines are formed and secreted in response to a stimulus by 
a multitude of diverse cell categories. Action is not limited to the production cell or 
neighboring cells, as they can affect cells throughout the body via circulation. 
Target cells are acted upon by each cytokine recognizing and binding to a specific 
membrane receptor, consequently triggering second messengers within the cell, 
frequently tyrosine kinases. This cascade may result in upregulation or suppression 
of cell surface receptors (either their own or for other molecules) or transcription 
factors, in turn leading to further cytokine regulation. Cytokines often evoke a 
cytokine cascade and can act synergistically or antagonistically on the same target. 
Typical cytokine characteristics are their redundancy and pleitrophism, causing 
them to be difficult to categorize. 
However, some categories are still appropriate and relevant. Chemokines are small 
cytokines (8 to 16 kDa) with chemotactic properties. The inflammatory 
chemokines act mainly as chemoattractants for leukocytes, directing the migration 
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for neutrophils and monocytes. Their release is often stimulated by pro-
inflammatory cytokines, such as IL-1, TNF and IL-6.  
An additional classification is Th related cytokines. Naïve helper T cells (Th0) are 
activated by antigens presented on dendritic cells when allergens, infections or 
other foreign substances invade the body. Upon further stimulation, Th0 cells can 
differentiate into either Th1 or Th2 cells, based largely on the conditions in the 
microenvironment. Th1 cells are involved in the secretion and production of 
cytokines which increase Ig antibodies and stimulate a cell-mediated immune 
response. Th2 cytokines suppress macrophage activation and cell mediated 
immunity, instead tending to shift activation to a humeral immune response. 
Additionally, they are involved in promoting B cells to produce IgE antibodies. 
Excessive release of Th2 cytokines is associated with the development and 
worsening of asthma and allergy. 

It has been established that ozone and DE exposures generate increases, as well as 
suppression of numerous cytokines predominantly secreted by macrophages and 
epithelial cells [21, 172, 176]. 
 

Transcription Factors 
Transcription factors are proteins that bind either directly to DNA or to other 
already bound transcription factors; which in turn recruits RNA polymerase leading 
to the initiation of gene expression. Primary transcription factors, such as NFκB 
and c-Jun, are transcription factors which do not need to be synthesized upon cell 
stimulation, as they are continuously present in an inactive state. Therefore, since 
they can be rapidly employed, they are an important step in the reaction to harmful 
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stimuli as well as the acute immune response. Transcription factors are activated by 
an extensive range of cell surface receptors reacting to stimuli such as oxidative 
stress, cytokines, inflammation or infection.  
The family of activating protein–1 (AP-1) transcription factors includes Jun, Fos 
and various additional subfamilies for instance, ATF2, ATF3/LRF1, B-ATF. 
Following cellular stimuli, these transcription factors are activated by 
phosphorylation of serine and threonine sites or regulated by their gene activation. 
The Jun protein can form a homodimer (Jun/Jun), or create a heterodimer with a 
Fos subunit (Jun/Fos), thus producing an especially stable formation with higher 
DNA binding affinity compared to the homodimer. These structures induce the 
production of numerous proinflammatory cytokines and mediators.  
The Rel/NFκB family consists of the subunits p50, p52, p65, c-Rel, and RelB, 
which all exist as homo or heterodimers, most notably p50/p65 and p50/p50. In 
its inactive form in the cytoplasm, the inhibitor protein IκB is noncovalently 
bonded to NFκB, concealing the nuclear binding domain. The dissociation of IκB 
occurs in response to a broad array of exogenous as well as endogenous signals, for 
example cytokines, viruses and endotoxin. As these signals are transmitted within 
the cytoplasm, the IκB is phosphorylated by IKK, tagging it for degradation 
(Figure 2). There are three known catalytic subunits of IKK (α, β, γ), out of which 
IKKβ is induced by proinflammatory cytokines, in particular TNF-α. During 
oxidative stress, when there are high levels of ROS, IKKβ is inhibited leading to 
the repression of NFκB activity [148]. NFκB is known to be a redox sensitive 
factor, and is regulated on many levels in the cytoplasm as well as the nucleus by 
ROS production [86]. Ozone and diesel exhaust exhibit recognized oxidant forces 
on airway cells, both linked to increased ROS production [36, 106, 107, 123].  
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Figure 2: Activation and regulation of NFκB within the cytoplasm and nucleus. (Original picture 
Sujay Singh, PhD, Chun Wu, PhD, Usha Ponnappan, PhD. U of Arkansas, www.biocarta.com ) 

MAPK 
The MAPK pathway is a complex signal transduction pathway that by means of 
various protein components links growth and stress signals conveyed to cell surface 
receptors with the intracellular response. These intracellular signaling cascades lead 
to immune responses such as activation of various transcription factors and 
cytokine production as well as controlling cell division and apoptosis. 
Presently, there are five main established pathways classified as ERK1/2 
(extracellular signal regulated kinase), ERK3/4, JNK (Jun-N-terminal kinase), p38 
and BMK-1/ERK5 (Big MAP kinase) [60, 194]. The JNK and p38 pathways are 
predominantly generated by proinflammatory cytokines, endotoxins, and 
environmental & cellular stress, whereas the ERK1/2 pathway is known as the 
classic mitogenic cascade. BMK-1/ERK5 is triggered both by mitogenic activity as 
well as stress inducers. ERK3 is a nuclear protein kinase, however, little is known 
about its specific role or how it is regulated. 
MAPKs are activated via dual phosphorylation, mediated within the cytoplasm by 
small G-proteins, and MAP kinase kinases (MEKs or MKKs) (Figure 3). The 
activated MAPKs can then either attach to cytoplasmic targets or translocate into 
the nucleus to stimulate transcription. ERK and p38 may pass directly into the 
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nucleus after activation. In contrast, JNK needs to phosphorylate the transcription 
factor c-Jun, which in turn gets translocated to the nucleus. The main targets for 
ERK phosphorylation and activation are pp90 ribosomal S6 kinase (Rsk), 
cytoplasmic phospholipase A2, and transcription factor Elk-1 [189]. The p38 
pathway regulates several transcription factors including AP-1, ATF-2, Mac and 
MEF2 [79]. It also targets MAPKAPK2, which in turn triggers activation of heat-
shock proteins [104, 128]. The JNK MAPK is involved in the promotion of 
transcriptional activity of AP-1, Elk-1 and ATF2 [40, 81]. The MAPKs activation 
and phosphorylation of these factors may intersect within the cell, however all of 
these pathways result in unique transcriptional activity for the specific external 
stress. 

Soluble inflammatory mediators 

MPO  

Myeloperoxidase (MPO) is a protein extensively stored in the azurophilic granules 
of neutrophils. During the respiratory burst of the neutrophil degranulation upon 
activation, it generates cytotoxic substances such as superoxides, chloride anions 
(Cl-), tyrosyl radicals and hypochlorous acid (HOCl). These products, although 
intended to eradicate bacteria and other pathogens, can have a detrimental effect 
on nearby cells and molecules, as well as initiating lipid peroxidation [199].  

MMP-9 

Matrix metalloproteinase-9 (MMP-9) is a proteolytic enzyme found in the gelatinase 
subgroup belonging to the MMP family of endopeptidases. Although several types 
of inflammatory cells can be the source of MMP-9, it is predominantly expressed 
and released by neutrophils and macrophages, thus playing a role in the acute 
inflammatory response. Its collagenolytic activity degrades extracellular matrix 
(ECM) components as well as non-ECM proteins within the airways. It is initially 
released as an inactive zymogenic proenzyme, which can be cleaved by numerous 
proteases. However, much remains unknown about the activation and regulation of 
this enzyme. It has been shown that an increase of T lymphocyte derived IL-17 
induces a rise in concentration of active MMP-9 in murine airways [141].  

sICAM  

ICAM-1 is a membrane protein which upon cell activation is up regulated on the 
vascular endothelium by the stimulation of proinflammatory cytokines, such as IL-
1 and TNF-α. This protein is fundamental for several cell interactions in the 
immune system following the onset of acute inflammation, such as mediating 
leukocyte adhesion to endothelial cells. Thus, soluble ICAM is a effective marker 
for examining the activation of leukocyte adhesion in inflammatory reactions and 
immune responses. 
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HNL  

Human Neutrophil Lipocalin is a protein found in the neutrophil granules and 
regarded as a sensitive and specific marker demonstrating neutrophil granulocyte 
activation. Part of the large lipocalin family which exhibit diverse physiological 
roles, HNL is co expressed in granulocytes along with MMP-9. This protein could 
possibly function as part of the activation process of promatrix metalloproteinases, 
seeing as it shares a covalent bond to the proenzyme.  

