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Abstract 

Allergic airway disease, i.e. allergic rhinitis (AR) and asthma, is a common 
health problem. The prevalence is increasing in most countries of the world. 
Traffic-related air pollution has been found to induce and enhance allergic 
airway disease, but the underlying mechanisms are not known. 

Oxylipins are fatty acid metabolites, of which several have been linked to 
asthmatic airway inflammation. Oxylipin profiles have previously been 
investigated in bronchoalveolar lavage (BAL), mainly reflecting the 
peripheral lung, but not in bronchial wash (BW), which better reflect the 
proximal airways. 

The airway epithelium is covered by a respiratory tract lining fluid (RTLF) 
The RTLF contains antioxidants to protect from oxidative stress, which may 
be caused by exposure to air pollution. Previous studies have reported 
diminished levels of the antioxidant ascorbate (vitamin C) in the RTLF of 
patients with asthma. Little is known about the regulation of vitamin C in the 
lung. 

The aim of this thesis was to investigate airway inflammatory responses to 
diesel exhaust exposure in patients with AR and allergic asthma; to evaluate 
oxylipin profiles in different regions of the lung in patients with allergic 
asthma; and to study the distribution of vitamin C transporters in the 
airways of patients with allergic asthma. 

Diesel exhaust (PM10 100 µg/m3 for 2 h) induced a neutrophilic airway 
inflammation in healthy individuals evaluated 18 h after exposure. Patients 
with AR and asthma did not respond with an enhanced airway inflammation. 
However, a small increase in myeloperoxidase was found in BAL from 
patients with AR, as well as decreases in epithelial tryptase and BW stem cell 
factor. This indicates that other mechanisms than classical inflammation are 
responsible for the increased sensitivity to traffic-related air pollution in 
patients with allergic airway disease. 

Oxylipin baseline profiles differed between peripheral and proximal 
airways in both allergic asthmatics and healthy individuals. Total oxylipin 
concentrations, and five individual oxylipins, primarily from the 
lipoxygenase (LOX) pathway, were elevated in BW from asthmatics 
compared to healthy controls, supported by immunohistochemical staining 
of 15-LOX-1 in the bronchial epithelium. This suggests that lung 
compartment-specific sampling should be considered in future studies. 

Sodium dependent vitamin C transporter 2 (SVCT2) was, for the first 
time, found present in the human lung epithelium, localised mainly within 
goblet cells. A negative correlation between SVCT2+ goblet cells and vitamin 
C suggests that these cells may play a hitherto unknown function in 
ascorbate re-uptake and recycling at the air-lung interface. 
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Svensk sammanfattning 

Allergisk luftvägssjukdom (allergisk rinit (AR) och astma) är ett globalt 
hälsoproblem. Förekomsten ökar i de flesta länderna i världen. Trafikavgaser 
har kopplats till både insjuknande i och förvärrade symtom av allergisk 
luftvägssjukdom, men de bakomliggande mekanismerna är inte klarlagda.  

Oxylipiner är fettsyrametaboliter, varav flera har kopplats samman med 
astmatisk luftvägsinflammation. Oxylipinprofiler har tidigare undersökts i 
bronkoalveolär sköljvätska (BAL), vilket framför allt reflekterar de perifera 
luftvägarna, men inte i bronkiell sköljvätska (BW), som bättre representerar 
de proximala luftvägarna. 

Luftvägarnas slemhinna täcks av ett tunt vätskelager, benämnt 
'respiratory tract lining fluid' - RTLF, vilket innehåller antioxidanter som 
skyddar mot oxidativ skada från luftföroreningar. Tidigare studier har visat 
lägre halter av vitamin C i RTLF hos astmatiker jämfört med friska, men hur 
vitamin C regleras i lungan är okänt. 

Syftet med denna avhandling var att undersöka det inflammatoriska 
svaret i luftvägarna hos patienter med AR och allergisk astma efter 
exponering för dieselavgaser, att undersöka oxylipinprofiler i olika delar av 
lungan hos patienter med allergisk astma samt att studera förekomst av 
vitamin C-transportörer i lungslemhinnan hos patienter med astma. 

Arton timmar efter exponering för dieselavgaser (PM10 100 µg/m3 i 2 
timmar) såg vi en neutrofildominerad luftvägsinflammation hos friska 
försökspersoner. Hos försökspersoner med AR eller astma sågs ingen ökad 
luftvägsinflammation. Man kunde se en liten ökning av myeloperoxidas i 
BAL hos försökspersonerna med AR, liksom sänkta nivåer av tryptas i 
luftvägsslemhinnan och stamcellsfaktor i BW. Detta tyder på att andra 
mekanismer än klassisk inflammation ligger bakom den ökade känslighet för 
luftföroreningar som har setts hos patienter med allergisk luftvägssjukdom. 

Oxylipinprofiler skiljde sig åt mellan proximala (BW) och perifera (BAL) 
luftvägar, både hos astmatiker och friska. Totala oxylipinkoncentrationer och 
fem individuella oxylipiner, framför allt sådana som genereras via enzymet 
15-LOX, var högre i BW hos astmatiker än hos friska, vilket även 
överensstämde med immunhistokemisk färgning av 15-LOX-1 i biopsier från 
bronkslemhinnan. Detta innebär att separat provtagning från proximala och 
perifera luftvägar bör övervägas i framtida studier. 

Vitamin C-transportören SVCT2 lokaliserades i biopsier från 
bronkslemhinnan, och sågs framför allt i bägarceller. Det fanns en negativ 
korrelation mellan nivån av vitamin C och antalet bägarceller som uttryckte 
SVCT2, vilket antyder att bägarcellerna spelar en hittills okänd roll i 
regleringen av vitamin C i lungan. 
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Selected abbreviations 

 
AA Ascorbic acid 
AR Allergic rhinitis 
ATS American Thoracic Society 
BAL Bronchoalveolar lavage 
BW Bronchial wash 
COX Cyclooxygenase 
CYP Cytochrome P450 
DE Diesel exhaust 
DEP Diesel exhaust particle 
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FENO Fraction of exhaled nitric oxide 
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ICAM-1 Intercellular adhesion molecule-1 
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NO2 Nitrogen dioxide 
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OPLS-DA Orthogonal projections to latent structures with discriminant 
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PCA Principal component analysis 
PEF Peak expiratory flow 
PM Particulate matter 
RTLF Respiratory tract lining fluid 
ROS Reactive oxygen species 
SCF Stem cell factor 
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Introduction 

Allergic airway disease 

Allergic airway disease includes allergic rhinitis (AR) and asthma. These are 
common conditions, with an estimated 300 million people with asthma and 
500 million with AR worldwide. Both asthma and AR represent a global 
health problem with negative impact on social life, school performance and 
work productivity (1-3). While the prevalence of allergic airway disease is 
high in the developed world and may have reached a plateau, recent decades 
have seen a marked increase in prevalence also within less developed 
countries, in parallel with improved living standards (4-6). 

AR, affecting the upper airways, and asthma, affecting the lower airways, 
are suggested to be manifestations of the same inflammatory process, as 
proposed by the 'united airways' hypothesis (7, 8). AR and asthma often co-
exist (1, 9) and AR is a risk factor for developing allergic asthma (10, 11). 

 

Pathophysiology 

Asthma is a chronic lung disease characterized by reversible 
bronchoconstriction, airway inflammation, bronchial hyper-responsiveness 
and airway remodelling (12). 

In allergic asthma, the airway inflammation involves an interaction of 
many cell types and mediators. Inhaled environmental allergens attach to 
antigen-presenting cells, mainly dendritic cells, which present the allergens 
to T-lymphocytes. The T-lymphocytes subsequently differentiate into Th2-
lymphocytes, producing Th2-type cytokines; primarily interleukin (IL)-4, IL-
5, and IL-13 (13). This contrasts the immune response to infections, where 
the T-lymphocytes differentiate into Th1-lymphocytes producing Th1-type 
cytokines, such as IL-2, interferon (IFN)-γ and tumour-necrosis factor 
(TNF)-β (14). IL-5 from Th2-lymphocytes stimulates the production of 
eosinophils that are associated with hyper-responsiveness and airway 
remodelling (15). Th2-lymphocytes, along with IL-4 and IL-13, activate B-
lymphocytes, which leads to production of allergen-specific IgE. Circulating 
IgE bind to mast cells priming them for activation. Upon subsequent 
exposure to allergen, mast cells release histamine, prostaglandins and 
leukotrienes, leading to bronchoconstriction. The mast cell is also involved in 
airway remodelling, via the release of tryptase (16). 