EPX  

Eosinophil protein X is a glycosylated protein that functions as an index of 
eosinophil activation and degranulation. Numerous highly cationic proteins such as 
major basic protein, eosinophil peroxidase, eosinophil cationic protein (ECP), and 
eosinophil protein X (EPX) are incorporated within the eosinophilic granules. 
These positively charged particles make up about 90% of the granule proteins. 
EPX offers an excellent indication for eosinophil activation since it is released 
effectively and is stable during an extended time.  

Albumin 

The most prevalent serum-binding protein in the human body is albumin, typically 
found in the plasma where it helps to sustain colloid oncotic pressure as well as 
transporting various substances such as hormones and exogenous drugs. An 
increase of pulmonary albumin gives evidence of a dysfunction in the lung 
endothelial barrier, and is used as an indicator of pulmonary vascular permeability. 
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Figure 3: Schematic picture of established MAPkinase pathways



 

 

 

Time after 
exposure 

Material O3 conc  Exposure time
Finding 

(O3 effect) 
Note 

0.22 ppm 4 hours ↑ IL-6; IL-8 Peak; Frampton 97 

0.4 ppm 2 hours ↑ PMN, IL-6, PGE2 Koren 91 

0.4 ppm 2 hours 

↑PMN, LDH, protein, 
fibronectin, PGE2, 

C3a, IL-6 
↓total cells, AM 

Devlin 96 

0.22 ppm 4 hours ↑PMN 
↑IL-6, IL-8 (peak) Torres 97 

BAL 
 

0.3 ppm 1 hour ↑PMN Schelegle 91 

BW  0.3 ppm  1 hour ↑PMN Schelegle 91 

Immediately (≤1hour) 

NL 0.4 ppm 2 hours ↑ PMN, tryptase Koren 90 

75 minutes Exhaled 99mTc-
DTPA 0.4 ppm 2 hours ↑ epithelial 

permeability Kehrl 87 

BAL 0.2 ppm 2 hours 
↑GSH, α-tocopherol, 

↓Total cells, 
macrophages, urate 

Blomberg 99 

0.12 ppm 2 hours ↑ P-selectin Krishna 97 1.5 hours 

Biopsy 
0.2 ppm 2 hours ↑ ICAM-1, P-selectin Blomberg 99 

3 Hours BAL 0.4 ppm/0.6 ppm 2 hours ↑PMN, eicosanoids Seltzer 86 



 

 

Time after 
exposure 

Material O3 conc  Exposure time
Finding 

(O3 effect) 
Note 

0.3 ppm 1 hour ↑ PMN  
 

Peak; Schelegle 91 
 

0.2 ppm 2 hours ↑PMN, epithelial cells, 
IL-8, Gro-α Krishna 98 

0.2 ppm 2 hours 
↑ PMN, MPO 
↓ macrophages, 

lymphocytes 
Mudway 99 

0.2 ppm 2 hours ↑ PMN, GSSG 
↓Ascorbic acid Mudway 01 

BAL 

0.2 ppm 2 hours ↑ IL-6 Behndig 06 

0.2 ppm 2 hours ↑ PMN Stenfors 02 

0.2 ppm 2 hours ↑PMN Behndig 06 

0.2 ppm 2 hours ↑ PMN, GSSG 
↓ascorbic acid Mudway 01 

BW 

0.2 ppm  2 hours ↑ PMN Behndig 06 

6 Hours 

Biopsy 0.2 ppm 2 hours ↑ PMN, Mast cells, P-
selectin, ICAM-1 Stenfors 02 



 

 

Time after 
exposure 

Material O3 conc  Exposure time
Finding 

(O3 effect) 
Note 

0.22 ppm 4 hours ↑ PMN; lymphocytes; 
mast cells Peak; Frampton 97 

0.4 ppm 2 hours 

↑ PMN; protein, 
albumin, IgG, PGE2, 
neutrophil elastase, 
LDH, fibronectin 

Koren 89 

0.10 ppm 6.6 hours 
↑PMN, protein, PGE2, 

fibronectin, IL-6, 
LDH 

Devlin 91 

0.08 ppm 6.6 hours ↑PMN, PGE2, LDH, 
IL-6 Devlin 91 

0.2 ppm 4 hours ↑ PMN, total protein 
concentration Balmes 97 

0.22 ppm 4 hours 

↑PMN (peak) 
IL-6, IL-8, 

lymphocytes, mast 
cells, eosinophils 

Torres 97 

0.4 ppm 2 hours ↑ PMN, albumin Graham 90 

BAL 

0.2 ppm 4 hours 

↑ total cell count, 
LDH, PMN, albumin, 
protein, fibronectin, 

GM-CSF 

Aris 93  

0.2 ppm 4 hours ↑PMN Balmes 97 

0.2 ppm 4 hours ↑ IL-8 Aris 93 

18 hours 

BW 

0.2 ppm 2 hours ↑PMN Stenfors  



 

 

 
Table 1 : Controlled ozone exposure chamber studies with healthy human subjects. The essential inflammatory results are outlined. 
AM= alveolar macrophages 
 

Time after 
exposure 

Material O3 conc  Exposure time
Finding 

(O3 effect) 
Note 

0.2 ppm 4 hours ↑ PMN Aris 93 
Biopsy 

0.2 ppm 4 hours ↑ ICAM-1 Balmes 97 18 hours 

NL 0.2 ppm 2 hours ↑ PMN, albumin Koren 90 

BAL 0.3 ppm 1 hour ↑ PMN peak; Schelegle 91 
24 hours 

BW 0.3 ppm  1 hour ↑ PMN Schelegle 91 



 

 40

AIMS 

The overall aim of this thesis was: 

∂ To examine the ozone induced airway signaling and inflammatory pathways. 
Furthermore, to elucidate the effects of sequential exposure to diesel exhaust 
and ozone. 

The specific aims were: 

∂ To evaluate whether the bronchial epithelial cytokine expression would 
differ between healthy and allergic asthmatics after ozone exposure. 

∂ To investigate the underlying rationale to the increased susceptibility and 
response to oxidative air pollutants of asthmatics. 

∂ To observe whether an environmentally relevant ozone exposure would 
stimulate an early upregulation in the bronchial epithelial expression of redox 
sensitive transcription factors and kinases regulating neutrophil 
chemoattractants in healthy subjects. 

∂ To explore whether ozone induced inflammatory signaling in the bronchial 
epithelium corresponds to the known pathways involved in diesel exhaust 
generated airway inflammation. 

∂ To evaluate whether ozone exposure would cause an enhanced airway 
inflammatory response, in addition to the extensive airway inflammation 
established after diesel exhaust exposure. 

∂ To further substantiate the airway inflammatory patterns when mimicking an 
urban profile of air pollution after sequential exposures to diesel exhaust and 
ozone. 
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SUBJECTS AND METHODS 

SUBJECTS 
Both asthmatic and healthy subjects included in the studies were non-smokers. 
They had normal physical examinations as well as ECG and lung function tests. All 
the volunteers were free from airway infection for at least six weeks prior to the 
first exposure and throughout the course of the study. In addition, non-steroid 
anti-inflammatory drugs and antioxidant supplements were not allowed 2 weeks 
before and during the entire study period. The studies were approved by the Umeå 
University Ethics Committee and subjects gave both verbal and written informed 
consent. All research performed was in compliance with the Declaration of 
Helsinki.  

Study I 
The study comprised healthy as well as asthmatic subjects. The healthy group 
consisted of fifteen non-atopic subjects, whereof six males and nine females with a 
mean age of 24 years, ranging from 19–31 years.  
The asthmatic group comprised 15 subjects (nine males, six females; mean age 
29 years, range 21–48 years) with intermittent to mild persistent disease diagnosed 
in accordance with the GINA guidelines [3]. The asthmatic subjects had normal 
lung function results with a mean FEV1 of 90% of predicted (range 75–114%) and 
demonstrated bronchial hyper-responsiveness to methacholine (geometric mean 
PC20 2.3 mg/mL). Furthermore, they had at least one positive skin prick test 
against a standard panel of common aeroallergens. With the exception of inhaled β-
agonists on demand, they did not require any additional anti-asthma therapy.  

Study II, III, IV 
These studies all involved healthy non-atopic subjects inclusive of both sexes, 
numbering 15, 16 and 17 in the respective studies with an age range of 19-31 years. 
The criteria for these volunteers, in addition to those described above, included no 
history of asthma, allergy or other respiratory disease as well as negative skin prick 
tests. 