The immunological processes leading to allergic rhinitis appear to be very 
similar to those in allergic asthma. Both eosinophils and mast cells have 
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been found in increasing numbers in the nasal mucosa of individuals with 
AR, compared to healthy controls (17). Several studies have also shown 
infiltration of Th2-type cytokines in the nasal mucosa of patients with AR 
(18-20). A simplified illustration of allergic airway pathophysiology is 
presented in figure 1. 

Allergen provocation studies support the concept of the two conditions 
being manifestations of the same syndrome by showing similar allergen-
induced inflammatory cell infiltration, cellular activation and subsequent 
production of cytokines and chemokines in both the nose and lung (21, 22). 

In many allergic asthmatics, two phases can be observed after allergen 
exposure. The early-phase response occurs within minutes after exposure. 
This is presented as an acute bronchospasm, caused by allergens binding to 
IgE-molecules on mast cells resulting in mast cell degranulation and release 
of pre-formed mediators. The late-phase response occurs hours later, is more 
severe and lasts longer. This phase is caused by a combination of mediators 
from eosinophils and Th2-cells (23). This phenomenon with early- and late-
phase reactions has also been demonstrated in both the nasal and the lower 
airways after allergen provocation (24-28). 

Fraction of exhaled nitric oxide (FENO) may be used to monitor asthmatic 
patients and as an indirect marker of lower airway inflammation. Nitric 
oxide is produced when inducible nitrogen synthase (iNOS) converts L-
arginine to L-citrulline. The high FENO levels seen in asthmatics reflect their 
high levels of iNOS in the airway epithelium (29). It has been reported that 
FENO levels are increased also in patients with AR, without asthma, and that 
these levels are further increased during pollen season (30). Another study 
showed that FENO levels could not differentiate patients with non-atopic 
asthma or non-atopic rhinitis from healthy controls, suggesting that FENO 
measurements correspond to allergic airway disease rather than non-specific 
asthma (31). 
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Figure 1. A simplified illustration of allergic airway pathophysiology. 
 
 

Aetiology 

The aetiology of allergic airway disease is multifactorial and involves both 
genetic and environmental factors. 

Parental allergy is a well-established risk factor and probably the most 
influential. Genetic research has been able to identify several genetic loci that 
are linked to atopy (32, 33).  

Early life risk factors for developing allergic airway disease include 
prenatal smoking, preterm birth, low birth weight and emergency caesarean 
section (34-37). Several studies have demonstrated that high intake of fish or 
fish oil during pregnancy is associated with lower risk of atopic disease (38-
40). A systematic review reports a possible protective effect of vitamins A, D 
and E as well as zinc, fruits, vegetables and a Mediterranean diet (41). The 
influence of breastfeeding on the risk of allergies remains controversial, with 
some studies indicating a protective effect (42, 43), whereas others show an 
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increased risk (35, 44). A recent review concludes that breastfeeding yields 
no evident risk reduction for AR or allergic asthma (45). 

Family size and the number and order of siblings may affect the risk of 
developing an allergic airway disease (35, 46). The "hygiene hypothesis" 
suggests that early life exposure to infective agents protects from allergy 
development by promoting a Th1-response and suppressing Th2-immunity 
(47, 48). 

The effect of allergen exposure is debated. In some studies, exposure to 
furred pets has been associated with a greater risk of allergic diseases (49), 
whereas other studies show a lower risk (50). 

Among children, boys have a higher prevalence of asthma than girls. 
During adolescence, asthma becomes more common in girls and women 
(51). This change has been attributed to puberty, although specific 
underlying mechanisms have not been established (52, 53). Similar findings 
have been reported from studies of atopy, which is more common in young 
boys. During adolescence the incidence is higher among females, resulting in 
an almost equal prevalence among young adults. 

High socioeconomic status is associated with a higher prevalence of 
allergy (54, 55). While findings on the prevalence of asthma are mixed (56, 
57), asthma morbidity is greater in children of parents with low 
socioeconomic status (58, 59).  

Some studies indicate that ethnicity may have a role in the aetiology of 
allergic airway disease (60, 61). Whether this is related to genetic, 
environmental, socioeconomic or cultural factors remains unclear (62). 

Several epidemiological studies from e.g. Sweden, Germany, the U.S. and 
the Netherlands suggest traffic-related air pollution to be an important 
factor in inducing asthma and allergies (63-66). However, regarding 
sensitization, the results are not consistent (67-69). 
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Air pollution 

Air pollution has been associated with a wide range of adverse health 
outcomes, particularly cardiovascular and respiratory morbidity and 
mortality (70, 71). People who already have cardiac or respiratory illnesses 
seem to be more susceptible to the detrimental effects of air pollutants (72, 
73). As mentioned previously, several epidemiological studies show 
associations between traffic-related air pollution and the development of 
allergic airway disease. Several studies also link air pollution to decreased 
lung function, frequent exacerbations and hospitalizations in asthmatic 
patients (74-76).  

Urban air pollution is mainly derived from motor vehicles and consists of 
both gaseous materials, such as ozone (O3) and nitrogen dioxide (NO2), and 
particulate matter (PM). PM is not only generated through combustion, but 
may also originate from road, tyre and break wear (77, 78).  

 

Particulate matter 

PM is a major component of urban air pollution and has been suggested to 
be the most significant health threat (77, 79). PM is a mixture of solid and 
liquid particles of variable size and origin. Particles with a mean 
aerodynamic diameter of less than 10 µm are defined as PM10. These 
particles are regarded as breathable, and can be referred to as thoracic 
particles. Particles larger than 10 µm generally deposit in the upper airways 
and are removed by ciliary transport, whereas smaller particles (especially 
PM2.5 and PM1.0, with diameters of under 2.5 and 1.0 µm, respectively) reach 
further down in the lower airways. The smallest particles may even 
translocate into the systemic circulation (80, 81). It is common to refer to 
PM with a diameter of 2.5-10 µm as the coarse fraction and PM2.5 as the fine 
fraction. The coarse fraction derives predominantly from wear particles and 
road dust. The fine fraction is composed of agglomerated combustion 
particles. Ultrafine particles (UFP), or nanoparticles, have a diameter of less 
than 0.1 µm and originate from combustion. UFPs tend to be short-lived, as 
they agglomerate and coalesce into larger particles. 

 
 
 



 

6 

 

 
 
Figure 2. PM (particulate matter) air pollution size distribution.  (Adapted from (80)) 

 

Diesel exhaust particles 

Most of the airborne PM (up to 90% in the world's largest cities) originates 
from diesel exhaust (82). Diesel-burning engines can emit PM levels up to 
100 times higher than similar-sized gasoline engines (83). Also, due to their 
efficacy and durability, and the lower cost of diesel fuel, the number of 
diesel-driven vehicles has increased lately (84). 

Most diesel exhaust particles (DEPs) are classified as fine (<2.5 µm) 
particles. DEPs consist of a central carbon core and have a large surface, 
allowing the binding of hundreds of chemical compounds and metals to their 
surfaces. These include organic compounds such as polycyclic aromatic 
hydrocarbons (PAHs), nitrated PAHs, oxygenated PAHs, heterocyclic 
compounds, aldehydes and aliphatic hydrocarbons. PAHs and their 
oxygenated derivatives have attracted special attention because of their 
ability to generate reactive oxygen species (ROS), which is further discussed 
below (85).  
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Experimental studies of diesel exhaust 

Several nasal challenge studies support the hypothesis that DE may cause 
allergy. Nasal challenge with DEPs alone has resulted in an increase in nasal 
IgE. Nasal challenge with a combination of DEPs and allergen has been 
shown to increase allergen-specific IgE along with a Th2-type cytokine 
response. It has therefore been proposed that DEPs may increase the risk of 
developing allergic airway disease by enhancing B-cell differentiation and 
IgE production, but also that synergism between DE and allergens is 
important (86-88). 

Controlled DE exposure studies of healthy individuals, using exposure 
chambers, have reported significant increases in inflammatory cells 
(neutrophils, mast cells and T lymphocytes) along with an increased IL-8 
and growth-related oncogene α (GRO-α) production in samples from 
bronchoscopy obtained 6 h after exposure to DE with a PM10 concentration 
of 300 µg/m3 (89, 90). An activation of redox sensitive transcription factors 
NFκB and AP-1, and mitogen-activated protein kinases (MAPKs) p38 and 
JNK has also been seen, as well as an enhanced expression of epidermal 
growth factor receptor (EGFR) and phosphorylation of the tyrosine residue 
(Tyr 1173) (91, 92). A study employing a 2 h exposure to DE at a PM10 
concentration of 108 µg/m3 revealed airway inflammation 6 h after exposure 
in the healthy study population, with airway neutrophilia and lymphocytosis, 
increased IL-8 production and upregulation of the vascular endothelial 
adhesion molecules intercellular adhesion molecule 1 (ICAM-1) and 
vascular-cell adhesion molecule 1 (VCAM-1). In contrast, a similar exposure 
protocol did not yield an increased airway inflammation in a group of 
patients with mild allergic asthma, but revealed an increase in the epithelial 
expression of IL-10 (93). In another study, a group of allergic asthmatics on 
continuous treatment with inhaled corticosteroids were exposed to DE with 
a PM10 concentration of 300 µg/m3. They responded with an increased 
bronchial hyperresponsiveness, measured with methacholine challenge test 
24 h after exposure (94). These findings demonstrate clear differences 
between healthy and asthmatic humans in the inflammatory response to DE. 
There are no previous bronchoscopy studies of DE effects in patients with 
AR.  

 



 

8 

Metabolomics 

The “omics” technologies are emerging analytical approaches in biomedicine 
and involve large-scale screening of genes (genomics), proteins (proteomics) 
and metabolites (metabolomics). Metabolomics is the screening and 
quantification of small molecules (<1 kDa) generated from cellular metabolic 
activity (95). Naturally, disease processes may affect the concentrations of 
metabolites and it is believed that certain diseases have distinct fingerprints 
in the form of specific patterns of metabolites (metabolic phenotypes) in 
different bodily fluids. These metabolic phenotypes might also vary with 
disease severity (96).  

The term metabolomics is generally defined as "the analysis of the whole 
of the metabolome under a given set of conditions" (97), meaning that all 
low-molecular weight molecules in the biological compartment need to be 
captured simultaneously. This is not possible in a single analysis with 
currently available technologies (98). Therefore, a combination of different 
analytical methods has been used for a comprehensive characterization of 
the metabolome. These analytical approaches may be divided into two 
categories: global metabolomics and targeted metabolomics. In targeted 
metabolomics, analytical standards for each analysed metabolite are 
employed, enabling exact quantification, but only observing changes in a 
subset of the metabolome. Global metabolomics covers a larger range of 
different metabolites, yielding large numbers of variables, of which the exact 
metabolite identity is often unknown. This approach enables identification of 
previously unknown metabolic pathways with potential novel biomarkers. 
However, exact quantification of all variables is not feasible (99, 100). 

The analytical techniques used in metabolomics analysis may also largely 
be split into two categories: mass spectrometry (MS) and nuclear magnetic 
resonance (NMR). While MS is generally more sensitive, NMR requires 
shorter sample preparation and offers quicker analytical run times, making it 
capable of rapidly analysing large numbers of samples (101). Tandem MS, 
coupled to liquid chromatography separation, with multiple reaction 
monitoring (MRM) mode, offers a foundation for sensitive and accurate 
quantification of a large range of metabolites in a single run (102). This is 
necessary to cover both high- and low-level metabolites in biological samples 
(103). 
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Multivariate analysis (MVA) 

In metabolomics research, large datasets are generated, with potentially 
intradependent variables, which represent a risk for cumulative errors and 
biased results. Multivariate analysis (MVA) is a method suited for analysing 
complex large-scale omics data, by reducing the dataset to a few latent 
variables that represent the majority of the variance among the measured 
variables. 

Principal component analysis (PCA) forms the basis in MVA, representing 
a multivariate data table in a low-dimensional space, which provides an 
overview of the data. This overview may reveal groupings, trends and 
outliers. The first principal component (PC1) is the best approximation of all 
the data in the metabolic space, represented by a line. Each sample is 
thereafter projected onto this PC-line, in accordance with its co-ordinate 
value, called a score. One PC-line is often insufficient to model the 
systematic variation of an entire metabolite dataset. Accordingly, a second 
PC (PC2) is calculated, which is orthogonal to PC1. Two PCs together form a 
plane in the high-dimensional metabolite space, which can be plotted as a 
scatter plot (PC1 vs. PC2) — termed a score plot. There is a corresponding 
plot for the metabolites called the loadings plot. This plot reveals how the 
metabolites contribute to the structure of the score plot, and can be used to 
link information between individual metabolites and clinical samples.  

Orthogonal projections to latent structures with discriminant analysis 
(OPLS-DA) is used when additional sample knowledge exists (e.g. healthy vs. 
asthmatics). OPLS-DA divides the variation in the data into two parts, one 
part that models the class-separating variance (or predictive variation) and 
another part that models the within-class separating variance (or orthogonal 
variation). OPLS can also be used to predict the class identity of unknown 
samples. For PCA and OPLS-DA models, the amount of modelled variation is 
defined as the goodness of fit (R2). An R2 value of one (1) indicates that all 
variation in the data is modelled; a value of zero (0) means that no variation 
in the data is modelled. The goodness of prediction (Q2) is based on cross 
validation. Q2 values of one (1) reflect perfect predictive precision, while 
values equal to or below zero (0) indicate that a random guess is more 
accurate. These metrics are used to evaluate the quality of PCA and OPLS-
DA models. 
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Figure 4. Principal component analysis is an unsuper-
vised multivariate projection method for pattern recog-
nition in multidimensional data tables. To illustrate the
concept of principal component analysis, the variables
(x1, x2, x3) describing the objects (black squares and
gray circles) are reduced from a three-dimensional
space to a 2D plane by modeling the principal com-
ponents in the direction of the largest variability. The
resulting score plot (to the right) facilitates the inter-
pretation of clusters and outliers among the objects.
This concept might be extended to reducing unlimited
number of variables to typically one to three principal
components in order to summarize the major portion
of the variability.

defines which variables belong to the X dataset (e.g. lipidomic
profile) and which belong to Y dataset (e.g. intervention
group).

Principal component analysis is a popular unsupervised
projection method for pattern recognition often used to ob-
tain an overview of all the observations/subjects included
in the study, both visually and mathematically [144]. This
overview plotted in a 2D (or 3D) coordinate system is achieved
by projecting the multidimensional data to a few orthogonal
principal components, also called latent variables (axes in
the coordinate system). The first component (PC1) summa-
rizes the largest possible portion of the systematic variation in
the data set and the following principal components contain
decreasing portions of the variation in the dataset (Fig. 4).
Regression analysis between large data sets can be achieved
through the supervised methods of projections to latent struc-
tures (PLS), and its extension orthogonal (O) PLS [146]. In
OPLS, systematic variability in the X data set is separated
into two parts, related and unrelated to Y. In doing so, inter-
pretability is greatly enhanced and the resulting coordinate
system will contain variability in X related to Y on the x-axis
and unrelated to Y on the y-axis.

For clinical applications, principal component analy-
sis and OPLS methods have been used in a number of
metabolomics studies, reviewed by Madsen et al. [147]. How-
ever, in nutritional lipidomics, such methods are still not
used to its full potential. A few examples of successful applica-
tions exist, exemplified by studies of responsiveness to dietary
cholesterol [148–150], and to a dietary lipid challenge [127],
as well as studies of altered lipid metabolism in relation to
osteoarthritis [151]. In the future, we anticipate an increasing
number of studies using a combination of the strengths in
both univariate analysis and MVA to reveal complexities of
lipid metabolism.

10 Translation: What is not known, what
needs to be developed

The ultimate test of any new scientific strategy is its ability
to bring knowledge to practice. The field of translational sci-
ence is establishing standardized protocols and metrics to

accelerate the processes of bringing scientific breakthroughs
to human health. Lipidomics is ideally suited to participate.
The translation of nutrition research is both forward and re-
verse. Translation is forward when it brings scientific break-
throughs in the laboratory to public policy and marketplace
action. Translation is reverse when it alerts the scientific
community of the gaps in knowledge that underlie diversity
in diet-dependent health outcomes in the population [152].
Lipidomics will enhance the power of lipid knowledge in
applications in diagnostics; the early recognition of health
disparities, in interventions; and the recommendations for
inclusion or removal of lipid components in diets and in ther-
anostics. The application of theranostics, a key component of
personalized medicine in which treatments are tailored based
on the test results [153,154], will lead to the demonstration of
efficacy and safety of various dietary interventions in individ-
uals in practice.

Lipids have a long history in diagnostics of health, (serum
cholesterol, TG, LDL, HDL, free fatty acids) precisely because
they are highly responsive to pathologic, metabolic, dietary,
and genetic diversity. This diagnostic power of lipids will
increase as lipidomics studies reveal patterns of lipids that
are reflective of normal and aberrant states and in parallel,
technologies to measure these lipids comprehensively and
more accurately improve to bring lipid measures to clinical
practice [155].