 

STUDY DESIGN 
All the exposures were administered in a randomized sequence with each exposure 
conducted at least three weeks apart; thus creating a single-blinded, crossover 
control, with the subject acting as their own control. The samples collected after 
exposures were coded enabling the investigators to be blinded as to exposure 
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sequences. Throughout the course of the exposure, subjects alternated at 15 minute 
intervals between rest and moderate exercise using a bicycle ergometer (VE=20 
L/min/m2 body surface).  

Study I 
The study was performed in order to investigate differences between healthy and 
asthmatic bronchial epithelial responses to O3 exposure. All volunteers were 
exposed to filtered air and 0.2 ppm of O3 during two hours on two separate 
occasions. To assess the inflammatory effects on the airways with focus on 
epithelial cytokine expression, endobronchial mucosal biopsies were obtained via 
bronchoscopy 6 hours after each exposure. The prepared biopsy slides were stained 
for a panel of neutrophil chemoattractant and Th2-related cytokines (Figure 4) 

 Figure 4: Immunohistochemical staining of cytokine IL-8 in the bronchial epithelium. 

Study II 
The design of this study allowed further examination of the time kinetics involved 
in the inflammatory pathways in the bronchial epithelium of healthy subjects 
exposed to ozone. Two independent exposures each lasting two hours were 
completed for each subject, once to filtered air and once to 0.2 ppm of O3. 
Bronchoscopy to acquire bronchial biopsies was carried out one and a half hours 
after completed exposure. Biopsies were analysed for a panel of transcription 
factors and mitogen-activated protein kinases (Figure 5). 



SUBJECTS AND METHODS 

 43

 Figure 5: Immunohistochemical staining of MAPKinase JNK in the bronchial epithelium. 

Study III 
In order to observe the consequences of a sequential exposure pattern resembling 
an urban air pollution profile, subjects underwent two separate exposure series. 
These included a one-hour morning exposure to diesel exhaust (PM concentration 
300 µg/m3) followed five hours later by a two-hour exposure to filtered air or 0.2 
of ppm O3 (DE+air and DE+O3 respectively). Induced sputum was collected 24 
hours after the start of the initial exposure in each series. Sputum was evaluated for 
inflammatory cells and soluble inflammatory markers (Figure 6). 

Figure 6: Inflammatory cells in induced sputum samples. 
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Study IV 
To broaden the knowledge gathered in the previous study (Study III), subjects were 
again exposed in two separate exposure series. This time the one-hour morning 
exposure consisted of filtered air or diesel exhaust, and five hours later followed by 
a two hour exposure to 0.2 ppm ozone (air+O3 and DE+O3 respectively). 
Bronchial wash and bronchoalveolar lavage were obtained via bronchoscopy 24 
hours after the start of each morning exposure. Expression of inflammatory cells 
and soluble mediators were assessed in the lavage samples.  

 

EXPOSURE CHAMBERS 
Both the diesel and ozone exposures were carried out in environmental “walk-in” 
chambers. The chambers are designed to create a steady flow of an established 
pollutant concentration. The environment in both DE and O3 exposure chambers 
remained at a constant monitored temperature and humidity (20ºC and 50%, 
respectively). When entering the chambers subjects first enter a small vestibule and 
the external door is shut before access is granted to the inner door leading into the 
chamber, thus creating roughly an air lock system. Windows, in addition to an 
intercom system, provide subject and staff with a regular communication link. 

Diesel Exhaust Chamber 
The exposure chamber measures 2.5 x 2.5 x 2.5 m and the diesel exhaust was 
generated by an idling Volvo diesel engine (Volvo TD45, 4.5L, 4 cylinders, 1991, 68 
rpm). Over 90% of the exhaust formed was shunted away and the remaining 
fraction was diluted with filtered air before being led into the exposure chamber, 
therefore generating a steady state air concentration of pollutant. 
Throughout the exposure, air from the breathing zone of the subject was sampled 
and continuously monitored for concentrations of nitrogen monoxide (NO), 
nitrogen dioxide (NO2), oxides of nitrogen (NOx) and total gaseous hydrocarbons 
(measured as propane). The steady state concentrations of PM10 and gaseous 
components during the DE exposures were 285±17.1 µg/m3 (PM10), 1.65±0.17 
ppm (NO), 0.51±0.05 ppm (NO2), 2.16±0.21 ppm (NOx), 1.18 ± 0.02 ppm 
(hydrocarbons), expressed as means and SEM. The majority of PM mass quantified 
in the exposure chamber were fine particles under 1 µm, with a mass median 
particle diameter of 0.18 µm (Figure 7). 

Ozone exposure chamber 
The ozone exposure chamber has a volume of 14.1 m3. O3 was generated by a 
Fischer’s O3 generator 500 MM (Fischer Labor and Verfahrens-Technik, Bonn, 
Germany) and the concentration in the chamber was continuously monitored by a 
photometrical ozone analyzer (Dasibi model 1108, Dasibi Environmental Corp., 
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California, USA). To maintain the continuous temperature and relative humidity, 
ambient air was continuously drawn through the exposure chamber at a ventilation 
rate of 30 m3/h. During the exposures throughout the studies ozone 
concentrations remained stable at 0.199 ± 0.007ppm (mean ± SEM) (Figure 7).  

Figure 7: Diesel exposure chamber (left) and ozone exposure chamber (right). 

Filtered air exposures 
In order to establish blinded exposures, the filtered air exposures were also 
performed in the same environmental exposure chambers. In studies I-III filtered 
air exposures were carried out in the ozone chamber, whereas in study IV it was 
located in the DE chamber. During these exposures, the concentrations of ozone 
and gaseous components of diesel exhaust were also continuously monitored to 
discount any uncertainties regarding particle or ozone contamination. 

 

SAMPLING METHODS 

Induced Sputum 
Sputum induction was carried out in accordance with a method developed by Pin et 
al [137]. In order to prevent bronchoconstriction, all subjects received pre-
treatment with an inhalation of 0.5 mg terbutaline. Hypertonic saline was placed in 
an ultrasonic nebuliser with an output of 1.5 ml/min (DeVILBISS Ultra-Neb 2000, 
DeVILBISS Health Care Inc., Somerset, PA, USA). Induced sputum was collected 
after three 7-minute inhalations of 3%, 4% and 5% saline solutions. After rinsing 
their mouths with water and blowing their noses, subjects expectorated sputum 
into a sterile container following each inhalation. FEV1 was continually monitored 
prior to and after each inhalation period. 

Bronchoscopy 
Atropine (1 mg) was administered subcutaneously to all subjects as pre-medication 
30 minutes prior to bronchoscopy. Lidocaine was subsequently given as topical 
anesthesia of the airways. An Olympus BF IT200, BF T10, BF T20 or BF IT160 
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fiberoptic or video bronchoscope (Olympus, Tokyo, Japan), was inserted into the 
airways via a mouthpiece with the subjects in the supine position. 

Biopsies 

Four to six endobronchial mucosal biopsies were obtained per session using 
fenestrated forceps (Olympus FB 21C). The biopsies were obtained either from the 
anterior aspect of the main carina and the subcarinae of the 2nd, 3rd and 4th 
generation airways on the right side or the posterior aspect of the main carina and 
the corresponding subcarinae on the left side. These sites were predetermined using 
a randomized approach, with the alternative site chosen for the second 
bronchoscopy, thus avoiding artefacts formed by earlier biopsy locations. 

BW and BAL 

Bronchial wash (BW) and bronchoalveolar lavage (BAL) were performed following 
biopsy procurement. Initially, a bronchial wash of 2 x 20 ml of sterile saline 
solution (pH 5.4 at 37°C) was instilled, followed by a bronchoalveolar lavage (BAL) 
of 3 x 60 ml of saline solution. The lavage fluids were obtained within the middle 
lobe when biopsies were taken from the left side or lingula lobe when biopsy 
samples were acquired from the right side. The recovered aspirate from the first 
and second 20 ml instillations of the BW and the combined BAL fluid were 
gathered into individual containers and immediately placed on ice. 