Lipids can be highly active as dietary ingredients whether
that SFA that alter metabolism or the n-3 PUFA that alter
signaling pathways. Lipidomics technologies are revealing
novel mechanisms of the actions of dietary lipids and the ef-
fects of diet on lipid metabolism. The comprehensive nature
of lipidomics is particularly effective in evaluating the breadth
of nutritional interventions, both efficacy and unanticipated
side effects [156–159]. The future importance of lipidomics
cannot be overstated in part because we still know so little
about lipids. The cataloguing of lipids will continue a pace
with the ever more sensitive and high-throughput analyti-
cal platforms emerging [18]. The great excitement will come
with a more detailed and predictive understanding of the
functions of lipids in vivo and the directed manipulation of
those functions through explicit dietary manipulation. How-
ever, to understand lipid functions in vivo, new toolsets will

C⃝ 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

	  
 

Figure 3. To illustrate the concept of principal component analysis, the variables (x1, x2, x3) 
describing the objects (black squares and grey circles) are reduced from a three-dimensional 
space to a two-dimensional plane by modelling the principle components in the direction of the 
largest variability. The resulting score plot (to the right) facilitates the interpretation of clusters 
and outliers among the objects. This concept might be extended to reducing unlimited number 
of variables to typically one to three principal components in order to summarize the major 
portion of the variability. (Adapted from (104)) 
 

Oxylipins 

Metabolism of unsaturated fatty acids produces oxylipins through three 
major enzymatic pathways: lipoxygenase (LOX), cyclooxygenase (COX) and 
cytochrome P450 (CYP) (105). Oxylipins form a complex system of both pro- 
and anti-inflammatory mediators. Several oxylipins formed from 
arachidonic acid (also known as eicosanoids) have been linked to asthma, 
including leukotrienes and prostaglandins and, in particular, the enzyme 15-
LOX has been shown to be elevated in the lower airways of asthmatics (106, 
107). Both pro-and anti-inflammatory characteristics have been attributed to 
15-LOX lung activity, in the form of derivatives such as eoxins (pro-
inflammatory) and lipoxins (anti-inflammatory) as well as through the 
protective resolvins and protectins (108-111). Previous studies have, using a 
targeted metabolomics approach, shown different oxylipin profiles in 
bronchoalveolar lavage (BAL) between allergic asthmatics and healthy 
individuals (112, 113). BAL is considered to mainly reflect the peripheral lung 
and there are no previous studies of oxylipin profiles in bronchial wash (BW) 
samples, which better reflect the more proximal airways. 
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Oxidative stress 

Oxygen, while being essential to aerobic life, can also be toxic. Oxygen serves 
as an electron acceptor in many cellular reactions. The addition of one 
electron yields superoxide (O2-), adding a second electron yields hydrogen 
peroxide (H2O2) and with a third electron hydroxyl radical (OH.) is formed. 
These products are called reactive oxygen species (ROS). With the gaining of 
a fourth electron, the oxygen is fully reduced to water (Figure 4). A small 
amount of ROS is produced in cells under normal physiological conditions. 
Excessive ROS production however, can lead to structural damage through 
oxidation of proteins, lipids and DNA (114). 

Air pollution, particularly O3, NO2 and PM can increase the generation of 
ROS (115, 116). In inflammatory airway diseases, activated inflammatory 
cells also facilitate increased ROS production. Compared to healthy 
individuals, asthmatic and allergic patients demonstrate increased cellular 
ROS production in BAL fluid and blood, which has also been correlated with 
airway obstruction and methacholine-induced bronchial hyper-
responsiveness (117-121). They also show an increase in exhaled markers of 
oxidative stress, such as H2O2 and 8-isoprostane (122, 123). 

The primary defence against ROS consists of antioxidants. Oxidative 
stress has been defined as "a disturbance in the pro-oxidant-antioxidant 
balance in favour of the former, leading to potential damage" (124) (Figure 
5). 

 
 
 

 
Figure 4. Formation of reactive oxygen species. The adding of electrons (e-) to oxygen yields 
reactive oxygen species: superoxide (O2-), hydrogen peroxide (H2O2) and hydroxyl radical (OH). 
O2- combining with NO yields peroxynitrite (ONOO-). (Adapted from (114)) 
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Figure 5. The balance between harmful oxidation and protective antioxidants. A: Normally, 
antioxidants are able to neutralize the reactive oxygen species. B: If either the antioxidants are 
diminished or the production of reactive oxygen species is increased, oxidative stress occurs. 
(Adapted from (114)) 
 

Antioxidant defences 

The human airway epithelium is covered by a thin layer of liquid, the 
respiratory tract lining fluid (RTLF), which contains antioxidants such as 
ascorbate, urate, α-tocopherol and glutathione as well as antioxidant 
enzymes such as catalase, glutathione peroxidase and superoxide dismutase 
(Figure 6). These antioxidant mechanisms form a first line of defence against 
inhaled oxidants (125-127).  

An oxidant-antioxidant imbalance, and thus increased oxidative stress, in 
asthmatic airways, is illustrated by studies showing decreased total 
antioxidants as well as diminished individual antioxidants in plasma and 
BAL from patients with asthma (117, 128, 129). Low levels of ascorbate, α-
tocopherol and urate and increased amounts of oxidized glutathione (GSSG) 
have been found in the RTLF of patients with mild asthma (130). Several 
researchers have reported decreased ascorbate levels in plasma/serum and 
blood from patients with asthma (131-133).  
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Figure 6. Illustration of the respiratory tract lining fluid (RTLF). a: The human airway is 
exposed to exogenous oxidative stress, such as air pollution. b: The antioxidants: glutathione 
(GSH), ascorbate (AA) and urate (UA) scavenge the oxidative substrates, thereby preventing 
oxidation of macromolecules such as proteins, lipids and carbohydrates (CHO). When the 
antioxidant defences are overwhelmed by oxidative burden, the biomolecules are oxidized, 
generating secondary oxidation products, which may damage the underlying epithelium. c: This 
results in airway inflammation, with activated neutrophils (PMN) migrating into the RTLF, 
providing an additional source of reactive oxygen species (H2O2, OH and O2-). d: As a response 
to the oxidative stress, more antioxidants move into the RTLF: GSH, AA, UA and α-tocopherol 
(α-Toc). e: AA and α-Toc have to be provided in the diet. (By courtesy of Dr IS Mudway.) 

 

Transporters of Vitamin C 

Vitamin C exists in two different forms; ascorbate (AA), which is the reduced 
form, and dehydroascorbate (DHA), which is the oxidised form. Vitamin C is 
an important antioxidant in the RTLF, and its concentration is diminished 
during inflammation and after exposure to inhaled oxidants (134, 135). 
Plasma concentrations of AA are in the 50-100 µM range, while RTLF 
concentrations of AA are approximately 50-200 µM. Human 
supplementation studies with high dose vitamin C have shown increases in 
plasma concentrations of AA, but RTLF concentrations have either remained 
unchanged or only demonstrated transient increases (136, 137). This may be 
interpreted as a lack of a simplistic association between plasma and RTLF 
AA, or that AA is either rapidly oxidised within the RTLF or sequestered into 
the cells of the airway epithelium or resident inflammatory cells. 
Identification of transport mechanisms is crucial to understanding the 
physiological role of vitamin C in the lung (138). 
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AA and DHA enter the human body through dietary intake (139). The 
uptake of AA into cells is mediated via sodium-dependent vitamin C 
transporters - SVCT1 and SVCT2. DHA can enter cells via glucose 
transporters – GLUT1, GLUT2, GLUT3 and GLUT4, and then be reduced 
into AA (140, 141). There are relatively few studies on the expression and 
localisation of GLUTs in healthy lungs. GLUT1 has been detected in the 
basolateral membrane of airway epithelial cells (142) and GLUT2 has been 
detected in both the apical and basolateral membranes of airway epithelial 
cells (143). Both SVCT1 and SVCT2 have been detected in the apical 
membrane of rodent respiratory epithelial cells (138). The resolution of the 
images in this study however did not allow a more detailed cellular 
attribution. Since rodents are ascorbate synthesisers, the relevance of these 
findings to humans is unknown. There is currently no knowledge of the 
presence and distribution of SVCTs in the human lung. 
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Aims 
 

The overall aim of this thesis was to study airway inflammation and 
antioxidant regulation in patients with allergic airway disease. 

 

The specific aims were: 

• To investigate inflammatory airway responses to diesel exhaust 
exposure in subjects with allergic asthma. 

• To investigate inflammatory airway responses to diesel exhaust 
exposure in subjects with allergic rhinitis. 

• To evaluate oxylipin profiles in different regions of the lung in 
subjects with allergic asthma. 