 

PROCESSING AND ANALYSES 

Induced Sputum 
The sputum samples were processed utilizing the method based on Pizzichini et al 
[138]. The viscous portion of the sample was transferred to 10 ml siliconized tubes 
with Sputolysin and rocked for 15 minutes. This process dissolves the mucus and 
dissipates the cells. Phosphate buffered saline (PBS) was then added and the sample 
was rocked for an additional five minutes. The solution was filtered through a 48 
µm Mesh nylon filter and centrifuged at 300 g at 4°C for 10 minutes forming a cell 
pellet. The supernatant was recentrifuged at 1000 g for 10 minutes so as to 
eliminate any additional debris. This batch was then stored at -70°C for future 
analyses. 
The recovered cell pellet was resuspended in 1000 µl of PBS and using trypan blue, 
a hemocytometer determined total cell counts as well as cell viability. The cell 
dilution was adjusted to 0.5 x 106 cells/ml and 50 µl allocated per cup in a Shandon 
3 cytocentifuge (Shandon Southern Instruments Inc., Sewikly, PA, USA). Cytospins 
were generated and stained with May–Grünwald Giemsa. 
400 non-squamous cells were subsequently counted, with differential cell counts 
expressed as a total count as well as a percentage of the complete non-squamous 
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cell count. The percentage of squamous cell contamination was assessed in an 
additional general count of 400 cells. Sputum samples qualified for further analysis 
when containing < 20% squamous cells and the viability was > 50%. The total cell 
count was ultimately computed by dividing the number of cells with the volume of 
processed sputum (1 mg = 1 µl). 
Quantification of the soluble inflammatory mediators myeloperoxidase (MPO), 
matrix metalloproteinase-9 (MMP-9) and IL-6 where performed with commercial 
enzyme-linked inmmunosorbent assay kits using the sputum supernatant (ELISA; 
R&D Systems Inc., Abingdon, UK). 

Biopsies 
Processing of the endobronchial biopsies began by placing the tissue in chilled 
acetone containing the protease inhibitors phenyl-methyl-sulphonyl fluoride (2 
mM) and iodoacetamide (29 mM) overnight. The biopsies were then processed into 
glycol methacrylate (GMA) resin in accordance with the method described by 
Britten et al [28]. These blocks were stored at -20ºC until immunohistochemistry 
could be implemented.  
The first step was to trim sections from each block using a microtome (Leica, 
Cambridge, UK) and stain them with toluidine blue in order to ascertain epithelial 
quality within the biopsies. Using the biopsies with best morphological structure, 
two to four 2 µm sections were cut representing each subject and exposure and 
placed on poly-L-Lysine treated microscope slides. The slides stained for 
transcription factors and MAPKs were initially incubated with 0.3% Triton-X-100 
(TBST), to facilitate nuclear permeability. In order to inhibit endogenous 
peroxidase activity, all slides were treated with a solution of 0.1% sodium azide and 
0.3% hydrogen peroxide, followed by three short washes. During the first day of 
the procedure, as well as the first set of washes on day two, the rinsing buffer for 
staining with transcription factors and MAPK was TRIS-buffered saline with 0.1% 
Triton-X-100 (TBST), the remaining antibodies instead used TRIS-buffered saline 
(TBS) as washing solution throughout the entire staining process. Non-specific 
antibody binding was blocked with undiluted culture medium containing bovine 
serum albumin and fetal calf serum. An added blocking step was necessary for 
transcription factor and MAPK stainings, requiring a 30 minute incubation with 
rabbit or swine normal serum before applying the primary antibodies to all slides 
and incubating at room temperature overnight. Primary antibodies for transcription 
factors and MAP kinases were diluted in Tris-buffered saline with 0.05% TBST 
with 1% bovine serum albumin (BSA), whereas for cytokine stainings dilutions 
were completed with TBS.  
No later than 18 hours after antibodies were applied, the slides were rinsed three 
separate times with TBST or TBS, followed by a two hour incubation with a 
secondary antibody. Biotinylated swine anti rabbit (Dako Glostrup, Denmark) was 
applied to slides where the primary antibody source was rabbit, while biotinylated 
rabbit anti-mouse (IgG F(ab´)2 Dako Glostrup, Denmark) was used as a secondary 
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antibody on the mAb immunostained sections. Another set of three TBS rinses and 
then a further two-hour incubation using streptavidine-biotin horseradish-
peroxidase complex (Dako) diluted in Tris-HCl, were followed by additional TBS 
washes. 
In order to distinguish the epithelial immunoreactivity, 3,3-diaminobenzidine 
tetrahydrochloride (DAB) was applied, creating a brown hues corresponding with 
antibody reactions. The sections were then counter-stained with Mayer’s 
Haematoxylin, generating a blue background staining so as to visualize 
morphology. Slides with sections of tonsil, treated in the same manner, apart from 
overnight incubation with TBS/TBST rather than primary antibody, were used as 
negative controls.   
The epithelial expression of each factor was quantified using a computer-aided 
image analyser (Leica Microsystems Q500IW Image System, Leica, Cambridge, 
UK) (Figure 9). Cytokine expression was conveyed as the percentage of stained 
epithelial area, derived from the ratio of positive cytoplasmic and nuclear DAB 
immunostaining out of the total epithelial area.  
Transcription factor and MAP kinase quantification were expressed in two 
different manners. The first, just as with cytokines, a percentage of total positively 
immunostained epithelium out of the entire intact epithelial area selected. Secondly, 
since the immunohistological method used allows for greater nuclear permeability, 
this enables a subsequent evaluation of positive staining of the nucleus or nuclear 
membrane, expressed as the number of positive nuclei/mm2 epithelium. 
 

Figure 9: Immunohistochemical staining of transcription factor P-c-Jun (left) and the same 
staining as seen with Leica Image Analyzer (right). 
 

BW and BAL 

Inflammatory cells 

Lavage fluids were filtered through a nylon filter (pore diameter 100 µm, Syntab 
Product AB, Malmö, Sweden) and centrifuged at 400 g for 15 minutes. The cell 
pellets were re-suspended in PBS to a concentration of 106 cells/ml, and total 
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number of cells counted using a Bürker chamber. Specimens were cytocentrifuged 
at 96 g for five minutes (Cytospin 3®, Shandon Southern Instruments Inc., Sewikly, 
PA, USA) and slides were prepared with 5 x 104 non-epithelial cells on each. 400 
cells were counted on slides stained with May–Grünwald Giemsa, providing cell 
differential counts.  

Cytokines and soluble mediators 

The quantification of interleukin-6 (IL-6), interleukin-8 (IL-8), soluble intercellular 
adhesion molecule (sICAM), myeloperoxidase (MPO), and matrix 
metalloproteinase 9 (MMP-9) were determined using commercially available 
enzyme-linked immunosorbant assay (ELISA) kits. Albumin was measured using a 
commercially available kit from Boehringer Mannheim (Mannheim, Germany). 
Analysis of human neutrophil lipocalin (HNL) and eosinophil protein X (EPX) 
were performed at the Department of Chemistry at Uppsala University, Sweden. 
HNL was assessed using a radio-immunoassay, while EPX was processed with 
ELISA [136, 197].  

 

LUNG FUNCTION TESTING 
Dynamic spirometry determining forced expiratory volume in one second (FEV1) 
and forced vital capacity (FVC) was performed in the inclusionary stage of each 
study (Vitalograph-COMPACT; Vitalograph Ltd; Buckingham, UK). During all the 
studies, lung function measurements were consistently carried out pre and post air, 
ozone and diesel exhaust exposures respectively. All measurements were performed 
in triplicate, and the best value was recorded, in accordance with the 
recommendations of the American Thoracic Society [2].  

 

SYMPTOMS 
Throughout all exposures to filtered air, as well as pollutants, symptoms were 
assessed using a modified Borg’s scale. Registration began immediately at the start 
of exposures and were performed at 30 minute intervals until termination [24]. The 
symptoms surveyed consisted of headache, dizziness, nausea, tiredness, chest pain, 
coughing, difficulty breathing, eye irritation, nose irritation, unpleasant smell, bad 
taste in mouth and throat irritation. 
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STATISTICS 
All statistical calculations were processed SPSS® software version 13.0 for 
Windows® (SPSS Inc., Chicago, IL, USA). Significance was considered at p ≤ 0.05. 
Values are expressed as medians with interquartile ranges (25th to 75th percentiles). 
Wilcoxon’s non-parametric signed-rank sum test for paired observations was 
applied when evaluating coupled observations in the same individual, such as 
assessing O3 and DE induced changes. In study I, group comparisons between 
asthmatics and healthy were calculated using the Mann-Whitney U test for 
analyzing independent samples. In study IV lung function comparisons were 
processed using T-Tests and symptomology was evaluated using General Linear 
Model, repeated measures ANOVA. The correlation analyses in study III were 
performed using the Spearman rank correlation test. 
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RESULTS 

STUDY I 
In this study healthy and mild asthmatic subjects were exposed to ozone (0.2 ppm) 
or filtered air for two hours during two randomized occasions. Bronchoscopy with 
biopsy acquirement was performed 6 hours after each exposure. 
Immunohistochemical methods were employed to analyze the cytokine expression 
in the bronchial epithelium. 