• To study the distribution of vitamin C transporters in the lower 
airways of subjects with allergic asthma. 
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Subjects and methods  

Subjects 

The studies include the following study populations: allergic asthmatics, 
allergic rhinitics and healthy controls. Volunteers were invited to participate 
through advertisements. All participants in these studies were non-smokers, 
with normal ECG (electrocardiography) and normal lung function and were 
free from airway infection within at least six weeks prior to and during the 
study period. The subjects had no other diseases than AR or allergic asthma. 
No vitamin supplements or medication was allowed, other than for asthma 
or allergy as outlined below. The studies were performed with the approval 
of the regional Ethics Review Board at Umeå University, in accordance with 
the Declaration of Helsinki, and with the written informed consent of all 
participants.  

 

Paper I 

Two groups of volunteers with asthma were recruited based on asthma 
severity according to GINA guidelines (Global Initiative for Asthma, 
http://www.ginasthma.com): those with mild asthma on β2-agonist 
treatment on demand only, and those with moderate asthma demanding 
inhaled corticosteroid treatment. Sixteen subjects with mild asthma (8 male 
and 8 female; mean age 24 years, range 18-32 years), 16 subjects with 
moderate asthma (8 male and 8 female; mean age 24 years, range 19-41 
years) and 23 healthy non-atopic controls (13 male and 10 female; mean age 
24 years, range 21-29 years) participated in the study. All volunteers had a 
history of allergy and at least one positive SPT (skin prick test) against a 
standard panel of common aeroallergens. 

 

Paper II 

Fourteen volunteers with allergic rhinitis (7 male and 7 female; mean age 25 
years, range 22-34 years) participated. They all had a history of seasonal AR 
requiring medical treatment only during the pollen season and were 
classified as mild and intermittent according to the ARIA guidelines (Allergic 
Rhinitis and its Impact on Asthma) (2). At inclusion, the subjects underwent 
skin prick testing to a standard panel of 10 aeroallergens. All participants 
had a positive SPT to at least one pollen allergen. 

 



 

17 

Papers III and IV 

Thirty-two volunteers were included; 16 asthmatics (6 male and 10 female; 
mean age 26 years, range 19-39 years) and 16 healthy controls (11 male and 5 
female, mean age 25 years, range 21-31 years). Asthma severity was classified 
as intermittent according to GINA guidelines (http://www.ginasthma.com) 
treated only with short acting inhaled β2-agonists on demand. 

 

Study design 

All studies took place outside the pollen season. 
 

Paper I 

Using a double-blinded randomised crossover study design, each volunteer 
was exposed in an exposure chamber on two occasions, at least 3 weeks 
apart. All volunteers were exposed to dilute diesel exhaust at a PM10 
concentration of 100 mg/m3 and filtered air, thus acting as their own 
controls. The exposures lasted for 2 h, during which the volunteers 
alternated 15 min intervals of exercise on a bicycle ergometer with 15 min of 
rest. For each volunteer, the ergometer workload was calibrated to achieve 
an estimated minute ventilation of 20 L/m2 of body surface, to ensure a 
similar exposure on both occasions. During the 2 h of exposure, symptom 
scores were recorded every 30 min. Questions related to: the detection of an 
unpleasant smell or taste during the exposure; eye, nasal and throat 
irritation; cough; nausea; difficulty in breathing; fatigue; and chest tightness.  
Bronchoscopy with biopsy sampling and airway lavages was performed 18 h 
after the end of each exposure. 

In the volunteers with asthma, lung function was assessed before and 
immediately after exposure, along with peak expiratory flow measurements 
immediately before exposure, after exposure and repeatedly until the 
morning of the day after exposure. Measurements of exhaled NO were 
carried out at inclusion and 18 h post exposure (before bronchoscopy). 
Methacholine challenges were performed at inclusion and 40 h post 
exposure. 
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Paper II 

The study was performed double-blinded and randomised, with an exposure 
design identical to study I. Each volunteer was exposed to both DE, at a PM10 
concentration of 100 mg/m3, and filtered air for 2 h, respectively, thus acting 
as his/her own control. The two exposures were carried out at least three 
weeks apart. During the exposures, the volunteers alternated 15 min of 
exercise on a bicycle ergometer with 15 min of rest. The ergometer was 
calibrated to achieve an estimated ventilation of 20 L/m2 of body surface, to 
ensure a similar exposure on both occasions and between subjects. 
Subjective symptom scores, as described for paper I above, were recorded 
immediately before and every 30 min during both the air and DE challenges. 
Bronchoscopy with biopsy sampling and airway lavage was performed 18 h 
after each exposure. Exposures were carried out in the afternoon with 
bronchoscopies the following morning. 

 

Papers III and IV  

Prior to the study visit, the volunteers fasted from midnight and were asked 
to refrain from alcohol-containing beverages for 24 h. Measurements of 
exhaled nitric oxide (FENO) and bronchoscopy were performed in the 
morning. Biopsy sampling was carried out for immunohistochemical 
analysis and airway lavages were retrieved for oxylipin metabolic profiling 
(study III) and antioxidant analyses (study IV). Healthy and asthmatic 
participants were examined in a randomised order. 
 

Diesel exhaust exposure 

The diesel exhaust exposures in studies I and II took place in an exposure 
chamber located at Svensk Maskinprovning (SMP, Swedish Machinery 
Testing Institute) in Umeå, Sweden. Diesel exhaust was generated from an 
idling Volvo diesel engine (Volvo TD45, 4.5l, four cylinders, 680rpm, model 
1991; Volvo, Göteborg, Sweden). More than 90 % of the exhaust was shunted 
away, and the remainder was diluted with filtered air at a temperature of 
20°C (relative humidity 50 %) before being fed into a whole-body exposure 
chamber (3.0 x 3.0 x 2.4 m). The chamber was monitored continuously for 
pollutants (NO, NO2, CO and particles).  

In study I, the steady-state concentration of PM, gases and semi-volatiles 
during the diesel exposures were: for the healthy group (expressed as mean 
and standard deviations) 96 (7) mg/m3 (PM10), 9.4 (2.2) ppm (CO), 1.3 (0.11) 
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ppm (NO), 0.41 (0.03) ppm (NO2), 1.7 (0.12) ppm (NOx) and 1.2 (0.44) ppm 
(total gaseous hydrocarbons-C3H8-equivalent) and for the asthmatic group 
97 (11) mg/m3 (PM10), 7.8 (2.6) ppm (CO), 1.2 (0.06) ppm (NO), 0.36 (0.05) 
ppm (nitrogen dioxide), 1.6 (0.53) ppm (oxides of nitrogen) and 1.0 (1.1) 
ppm (total gaseous hydrocarbons-C3H8-equivalent). 

In study II, The steady-state concentrations of PM, gases and semi-
volatiles during the diesel exposures were (expressed as mean and standard 
deviations): 114 (12) mg/m3 (PM10), 11 (2) ppm (CO), 1.3 (0.0) ppm (NO), 
0.43 (0.03) ppm (NO2), 1.7 (0.0) ppm (NOx) and 1.2 (0.2) ppm (total gaseous 
hydrocarbons-C3H8-equivalent). 

 
 

 

Figure 7. The exposure chamber with a volunteer performing intermittent exercise on a bicycle 
ergometer. 
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Skin prick testing 

At inclusion, in all four studies, all subjects underwent skin prick testing to a 
standard panel of 10 aeroallergens: birch, timothy, mugwort, cat, horse, dog, 
Dermatophagoides pteronyssinus (house dust mite), Dermatophagoides 
farinae (house dust mite), cladosporum (mold) and alternaria (mold) 
(Soluprick, ALK, Denmark). A positive result was recorded if the SPT yielded 
a weal reaction equal to or greater than the histamine control at 15 minutes.  
The negative control contained no active substances. 

 

Lung function measurements 

Standard lung function tests in all four studies were performed using a 
spirometer (Vitalograph R, Buckingham, UK). At least three satisfactorily 
performed and well-cooperated measurements of each variable were 
performed as judged by an experienced lung function technician and 
according to the guidelines of the ATS (American Thoracic Society) (144). In 
study I, the subjects with asthma were also equipped with a peak expiratory 
flow (PEF) meter (PICO 3; Ferraris Medical, Hertford, UK). 
 

Methacholine challenge 

Methacholine challenge testing was performed in asthmatics and allergic 
rhinitics, in accordance with the method described by Juniper et al (145). 
Initially, saline was inhaled, followed by doubling concentrations of 
methacholine (0.06–16 mg/mL) at intervals of 5 minutes. Inhalations were 
discontinued when a fall in FEV1 of 20% or more below the lowest post-
saline value was noted. Results were expressed as provocative concentration 
causing a 20% fall in FEV1 (PC20) obtained from the log dose-response curve 
by linear interpolation of the 2 last points expressed in non-cumulative units. 

 

Fraction of exhaled nitric oxide (FENO) 

FENO was measured using a chemiluminescence analyser (NiOX; Aerocrine 
AB, Stockholm, Sweden). Before measurements, the participants rinsed their 
mouths with water. The participants wore a nose-clip while first inhaling 
deeply and then slowly exhaling against a resistance according to ATS/ERS 
(European Respiratory Society) recommendations (146).  
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Sampling methods 

Bronchoscopy 

Bronchoscopies were carried out in all four studies. Premedication with 1.0 
mg of atropine was given subcutaneously 30 minutes before the procedure. 
Subjects with asthma inhaled 0.2 mg of salbutamol. Lidocaine was used for 
topical anaesthesia. A flexible video bronchoscope was inserted through the 
mouth with the subject in the supine position. (Olympus BF-1T200, Tokyo, 
Japan was used in studies I and II. Olympus BF-1T160, Tokyo, Japan was 
used in studies III and IV). In a randomised manner, bronchial biopsies were 
taken either from the anterior aspect of the main carina and the subcarinae 
of the second to fourth generation airways of the right side, or from the 
posterior aspect of the main carina and the corresponding subcarinae on the 
left side. Bronchial wash (BW, 2x20 ml) and bronchoalveolar lavage (BAL, 
3x60 ml) were carried out on the contralateral side using sterile sodium 
chloride. The aspirates recovered from the installations of BW and BAL were 
collected into separate siliconised containers and immediately placed in iced 
water. 
 

 

 

Figure 8. Bronchoscopy (Photo Frida Holmström). 
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Analyses in airway lavages 

All lavage samples were filtered through nylon (pore diameter 100 µm, 
Syntab Product AB, Malmö, Sweden) and centrifuged at 400 g for 15 
minutes. 

 

Inflammatory cells 

Cell pellets were re-suspended in phosphate buffered saline (PBS) at a cell 
concentration of 106 cells/ml. Differential cell counts were performed on 
cytocentrifuge preparations stained with May-Grünwald Giemsa and 400 
cells per slide were counted.  

 

Cytokines and chemokines 

In studies I and II, supernatants were separated from the cell pellet and 
analysed for IL-6, IL-8, myeloperoxidase (MPO) and stem cell factor (SCF). 
IL-6, IL-8 and SCF were analysed using commercially available ELISA kits 
(R&D Systems, Minneapolis, Minnesota, USA). MPO was analysed using an 
MPO radio-immunoassay (Pharmacia AB, Uppsala, Sweden). 

 

Tissue damage markers 

Albumin concentrations were measured using a commercial kit (Boerhinger-
Mannheim, Mannheim, Germany). Total protein concentrations were 
determined using the bicinchoninic acid method (147). These tissue damage 
markers were analysed in study II. 

 

Oxylipin profiling 

In study III, oxylipin profiling was carried out in BW and BAL, in accordance 
with previously published protocols (148). Standards (native and deuterated) 
and N-cyclohexyl-N'-dodecanoic acid urea (CUDA), used for recovery 
calculations, were obtained from Cayman Chemical (Ann Arbor, MI, USA), 
Larodan Fine Chemicals AB (Malmö, Sweden) and Biomol International 
(Plymouth Meeting, PA, USA). Solid phase extraction (SPE) was performed 
using Waters Oasis HBL 60 mg cartridge columns (Milford, MA, USA). 
Oxylipins were analysed using an Aquity Ultra Performance Liquid 
Chromatography (UPLC) separation module, equipped with a 2.1 × 150 mm 
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BEH C18 column with a 1.7 µm particle size (Waters) coupled to a Xevo TQ 
triple quadruple tandem mass spectrometer run in negative ionization mode. 
Quantification of oxylipins above the limit of quantification (LOQ), defined 
as peaks with signal to noise ratio (S/N) >10, was performed using the stable 
isotope dilution method. Oxylipins below the LOQ, but above the limit of 
detection (LOD), defined as peaks with S/N >3, were assigned the method 
LOD value in the subsequent statistical analyses. 

 

Antioxidant analyses 

The concentrations of total vitamin C, AA, DHA, total glutathione (GSx), 
reduced glutathione (GSH) and GSSG were determined in BW and BAL. All 
antioxidant determinations were performed using reverse-phase high 
performance liquid chromatography (HPLC) with electrochemical detection 
(149). Cell-free lavage supernatants for vitamin C determinants were treated 
with metal chelator desferoxaminemesylate and the synthetic antioxidant 
butylated hydroxytoluene. Samples underwent deproteination with 5% 
metaphosphoric acid, followed by lipid extraction with heptane. The samples 
were then vortexed for 60s prior to centrifugation at 13,000 rpm for 5 min 
(4°C). Determination of total vitamin C also included a reduction step with 
Tris (2-carboxylethyl) phosphine (150). The lower aqueous layer was then 
carefully transferred to a brown glass HPLC vial for analysis. 20 µL aliquots 
were then injected using a Gilson model 234 autosampler onto a 5 µm C18 
column, eluted with a mobile phase of 0.2 mM K2HPO4-H3PO4, containing 
0.25 mM octanesulphonic acid (pH 2.1) at a flow rate of 1.5 mL/min. An 
EG&G ampero-metric electrochemical detector was used for detection, with 
the voltage set at 500mV and a current sensitivity of 100nA. AA and total 
vitamin C cencentrations were measured by comparison with known 
standards. The DHA concentration was determined by substracting the AA 
from the total vitamin C concentration. For the determination of glutathione, 
untreated samples were used and concentrations were determined using the 
glutathione disulphide reductase–dithiobisnitrobenzoic acid recycling assay 
(151). Urea dilution factors were calculated as [urea]plasma/[urea]lavage. Each 
subject's lavage measurements were multiplied by his/her unique dilution 
factors to correct for dilution to derive bronchial and alveolar RTLF 
concentrations. Urea concentrations were determined using with the 
QuantiChrom urea assay kit (BioAssay Systems, Hayward) according to the 
manufacturer’s instructions.   
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Analyses of endobronchial biopsies 

Polymerase chain reaction 

In study II, biopsies were immediately frozen in liquid nitrogen and total 
RNA was subsequently extracted with Trizol and quantified by measuring 
the optical density at 260 nm. RNA samples were reverse transcribed using 
avian myeloblastoma reverse transcriptase to produce cDNA. Polymerase 
chain reaction (PCR) amplification was performed with primer pairs specific 
for adenine phosphoribosyl transferase (APRT), IL-1β, IL-5, IL-8, TNF-α, 
IFN-γ, GM-CSF and GRO-α. The levels of cytokine transcripts were 
normalized to APRT and expressed as a percentage value (level of cytokine 
products/level of APRT product x 100). 

 

Immunohistochemistry 

Endobronchial mucosal biopsies were fixed in ice-cold acetone containing 
protease inhibitors and processed into glycolmethacrylate (GMA) resin. 
Two-micron thick sections were cut, floated on ammonia water (1:500), 
layered onto 0.01 % poly-L-lysine glass slides and allowed to dry at room 
temperature. The sections were treated with 0.1 % sodium azide and 0.3 % 
hydrogen peroxide to block endogenous peroxidase. Non-specific antibody 
binding was blocked using Dulbecco's minimal essential medium (DMEM) 
after which the sections were stained with the relevant primary antibodies 
(mAb). After rinsing in tris-buffered saline (TBS), a biotinylated secondary 
antibody was added to each section, followed by streptavidin-biotin-
horseradish peroxidase complex. After rinsing in TBS, sections for analysis 
of inflammatory cells (studies I, II and III), vascular endothelial adhesion 
molecules (studies I and II), 15-LOX (study III) and vitamin C-transporters 
(study IV) were developed with aminoethyl carbazole (AEC) in acetate buffer 
and hydrogen peroxide inducing a red colour, marking a positive 
immunoreaction. Sections for epithelial measurements of cytokine 
expression were developed as a brown colour with 3, 3’-diaminobenzidine 
(DAB). All sections were counterstained with Mayer's haematoxylin. Primary 
antibody was omitted on sections serving as negative controls. Stained 
inflammatory cells were counted in the epithelium and in the submucosa 
excluding glands, blood vessels and muscle. The counts were expressed as 
cells/mm in the epithelium and cells/mm2 in the submucosa and counted 
using a light microscope. Goblet cells were identified using a Periodic acid-
Schiff (PAS) stain and staining for PAS/SVCT2 positive cells were given as 
number per mm of epithelial length and as a percentage of total goblet cells. 
The length of the epithelium and the area of the submucosa were determined 
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using a computer-assisted image analyser (Zeiss KS400 software, Image 
Associates, Bicester UK) in study I and II and the program LeicaQWin V3 
(Leica Microsystems, Wetzlar,  Germany) in study III and IV. Vascular 
endothelial adhesion molecules (P-selectin, E-selectin, vascular cell adhesion 
molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1)) in the 
vessels were quantified by expressing the number of vessels stained with 
specific mAb as a percentage of the total number of blood vessels stained 
with the pan-endothelial mAb EN4 in adjacent 2-µm sections. 
 