Baseline results 
When comparing the two groups after air exposure, asthmatics displayed a 
significantly greater baseline expression of IL-4 (p=0.02) and IL-5 (p=0.02). 
However, a significantly lower expression as compared to healthy subjects was 
observed for TNF-α (p=0.02), IL-10 (p=0.001), GRO- α (p=0.006), IL-8 (p=0.003) 
and ENA-78 (p=0.006). No significant baseline differences were detected for GM-
CSF, IL-6 or fractalkine.  

Cytokine responses 
In the asthmatic group, O3 exposure induced a significant increase in the 
expression of IL-5 (p=0.03), GM-CSF (p=0.03) and ENA-78 (p=0.046), with a 
trend suggestive of an IL-8 rise (p=0.06). No significant O3-induced effects were 
seen in the healthy subjects, although IL-10 showed a tendency towards a decrease 
(p=0.06). 
The O3-induced changes within the two groups were then compared to one 
another and revealed that the increases in GRO-α (p=0.011), ENA-78 (p=0.045) 
and IL-8 (p=0.004) in the asthmatic group were significantly greater than the non-
significant decreases seen in the healthy group. Similarly, the asthmatic group 
responded with a significantly greater response in IL-5 (p=0.03) and GM-CSF 
(p=0.003).  

 

STUDY II 
In this study, healthy subjects were exposed to ozone (0.2 ppm) or filtered air for 
two hours on two separate occasions. Endobronchial biopsies were procured via 
bronchoscopy 1½ hours after all exposures. The biopsy material was processed 
utilizing immunohistochemistry. 
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Cytokine responses 
Ozone exposure brought about a significant suppression of the expression of IL-8 
in the bronchial epithelium (p=0.018). No significant changes were noted in GRO-
α, ENA-78, or TNF-α. 

Transcription factor and MAPK responses 
Exposure to O3 resulted in a decrease both when examining total epithelial staining 
(p=0.003) as well as the number of positive nuclei for NFκB (p=0.02). 
Furthermore, a significant ozone-generated decline was seen in the total epithelial 
staining of p-c-Jun (p= 0.021), with a tendency towards a corresponding downward 
inclination in nuclear staining (p=0.07). No significant ozone induced responses 
were seen in C-fos, p-p38, p-JNK, or p-ERK. 

 

STUDY III 
In study III, healthy subjects underwent two separate exposure series, starting with 
a one hour exposure to diesel exhaust (300 µg/m3) followed five hours later by a 
randomized O3 (0.2 ppm) or filtered air exposure (DE+O3 and DE+air 
respectively). Induced sputum collection occurred 24 hours after the initial 
exposure. 

Differential cell counts 
The DE+O3 exposure was associated with a significant increase in the percentage 
of neutrophils (p=0.049), with an accompanying trend towards an increase in total 
neutrophil numbers (p=0.070). The neutrophilic increase was also reflected by a 
decrease in macrophage percentage (p=0.066). No changes in either cell counts or 
percentages were seen in lymphocytes, eosinophils or ciliated cells.    

Soluble inflammatory markers 
A significant increase in the concentration of MPO was seen after exposure to 
DE+O3 (p=0.041), with a trend towards increase observed in MMP-9 
concentrations (p=0.074). No changes were detected when evaluating IL-6.  

Correlations 
The differentials (Δ = DE+O3 minus DE+air) between the two exposure series 
were analyzed and showed a significant association between the Δ of total PMNs 
with ΔMPO (rS=0.759; p = 0.001) as well as ΔMMP-9 (rS=0.535; p=0.033). 
Likewise, a strong correlation was observed between ΔMPO and ΔMMP-9 
(rS=0.803; p=0.000).  
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STUDY IV 
In this study healthy subjects participated in two isolated exposure series, 
commencing with a systematically randomized one hour DE (300 µg/m3) or 
filtered air exposure. Five hours later, on both occasions, the subjects underwent a 
two hour exposure to O3 (0.2 ppm), creating a diesel exhaust+ozone and an 
air+ozone exposure series. Lung function testing was performed prior to and after 
each exposure. Bronchoscopy with BW and BAL was carried out 24 hours after the 
initial exposure.  

BW responses 
Following the diesel exhaust+ozone exposure there was a significant increase in the 
number of total cells (p=0.011), consisting of a clearly identifiable amplification in 
the number of neutrophils (p=0.006) and macrophages (p=0.046). An essential, yet 
non-significant, increase was seen in eosinophil numbers (p=0.050). No variation 
was seen in the lymphocyte count. Furthermore, no differences in the 
concentrations of IL-6, IL-8, sICAM, HNL, EPX, MMP-9, MPO or albumin were 
detected between the two series.  

BAL responses 
In BAL, the DE+O3 exposure induced a heightened concentration of EPX 
(p=0.04). No other significant divergences were observed with regards to 
inflammatory cell counts, soluble proteins or cytokines.  

Lung Function responses 
Ozone exposure did not induce any significant changes to the subjects’ lung 
function measurements regardless to if they were pre-exposed to DE or filtered air. 
 



 

 

 
Table 2: Summary of results 
Baseline = air differences between the groups; MØ = macrophages; %= percent positive staining of transcription factors within total epithelial area; 
Nuclear = number of positive nuclei/mm2 in epithelium; Cytokine data all expressed as percent of positive staining in total epithelial area. 
 

Study Pollutant Method Subjects Factors examined Findings 

I Ozone Endobronchial 
Biopsies 

Healthy (H); 
Asthmatics (A) 

Cytokines: 
IL-6, IL-5, IL-10, IL-8, Gro-α, 

ENA-78, TNF-α, GM-CSF, Fractalkine 

 
Baseline: A ↑ IL-4 + 5 

H ↑ TNF-α, IL-10, Gro-α, IL-8. ENA-78 
Air vs. O3: A ↑ IL-5, ENA-78, GM-CSF 

Between groups: IL-5, ENA-78, GM-CSF,  
GRO-α, IL-8 

 

II Ozone Endobronchial 
Biopsies Healthy 

 
Cytokines: IL-8, GRO-α, ENA-78, TNF- α 
Transcriptions factors + MAPKs: NFκB, 

p-C-Jun, C-fos, p-p38, p-JNK, p-ERK 
 

                     %: ↓ NFκB, p-C-jun 
                     Nuclear: ↓ NFκB 
                     Cytokines: ↓ IL-8 

III Ozone; Diesel Induced 
Sputum Healthy 

Cells: MØ, PMNs, Lymphocytes, 
Eosinophils, Total cells 

Soluble mediators: MPO, MMP-9, IL-6 

                  After DE+O3: ↑ PMNs, MPO 
Correlations: ∆ MPO-MMP-9- PMNs 

IV Ozone; Diesel BW, BAL Healthy 

Cells: MØ, PMNs, Lymphocytes, 
Eosinophils, Total cells 

Soluble mediators: sICAM, IL-8, IL-6, 
MPO, MMP-9, HNL, EPX, Albumin 

       Lung function and symptoms 

After DE+O3: BW ↑ Total cells, PMNs, MØ 
BAL  ↑ EPX  

Correlations: BAL Total eosinophils – EPX 
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DISCUSSION 

DISCUSSION OF METHODS 
The exposures were meant to mimic a naturally occurring ambient exposure as 
closely as possible. Both exposure concentrations chosen, diesel exhaust at a PM 
concentration of 300 µg/m3 and 0.2 ppm of ozone, represent realistic 
concentrations that can be encountered in an urban environment. In previous 
studies, these concentrations have also been observed to induce acute and 
measurable airway inflammatory effects.   
The sequential exposure setup was chosen to resemble an urban cyclical profile of 
air pollution. Diesel exhaust, being a traffic-related pollutant, tends to peak at rush 
hours. Conversely, ozone production is mainly dependent on a photoreactive 
process causing it to reach a climax in the afternoon. Hence, a study design was 
selected with a diesel exhaust exposure in the morning and an ozone exposure 
taking place hours later in the afternoon.  
Employing immunohistochemical techniques to endobronchial biopsies embedded 
in GMA allowed for the opportunity to study not only the cytokine, transcription 
factor and MAPK signaling pathways, but also gave an overview of the 
morphology. In studies I-II archived bronchial biopsies were examined and the sole 
focus was on inflammatory mediators within the epithelium. The airway epithelium 
has been suggested to play a central role in the defense and innate immune 
response of the lungs. It not only protects the airways via a barrier effect, but also 
serves as a target for inflammatory cell mediators and cytokines, as well as itself 
releasing several proinflammatory mediators and cytokines.  
Induced sputum was selected as the investigative method in Study III since this 
gave us a proven, yet non-invasive, method to assess if any airway inflammatory 
effects would be present. Induced sputum has in previous studies been shown to 
be an effective means of evaluating inflammatory markers in the airways following 
separate air pollutant exposures consisting of DE or ozone [127, 129]. The cell 
counts obtained have been demonstrated to be highly repeatable. Sputum samples 
primarily represent the more proximal airways, though there are indices that it also 
provides information about effects in the lower airways as results have been 
comparable to those found in BAL [31, 112, 133].  
Since enhanced inflammatory effects were shown in induced sputum after a diesel 
exhaust and subsequent ozone exposure, study IV took a further step in 
investigating the effects of combined sequential exposures. BW and BAL were 
obtained by means of flexible video bronchoscopy in order to evaluate airway 
inflammation. Whereas BW tends to represent more central airway sections, BAL 
principally corresponds to bronchoalveolar effects [147]. Consistently, DE induced 
airway neutrophilia tends to dominate in the bronchial segments, while neutrophilia 
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is found throughout the airway compartments after O3 exposure [12, 73, 98, 124, 
167]. Examining BW and BAL thus provides a useful method to distinguish 
distinctive effects found at various airway levels. 
As it is always optimal to include as many subjects as possible, a balance has to be 
accomplished between what is useful from a statistical perspective versus what is 
ethically and practically feasible to carry out. Based on previous human exposure 
studies, it has been determined that a study population of fifteen subjects is a 
realistic and reasonable number of subjects when addressing air pollution induced 
airway inflammation [22, 168]. Each subject was exposed to filtered air and the 
chosen pollutant within the same exposure chamber, therefore acting as his or her 
own control. 
Throughout the four studies non-parametric statistics tests were consistently 
chosen to test the hypotheses. The only exception to this was the use of t-test to 
evaluate lung function changes, as lung function is considered a normally 
distributed parameter. The use of non-parametric tests was selected since they offer 
two advantages, firstly they do not demand a normal distribution pattern and 
secondly they are less sensitive to outliers. When performing several statistical tests 
within a study, the concern of multiplicity arises. Multiple testing causes a potential 
increase of chance findings, since one in 20 tests may appear significant when the 
p-value is set to 0.05.  
A solution would be to re-examine the significances using the Bonferroni post-hoc 
test. This correction maintains that if n independent hypotheses are tested on a set 
of data, then the p-value used should be n times smaller. Most studies with smaller 
subject numbers, such as fifteen, will encounter these statistical difficulties, and 
have a harder time holding up to the strictness of the Bonferroni correction than 
larger study groups. 
However, if within the same study there are a considerable number of significances 
found within the results, it is more likely that these are true significances, such as in 
study I. Another factor to consider is whether the numbers and p-values are 
pointing to a trend. If the data show a clear tendency towards one direction, it can 
be presumed that the significances are less likely to be random and therefore more 
accurate. This consideration is applicable to the results found in all four studies, 
given that there were noticeable trends seen in each of the data sets, leading to an 
apparent premise. On the other hand, there are several p-values within the four 
studies that do hold up despite the rigorous Bonferroni correction, thus solidifying 
their validity.  
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DISCUSSION OF MAIN RESULTS 

Study I-II 

Inflammatory Responses Study I 

Healthy subjects 

Previous studies which have focused on the pulmonary effects of ozone exposure 
in healthy individuals, have found numerous markers in BW, BAL and biopsies 
indicating inflammation at various time points. These include the activation and 
expression of chemokines and adhesion molecules as well as inflammatory cells, 
primarily consisting of neutrophils [8, 13, 22, 43, 95, 157]. The inflammatory 
upregulation is seen as early as immediately after ozone exposure, and neutrophilia 
in lavage samples persists at 24 hours. Study I was carried out using archived 
biopsies from a previous study in healthy and asthmatic subjects [168]. Following 
ozone exposure, the upregulation of the expression of endothelial vascular 
adhesion molecules P-selectin and ICAM-1 expression was reported in healthy 
subjects. They also displayed an increase in neutrophil numbers in lavage as well as 
in the epithelium and submucosa.  
Although ozone-stimulated neutrophil recruitment in the airways has been well 
established, little has been done to delineate the molecular mechanisms that 
precede this upregulation. Cytokines and chemokines play an essential role in the 
recruitment and regulation of neutrophils. In study I, no ozone-induced increase in 
cytokine expression was found in the bronchial epithelium of healthy individuals at 
six hours after exposure. At baseline, however, the expression of TNF-α, IL-10 and 
neutrophil chemoattractants were significantly increased in the healthy bronchial 
epithelium compared to the asthmatics. It is difficult to speculate what this might 
represent. Mild to moderate asthmatics, because of their persistent inflammation, 
may have a sustained underlying usage of the neutrophil chemoattractant factors, 
which in turn could be seen as a recession of these factors. Decreased levels of IL-
10 have previously been found in sputum and BAL from asthmatic patients. IL-10 
is a regulatory cytokine produced by T cells and macrophages, which relegates 
inflammatory responses. It has been theorized that the reduced production of this 
inhibitory cytokine is a factor in conditions with chronic underlying inflammation 
[25, 174].  

Asthmatics 

On account of a characteristically chronic airway inflammation and their 
heightened sensitivity to airway irritants, asthmatics have been indicated to be a 
particularly vulnerable group to the effects of ozone. It is presumed that ozone 
exposure heightens the already preexisting inflammatory condition, causing an 
exacerbation of symptoms. Enhanced ozone-induced airway inflammation in 
asthmatic airways as compared to healthy has been demonstrated. Notably, these 
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studies used longer exposures and thus employed a higher total ozone dose than 
the 0.2 ppm of ozone for 2 hours chosen in this study design [12, 14, 156]. In the 
study by Stenfors et al mentioned above, ozone exposure did not induce an airway 
neutrophilia in the asthmatic subjects, as was seen in the healthy group [168]. This 
raises the question if the ozone-induced airway inflammatory reaction in the 
asthmatic is delayed, and therefore finds itself in an earlier phase at 6 hours post 
exposure than in healthy airways.  
As expected, the asthmatic group displayed a significantly higher expression already 
at baseline for IL-4 and IL-5, as compared to the healthy non-atopic group. Both 
these Th2 cytokines are strongly associated with the airway response seen in allergic 
asthma. IL-4 is crucial for IgE synthesis, and IL-5 plays a major part in eosinophil 
accumulation in asthmatic inflammation. 
Ozone exposure induced an increase of IL-5 and GM-CSF, another cytokine which 
influences stimulation, activation and survival of eosinophils. This may mirror a 
later influx of eosinophils within the asthmatic airway. An ozone generated 
eosinophilia has been detected 18 hours after exposure in bronchial lavage from 
asthmatic subjects [134]. Significant associations have been found between the 
activation of eosinophils and the severity of asthma symptoms [50, 78]. This may 
provide an important cellular explanation to the epidemiological findings of 
increased asthma exacerbations following heightened ozone levels. 
In addition, ozone exposure caused the upregulation of ENA-78 and IL-8 in the 
asthmatic epithelium. These chemokines have a central role in the activation and 
chemotaxis of neutrophils. Given that no corresponding neutrophil enhancement 
was seen in lavage or tissue at this time point, the amplified chemokines could 
denote that the asthmatics are still in the recruitment stage. This would suggest that 
the asthmatic airway does, in fact, respond slower to ozone-induced inflammation 
than in healthy subjects. This is in accordance with the lag effect in symptoms 
often noted in epidemiological studies, with emergency room visits increasing 1-2 
days after a recorded ozone culmination period [30, 169, 179, 190]. Adaptations 
and alterations of endogenous mechanisms due to the already inflamed asthmatic 
airway could be involved with this delay. Another possible interpretation is that the 
chronic inflammation has exhausted the epithelial cells, thus causing a slower 
response to an exogenous irritant such as O3.  