Table 1.  Antibodies used for immunohistochemical analysis. 
 

Antibody Marker Source 
   
NE Neutrophil elastase Dako, Glostrup, Denmark 
AA1 Tryptase, Mast cells Dako, Glostrup, Denmark 
EG2 Eosinophil cationic protein Dako, Glostrup, Denmark 
CD3 CD3 T-cells Dako, Glostrup, Denmark 
CD4 CD4 T-helper cells Dako, Glostrup, Denmark 
CD8 CD8 Cytotoxic T-cells Dako, Glostrup, Denmark 
CD25 IL-2 receptor, T-cells Dako, Glostrup, Denmark 
CD68 CD68 Macrophages Dako, Glostrup, Denmark 
P-selectin P-selectin Microvasculature Dako, Glostrup, Denmark 
E-selectin E-selectin Microvasculature Dako, Glostrup, Denmark 
ICAM-1 ICAM-1 Microvasculature Dako, Glostrup, Denmark 
VCAM-1 VCAM-1 Microvasculature Dako, Glostrup, Denmark 
15-LOX-1 15-LOX-1 Dako, Glostrup, Denmark 
GLUT1 GLUT1 R&D Systems, Abingdon, UK 
GLUT2 GLUT2 R&D Systems, Abingdon, UK 
GLUT3 GLUT3 R&D Systems, Abingdon, UK 
GLUT4 GLUT4 Santa Cruz Biotechnology, CA, USA 
SVCT1 SVCT1 Santa Cruz Biotechnology, CA, USA 
SVCT2 SVCT2 Santa Cruz Biotechnology, CA, USA 

 
 

Statistics 

Paper I 

Lung function data were normally distributed, as established using the 
Shapiro-Wilks normality test, and are therefore reported as means with 
standard deviations. Measurements in the bronchial lavages and biopsies 
were not normally distributed, and are therefore reported as medians with 
25th and 75th percentiles. All paired air versus diesel exhaust comparisons 
were performed using the Wilcoxon signed ranks test. Pseudo-baseline 
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comparisons, after air challenge between groups, were performed using the 
Mann-Whitney U test. Correlations between diesel-induced responses were 
performed using the Spearman rank order correlation. For analyses of the 
impact of the diesel challenge on serial PEF measurements, a linear mixed-
effects model was employed, with subject included as a random effect, and 
period, time and exposure as fixed effects. The exposure x time interaction 
was included in the model to determine whether changes in outcome over 
time were different after diesel exhaust, as compared with air exposure. A 
heterogeneous first-order autoregressive covariance structure was used to 
model the correlation between repeated observations. Overall PEF responses 
after air and diesel exhaust were summarised as the area under the curve 
and compared using the Student paired t test. All statistical analyses were 
performed using SPSS, version 15.0 (SPSS, Cary, North Carolina, USA). A p 
value of 0.05 or less was considered statistically significant. 

 

Paper II 

Demographical data were parametric and described using mean and 
standard deviations. All other data were nonparametric and are therefore 
described using medians with 25th and 75th percentiles. Comparisons 
between post-air and post-DE values were performed using the Wilcoxon 
signed-rank test. All statistical analyses were performed using PASW 
Statistics 18.0 (SPSS, Chicago, IL). A p value of 0.05 or less was considered 
statistically significant. 

 

Paper III 

Univariate statistical analysis using Mann-Whitney U test was performed 
with PASW Statistics 18.0 (SPSS; Chicago, IL, USA) or the R software (R 
Foundation for Statistical Computing, Vienna, Austria). A p value of 0.05 or 
less was considered statistically significant.  

Multivariate data analysis using PCA and OPLS-DA was performed with 
SIMCA software v.13 (Umetrics AB, Umeå, Sweden) (152). Model validity 
was assessed using the cumulative amount of systematic variation among the 
variables summarized by the model (R2X(cum) and R2Y(cum)), the 
predictive ability of the model (Q2(cum)), and p values calculated by ANOVA 
based on the cross-validated score vectors (CV-ANOVA) (153). All data were 
scaled to unit variance and mean-centred prior to modelling. 
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Paper IV 

Demographical data were normally distributed and are described using 
mean and standard deviations. Antioxidant data were not normally 
distributed and are therefore described as medians with 25th and 75th 
percentiles. Non-parametric tests used were Mann-Whitney U tests for 
comparing asthmatics with healthy controls and Spearman’s rank 
correlation for correlations. Statistical analyses were performed using the 
IBM SPSS software, version 20 (SPSS, Armonk, NY, USA). 
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Main results 

Inflammatory responses to diesel exhaust            
(Papers I & II) 

In healthy individuals a significant increase in submucosal neutrophils 
(p=0.004) was observed following DE challenge. Significant increases in 
neutrophil numbers (p=0.01), and in the concentrations of IL-6 (p=0.03) 
and MPO (p=0.04), were also seen in BW after DE, relative to the control air 
exposure. No evidence of enhanced airway inflammation was observed in 
patients with AR or asthma following DE exposure. A small increase in MPO 
was found in BAL from patients with AR (p=0.032). A decrease in epithelial 
tryptase, which is a marker for mast cells, was also observed (p=0.013). 
There was a small decrease in BW SCF (p=0.033) (Figures 9 and 10). 

 

 
 
 

Figure 9. Markers of neutrophilic inflammation in healthy individuals and patients with 
allergic airway disease after air and diesel exhaust (DE) exposure. Data are given as medians 
with interquartile range; whiskers denote minimum and maximum values. 
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Figure 10. Markers of allergic inflammation in healthy individuals and patients with allergic 
airway disease after air and diesel exhaust (DE) exposure. Data are given as medians with 
interquartile range; whiskers denote minimum and maximum values. 
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Oxylipin profiling (Paper III) 

Multivariate modelling showed significantly different BW and BAL oxylipin 
profiles in both asthmatics and healthy individuals (R2Y(cum)=0.822, 
Q2(cum)=0.759) (Figure 11). Total oxylipin concentrations, and five 
individual oxylipins, primarily from the LOX pathway of arachidonic and 
linoleic acid, were elevated in BW from asthmatics compared to healthy 
individuals (Table 2), supported by immunohistochemical staining of 15-
LOX-1 in the bronchial epithelium (Figure 12). No difference between the 
groups was found among BAL oxylipins. 

 

 

Figure 11. Compartment-dependent cross-validated OPLS-DA class definition values. 
Bronchial wash (BW, red circles) and bronchoalveolar lavage (BAL, yellow circles) described 
different oxylipin profiles, resulting in different class definition values (below 0.5 for BW and 
above 0.5 for BAL). Inter-subject variation was similar in BW and BAL, as well as within the 
asthmatic (A) and healthy (H) group.  
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Table 2.  Oxylipin concentrations (pM) in bronchial wash (BW) and bronchoalveolar lavage (BAL) from healthy and asthmatic individuals 
 

Compound (pM)        Asthmatics        Healthy p-values  

  BW BAL BW BAL BW BAL Asthmatics Healthy  

  n=15 n=15 n=16 n=16 A vs H A vs H BW vs BAL BW vs BAL  

12-HETE 100 (16.7-183) 0.0 (0.0-17.3) 56.8 (12.5-87.1) 0.0 (0.0-5.6) 0.19 0.38 0.002 0.002  

15-HETE 362 (221-1168) 13.2 (2.8-61.0) 180 (139-234) 5.6 (0.0-21.8) 0.03 0.39 0.0001 0.0001  

15-KETE 57.0 (15.0-116) 6.6 (2.5-13.6) 19.0 (10.7-29.0) 5.1 (0.8-7.2) 0.11 0.37 0.01 0.01  

5(6)-EpETrE 58.4 (41.6-85.2) 5.6 (0.0-5.6) 41.9 (12.5-63.0) 5.6 (0.0-5.6) 0.11 0.19 0.00003 0.003  

9-HODE 197 (128-284) 107 (8.3-370) 122 (25.0-170) 150 (21.4-370) 0.04 0.62 0.14 0.42  

13-HODE 1277 (425-2444) 327 (37.4-789) 343 (121-433) 178 (34.7-498) 0.01 0.70 0.01 0.44  

9-KODE 53.9 (8.3-141) 96.4 (32.3-262) 8.3 (8.3-50.8) 132 (33.6-412) 0.09 0.86 0.20 0.004  

13-KODE 332 (97.6-849) 156 (19.4-332) 97.2 (58.3-184) 138 (19.4-428) 0.03 0.94 0.17 0.92  

9,10,13-TriHOME 58.3 (58.3-58.3) 223 (107-511) 58.3 (58.3-58.3) 388 (156-1162) 0.07 0.55 0.01 0.001  