Inflammatory responses Study II 

There is limited knowledge about the time course involving the biochemical and 
cellular responses in human airways after ozone exposure. Ozone-induced 
elevations of neutrophils have been found in healthy subjects starting immediately 
after exposure (<1 hour) and persisting up to 24 hours [8, 12, 18, 42, 56, 94, 95, 98, 
157, 181]. Although, it should be noted that most of these studies used higher ppm 
concentrations or longer exposure times, both resulting in a greater total ozone 
dose. We have previously observed an adhesion molecule upregulation at 1½ and 6 
hours following a 0.2 ppm ozone exposure, with a subsequent neutrophilia at six 
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hours [22, 97, 168]. Given that no O3 associated cytokine changes were seen in the 
healthy epithelium in Study I, further analysis was required to delineate the timeline 
aspect. We therefore analyzed archived healthy endobronchial mucosal biopsies 
sampled 1½ hours post-exposure, using an analogous exposure design to Study I. 
Unfortunately no asthmatic biopsies exist from this timepoint, although that would 
have been optimal. 
Surprisingly, we found that O3 significantly reduced the total epithelial expression 
of NFκB and c-Jun, as well as the nuclear expression of NFκB. Likewise, a 
significant decrease of IL-8 expression in the epithelium was discovered. The 
validity of these findings is strengthened by the consistency of the trends seen in 
the data. Overall, when looking at the medians, as well as spread of the interquartile 
ranges, there is a clear tendency towards suppression seen throughout the post-
exposure data. This is also mirrored in the results for the healthy subjects in Study 
I. In general, these values also display a decline post-ozone, even though no 
significant O3-induced changes were detected.  
To the best of our knowledge, this is the first investigation of the early signal 
transduction and cytokine expression in the bronchial epithelium of human 
subjects after a controlled chamber ozone exposure. Therefore, to hypothesize 
about the possible underlying mechanisms of these unexpected results we must 
generally rely on conclusions formed in animal and in vitro studies. 

Theories for NFkB suppression 

Although several animal and in vitro studies have indicated that NFκB and AP-1 
could be involved in the inflammatory response to ozone, there is no real 
experimental evidence for affirming that ozone causes changes to redox sensitive 
pathways in human airways. In addition, within the bronchial epithelium there has 
been no confirmation of increased expression of cytokines under the regulation of 
AP-1 or NFκB at either 1½ or six hours following a controlled ozone exposure [22, 
26, 98].  
As ozone interacts with components of the RTLF, it generates secondary oxidation 
products resulting in airway inflammation. Once activated, neutrophils can move 
into the RTLF, thus creating an endogenous oxidative stress by releasing ROS such 
as hydrogen peroxide (H2O2) and hydroxyl radicals (˙OH). Ordinarily during 
inflammatory reactions the enzyme IκB kinase β (IKK β) phosphorylates IκB, 
which detaches from NFκB dimer. This allows for the activation, nuclear 
translocation and DNA binding of NFκB (Figure 2). It has been demonstrated that 
the presence of H2O2 leads to a reduction of IKK, thus causing a suppression of 
the kinase activity [148]. This negative regulation of NFκB is a reversible process, 
considered to be a protective mechanism during periods of intensified oxidation. 
Since neutrophils are found to be up regulated almost directly after an ozone 
challenge, it is possible that at 1½ hours they have become an endogenous source 
of H2O2 [42, 94, 157, 181].  
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This IKK decrement would entail that more IκB would stay bound to NFκB, 
therefore almost certainly masking the antibody binding site on the p65 epitope. 
This sustained bond to IκB also explains the decrease seen in the nucleus, since 
translocation for these complexes would be unachievable. 
Another speculation to explain the ozone-induced decrease in NFκB could be 
based on in vitro studies that have shown an antioxidant induced inhibition at 
various stages of the TNF-α, NFκB and IL-8 pathway. Curcumin has been shown 
to increase GSH in epithelial cells and when GSH concentrations were high it 
effectively inhibited cytokine stimulated NFκB activation and subsequent IL-8 
release [20]. This, in accordance with our previous finding of a significant increase 
in GSH in the RTLF at 1½ hours post ozone challenge, may be a key to explaining 
this initial suppression by an oxidant stimulus. 

Theories for IL-8 suppression 

Many in vitro studies that have focused on therapeutic or reactive oxidant 
inhibition of TNF-α or NFκB, have also reported a corresponding IL-8 repression 
[20, 182]. This is to be expected since the functional binding sites on the 
chemokine’s promoter region are for NFκB and AP-1, thus causing these 
transcription factors to be vital for its gene expression.  
Although, the decrease in IL-8 detected in this study could also be associated with 
its various characteristics. In the tissue IL-8 is found in different forms. Many of 
the free chemokines are monomers, yet many multimerize when higher 
concentrations arise. They can also be bound (as monomers) to their specific G-
protein coupled receptor on the leukocyte or to cell surface and soluble 
glycosaminoglycans (as multimers) (Figure 10). Multimerization as well as forming 
chemokine-GAG complexes alter the biological function and the structural 
composition of the chemokine [52, 58, 76, 101, 164]. This could be an alternate 
explanation to the reduction in IL-8 seen in study II after ozone exposure, since 
much is still unknown about antibody specificity.  

Figure 10: Schematic picture of IL-8 complexes and their affect on binding (Original picture 
Kuschert et al. Biochemistry, 1999; 38:12959-12968). 
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Theory for neutrophil upregulation at 6 hours 

It appears that an environmentally relevant ozone exposure does not induce an 
upregulation of AP-1 or NFκB at the time point investigated in the present study. 
In spite of this, we do see neutrophil migration into the bronchial submucosa and 
epithelium. However, this could be stimulated via NFκB independent pathways.  
As increasing doses of ozone come into contact with the RTLF, the antioxidant 
defenses decline. If the redox balance is overwhelmed in the RTLF, ozone can 
oxidize biomolecular components within the protective layer, causing the 
formation of bioactive oxidation products. Lipid ozonation products have 
displayed the capability to activate phospholipase A2 and 5-lipooxygenase, leading 
to the production of LTB4, a potent neutrophil chemoattractant. Coffey et al 
demonstrated elevated levels of LTB4 in BAL immediately, as well as 2 hours after 
an ozone challenge, which correlates well with the time point addressed in Study II 
[38].  
ICAM-1 expression is an important factor in the neutrophil-mediated inflammatory 
response. We have in previous controlled chamber studies seen ozone-induced 
ICAM-1 upregulation in the vascular endothelium at 1,5 hours post exposure, yet 
not in the epithelium until six hours after challenge. In vitro studies have shown 
that, whereas TNF-α can cause an increase in ICAM-1 in both endothelial and 
epithelial cells, H2O2 mediated induction of ICAM-1 only occurs in endothelial cells 
[32, 102]. As no evidence has been found in humans at this timepoint of 
heightened TNF-α, H2O2 production could be a possible explanation for the early 
vascular endothelial expression of ICAM-1. 

Pathways- DE vs. Ozone 

When choosing what factors to examine in studies I and II, it seemed logical to see 
if DE and ozone exhibited any resemblance in the pathways they elicit in the 
airways, given their similar observed health outcomes. In addition, exposure to 
either of these oxidant pollutants has been shown to produce significant 
neutrophilia in the airway lavage and tissues. However, the inflammatory pathway 
triggered by DE has been more elucidated than that which ensues after an ozone 
exposure. It has been demonstrated in controlled chamber studies that DE 
generates an enhancement of neutrophil chemotaxis related chemokines (IL-8, 
Gro-α) in the bronchial epithelium. Moreover, it was demonstrated that DE 
initiates the p38 and JNK MAPK pathways as well as an increase in nuclear 
translocation of NFκB and AP-1 [140]. These findings may reflect that oxidative 
stress is involved in the underlying molecular mechanisms behind the DE-induced 
airway inflammation. 
However, given that no such upregulation of cytokines, redox sensitive 
transcription factors or their upstream MAPKs were found in the epithelium, this 
does not appear to be the mechanism underlying the ozone airway neutrophilia. A 
current opinion is that ozone reactions are restricted to the RTLF, and that 
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secondary oxidation products are responsible for the ensuing inflammatory 
responses [139, 143, 144]. This would be in contrast with DE-mediated 
inflammation, which appears to involve direct cell contact with pro-oxidant 
elements.  

Study III-IV 
The evaluation of exposure to co-pollutants has been sparse and most of the 
knowledge is derived from a handful of animal and in vitro studies. Even though 
these tend to focus on a simultaneous exposure model, as opposed to a cyclical 
one, they form an interesting foundation for further study in humans as they 
indicate a potentiation effect. Using a simultaneous exposure pattern adds the 
element of pollutant interaction and subsequent modification of their properties. 
However, in the present studies we have chosen to asses an urban exposure 
situation and thus used a subsequent exposure model. 

Inflammatory Results  

In study III the two separate exposure series consisted of a DE challenge in the 
morning, followed by a filtered air or ozone exposure during the afternoon. 
Inflammatory factors were determined in induced sputum samples collected 18 
hours after the second exposure. In study IV, the exposure sequence was DE or 
filtered air exposure in the morning, with a subsequent ozone exposure in the 
afternoon. Bronchoscopy was performed 18 hours after the second exposure 
(Figure 11).  
In both studies subjects responded to a DE exposure and a subsequent ozone 
exposure with a significant increase in neutrophils, as compared with the sequence 
containing the filtered air exposure. Furthermore, in study III there was a 
significant association between neutrophils, MPO and MMP-9, a strong indication 
of neutrophil activation. Since the methods and study designs differ slightly 
between the two studies, there is a subtle, yet important difference in what the 
results denote. In study III the results indicate an ozone intensification of the DE-
induced airway inflammation. Whereas in study IV, the ozone-generated 
inflammatory response is amplified by a pre-exposure to DE.  

What comparisons can be drawn 

Even though the intracellular mechanisms behind the DE and ozone induced 
inflammation appear to differ, airway neutrophilia is a well-established response to 
both these air pollutants. It would be unrealistic to complete a four-armed study in 
human volunteers in an attempt to include an air+air sequence and an air+O3 (in 
study III) or a DE+air (in study IV). Therefore, it is feasible to instead rely on the 
results of previous controlled chamber studies performed under similar conditions 
to provide us with an idea of how these exposure series would appear. 
As expected, the air+air exposure in all of our past experiments has established that 
this sequence of exposures does not produce any signs of significantly heightened 
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airway inflammation [19, 22, 26, 153, 168]. Primarily, environmentally applicable 
exposures to ozone begin recruiting neutrophilic to the airways early and airway 
neutrophilia is thought to peak around six to twelve hours. Though a study using 
similar exposure conditions as in study III, has demonstrated a sustained increase 
of neutrophils in healthy BW at 18 hours following an O3 exposure [166]. 
Controlled chamber exposures to diesel exhaust in healthy subjects have, in 
similarity to ozone, observed neutrophilia in BW as late as 18-24 hours after 
exposure [19, 150].  

EPX 

Diesel exhaust and subsequent ozone exposure generated a modest, nonetheless 
significant, increase in EPX in BAL in study IV. This enhancement of EPX may 
signify an eosinophil activation, although a reflected rise in BAL eosinophils was 
not found. However, in BAL sampled after DE with subsequent ozone exposure 
there is a statistically significant correlation between EPX and total eosinophils. No 
eosinophilia has been reported in lavage samples from healthy subjects after DE or 
ozone under the exposure conditions applied here or at a comparable time point. 
This raises the question if the EPX increase is representative of a combination 
effect. If this indeed is an outcome due to a co-exposure of these pollutants in 
healthy subjects, it may well be even more pronounced in asthmatics. A heightened 
airway eosinophilia would in turn produce an augmentation of symptoms leading to 
an acute asthma exacerbation. If so, this would provide a critical link between an 
underlying mechanism and epidemiological data suggesting asthmatics to be 
particularly sensitive to air pollution. 

Consequences 

As NO emissions from traffic lessen, there is a reduced amount for O3 interactions, 
thereby increasing the O3 levels in cities. In addition, the continued effect of 
pollution on the global climate will likely lead to an increasingly warmer climate, 
thus generating higher urban ozone levels. Proposals of reducing particulate 
emissions may not be enough to reduce detrimental air pollution health effects. 
There is epidemiological evidence suggesting an adverse interaction between PM 
and O3, as well as animal studies demonstrating O3 increasing the susceptibility to 
exhaust particles [6, 72]. Although the interpretations of the results from study III 
and IV vary slightly, the outcomes from these studies both indicate an additive 
inflammatory effect when exposed to these two important ambient pollutants. 
Since air pollution levels are currently set individually for each pollutant, these 
findings could suggest that there needs to be consideration to the possibility that 
these pollutants should also be regulated in conjunction with each other. This 
signifies a valuable step forward in understanding the airway effects in humans 
exposed to an urban pollution profile. 
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Figure 11: The top sequence of events is the setup for Study III, whereas the lower shows the exposure series for Study IV. 
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FINAL COMMENTS 

Epidemiological evidence concerning the harmful health effects of air pollutants on 
the respiratory and cardiovascular systems has been accumulated over the last few 
decades. This is further supported by results from animal and in vitro studies 
demonstrating cellular and tissue damage after exposure to diesel exhaust as well as 
ozone. Human exposure studies have found clear associations between exposure to 
these oxidant air pollutants and airway neutrophilia. However, few human studies 
have been performed to elucidate the underlying biological mechanisms. In the first 
two studies of this thesis controlled chamber exposures were performed to evaluate 
the pro-inflammatory signaling pathways in the epithelium following ozone 
exposure. 
In asthmatics a rise in the epithelial expression of neutrophil chemoattractants and 
eosinophil-related cytokines was present six hours after ozone exposure. However, 
this response was not found in biopsies from healthy subjects, where no ozone-
induced cytokine upregulations were detected. This corresponds to a previous 
study showing ozone generated neutrophilia in biopsies from healthy subjects at 
this timepoint, yet no such similar reaction in the asthmatic tissue. As only the 
asthmatics displayed this pro-inflammatory cytokine enhancement at six hours, it 
was interpreted as a further indication of a time kinetic discrepancy or response 
pattern variability between ozone induced airway inflammation in healthy and 
asthmatic individuals. 
Ozone and diesel exhaust have both been associated with generating oxidative 
stress and inflammation in the airways. Recently, diesel exhaust activation of redox 
sensitive pathways and enhancement of their associated cytokines have been 
demonstrated. Surprisingly, following an ozone exposure using a similar study 
design, endobronchial mucosal biopsies revealed an early suppression within the 
epithelium of transcription factors as well as IL-8, a chemokine regulated by their 
activity. This may support the presumption that ozone induced airway 
inflammation is mediated via secondary ozonation products, and therefore activates 
neutrophilia through an alternative signaling pathway. It could be speculated that 
this timepoint is too early to detect an activation by ozone of the investigated 
signaling pathways. As ozone did not seem to augment cytokine expression in 
healthy subjects at six hours, it appears likely that these molecular mechanisms may 
not be of importance in the epithelium, in contrast to the diesel exhaust mediated 
inflammation. In order to get a comprehensive picture of the timeline as well as the 
signaling pathways in the human airways after ozone exposure, additional time 
points and mediators must be investigated in both healthy and asthmatic subjects.  
The last two studies in the thesis address the important issue of the cumulative 
inflammatory airway effects of exposure to an urban pollution profile. When 
exposed to a sequential diesel exhaust and ozone exposure model analysis of 
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inflammatory cells in induced sputum and BW showed an amplified neutrophilia. 
These novel findings reveal a clear additive effect on the proximal airway 
inflammation when exposed in sequence to environmentally relevant levels of these 
air pollutants. Future studies will further address these adjuvant effects within 
bronchial biopsies. It is of paramount importance to also investigate individuals 
with asthma, COPD and cardiovascular disease as they are known to be more 
susceptible to air pollution exposure. 
As the detrimental effects of air pollution on our environment and health become 
more undeniable, new reforms concerning assessment and controls of emissions 
have started to emerge. Air pollution affects us all daily; therefore it is vital to 
continually increase our knowledge of the underlying mechanisms and co-pollutant 
impacts within the human body. 
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CONCLUSIONS 

The findings in this thesis reveal: 

∂ Asthmatic subjects displayed an augmentation within the bronchial 
epithelium of neutrophil chemoattractants and Th2 cytokines six hours 
following ozone exposure, in contrast to healthy subjects.  

∂ The Th2 cytokine upregulation, along with the indication of an ensuing 
enhanced bronchial epithelial neutrophilia, may denote an explanation to the 
increased sensitivity of asthmatics to ambient levels of ozone. 

∂ Exposure to ozone resulted in an early reduction in the expression of the 
redox sensitive transcription factors NFκB and c-jun as well as the 
neutrophil chemoattractant IL-8 in the bronchial epithelium.  

∂ These findings suggest a divergence of the inflammatory signaling pathways 
in the bronchial epithelium after exposure to ozone and diesel exhaust.  

∂ An ozone challenge following an initial diesel exhaust exposure generates an 
amplification of the established diesel exhaust induced neutrophilic airway 
inflammation, along with signs of neutrophil activation.  

∂ Compared to air, diesel exhaust exposure enhanced the ozone induced 
airway inflammation, with increases in neutrophils, alveolar macrophages 
and eosinophil protein X in airway lavages. 
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