9,12,13-TriHOME 58.3 (58.3-58.3) 138 (35.0-244) 58.3 (58.3-58.3) 262 (91.5-849) 0.24 0.42 0.44 0.003  

EKODE 248 (189-642) 537 (248-897) 203 (169-243) 774 (172-2648) 0.08 0.68 0.15 0.02  

9(10)-EpOME 324 (305-439) 654 (466-839) 301 (216-355) 627 (500-938) 0.34 1.00 0.0003 0.0005  

12(13)-EpOME 412 (283-529) 624 (473-791) 340 (286-382) 657 (569-932) 0.32 0.60 0.01 0.0004  

9,10-DiHOME 21.2 (8.3-48.6) 61.8 (41.3-72.6) 44.7 (10.9-67.3) 63.0 (49.9-84.4) 0.31 0.55 0.01 0.07  

12,13-DiHOME 106 (80.5-152) 57.3 (38.4-87.1) 137 (108-179) 67.7 (51.1-100) 0.13 0.34 0.003 0.0008  

15-HETrE 102 (42.5-128) 0.8 (0.0-3.4) 16.9 (2.5-26.7) 0.8 (0.0-2.0) 0.001 0.67 0.00001 0.001  

13-HOTE 151 (87.8-270) 9.2 (0.0-34.1) 98.5 (0.0-163) 9.2 (0.0-9.2) 0.17 0.21 0.0003 0.01  

Total 4446 (2505-8993) 2782 (222-6002) 2128 (1781-2609) 3797 (2401-7819) 0.006 0.71 0.39 0.06  

       
   

Data are given as medians (interquartile range). Data are not corrected for multiple hypothesis testing. Significance is indicated at the α=0.05 level, resulting in 
an estimation of 0.85 false positives for the 17 measured values. The Bonferroni corrected p-value for these data is p=0.003. 
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Figure 12. Representative pictures of endobronchial biopsies with 15-lipoxygenase-1 (15-LOX-
1) staining (A) compared with tris-buffered saline (TBS) control (B) and fraction of epithelial 
area stained with 15-lipoxygenase-1 in asthmatics vs. healthy controls (C). The staining was 
localised to the epithelium. 
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Vitamin C transporters (Paper IV) 

Positive staining for SVCT1 and 2 was identified in the vascular endothelium; 
with SVCT2 and GLUT2 also present in the apical epithelium. Staining with 
GLUT1 yielded a distinct cell membrane staining, most likely attributed to 
lymphocytes. There were no apparent differences between asthmatics and 
controls. SVCT2 staining was further shown to be predominately localised to 
goblet cells (Figure 13). SVCT2+ goblet cells were negatively correlated with 
total vitamin C concentrations determined in the bronchial wash (ρ=-0.661, 
p<0.05) (Figure 14). 

 
 

 

Figure 13. Immunohistochemical staining of GLUTs and SVCTs in bronchial biopsies.             
A: Staining with GLUT1 yielded a distinct cell membrane staining. B: GLUT2 was found present 
in the apical epithelium. C: SVCT1 was found present in blood vessels. D: SVCT2 was found 
present in blood vessels. E: Periodic acid-Schiff (PAS) stains mucins. F: SVCT2 apical epithelial 
staining largely localised to goblet cells. C-F: Consecutive sections from the same subject. 
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Figure 14. SVCT2+ goblet cells in bronchial biopsies and total vitamin C concentrations in 
bronchial wash show a negative correlation (ρ=-0.661, p<0.05). 
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Discussion 
Discussion of methods 

Subjects 

A larger sample size increases the probability of obtaining an accurate 
representation of the population under study (in this case young adults with 
and without allergic airway diseases), i.e. a more reliable result. However, 
the availability of resources may limit the sample size and also it is not 
ethical to collect a larger sample than needed to answer the study question, 
or in other words, to examine people for no reason. The number of study 
subjects recruited in each of the studies in this thesis was based on power 
calculations and experiences from previous studies addressing air pollution 
induced airway inflammation. With BW neutrophilia as the primary end 
point and using a standard deviation in the response variable of 0.83, a 
minimum group size of 16 was required to detect a treatment difference at a 
two-sided significance level of 0.05 and a probability of 80% if the true 
difference was 1.28 x 104 cells. While the study populations were not very 
large they were homogenous regarding asthma severity, allergy status and 
medication. Such strict inclusion criteria decrease the need for larger sample 
sizes, since these study subject may be considered drawn from a less 
differentiated population. 

 

Study designs 

Previous studies have demonstrated evidence of airway inflammation in 
healthy individuals 6-18 h after DE exposure (89, 93, 154), whereas studies 
of asthmatics have failed to detect an increased airway inflammation when 
evaluated with bronchoscopy or induced sputum 6 h after DE exposure (93, 
94). In papers I and II, we chose to perform bronchoscopies 18 hours after 
exposure to DE. By choosing this time-point and by examining both early 
and late markers of inflammation, we attempted to reduce the risk of 
missing an existent inflammation. 

 

Exposures 

The concentration of DE used in paper I and II was set to mimic naturally 
occurring ambient exposure. The PM10 concentration was thus aimed at 100 
µg/m3, which is a level that may be encountered in polluted urban 
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environments. For example, measurements at Hornsgatan in Stockholm 
show that the daily average amount of PM10 sometimes reach 200 µg/m3 
(155). The concentration of DE in the studies included in this thesis is also 
based on previous studies, which have demonstrated acute airway 
inflammatory effects in healthy individuals exposed to DE with a PM10 
concentration of 100 µg/m3 (154).  

The ambient particulate air-shed at roadside locations is complex, with 
not only primary tail pipe emissions, but also brake wear, tyre wear, road 
surface abrasion and resuspended road dust. These other non-exhaust 
sources have been estimated to account for approximately half of the PM 
concentration observed roadside (156). With the controlled exposures in 
papers I and II, it is possible to delineate the actual contribution of DE to 
responses observed in epidemiologic research on people with allergic airway 
disease.  

 

Bronchoscopy 

Bronchoscopy enables sampling of both airway lavages and endobronchial 
mucosal biopsies. Airway lavages provide information on the cellular and 
soluble constituents in the airway lumen. BW uses a smaller volume of saline 
(2 x 20 mL) and theoretically reflects the bronchi and bronchioli, whereas 
BAL, uses a larger volume of saline (3 x 60 mL) and is considered to 
predominately reflect the alveolar spaces. Nevertheless, there is not a clear-
cut division. BW will partially sample from alveolar spaces and BAL will 
partially sample from bronchi and bronchioli. Since airway inflammation is a 
dynamic process, with inflammatory cells migrating from submucosal blood 
vessels, through the mucosa and epithelium into the airway lumen, the 
different sampling techniques, with information from several compartments, 
can provide a comprehensive picture.  

During the bronchoscopy it is not possible to determine whether the 
quality of the biopsy is sufficient for immunohistochemical analysis. To 
increase the chance of obtaining a biopsy with good tissue structure, at least 
four biopsies were collected at each bronchoscopy for this purpose. 

Although not requiring general anaesthesia, bronchoscopy is an invasive 
and resource-demanding method. The procedure is relatively time-
consuming including preparations and after-care. It is also technically 
difficult, requiring not only a skilled bronchoscopist, but also assisting 
nurses and laboratory personnel, as well as advanced instruments. For the 
patient, several hours of fasting can be hard and the procedure may be 
uncomfortable, despite local anaesthesia. Nevertheless, bronchoscopy, with 
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the use of a flexible video bronchoscope, provides a unique way of reaching 
the human airways and is the reference method for investigating airway 
pathology. 

 

Oxylipin profiling 

While oxylipin profiling is a promising method for biomedical research, with 
possibilities of improving disease diagnosis and expanding our knowledge of 
pathological mechanisms, it also holds some limitations. Oxylipins comprise 
a group of structurally related compounds, which puts high demands on both 
the separation and detection techniques for individual quantification. For 
instance, stereoisomers are only possible to separate using highly advanced 
chromatographic techniques, and there is often a lack of information on 
stereochemistry of the biologically active isomer. A particular issue with 
measuring oxylipin profiles in airway lavages is the variability in fluid 
recovery, i.e. instilled volume versus recovered volume. This can be 
addressed by normalising the ratio of instilled/recovered volume to adjust 
for recovery variability. Another option is to assume that the oxylipin 
concentration is independent of recovered volume and that fluid lost during 
instillation contains the same oxylipin concentration as the recovered fluid, 
which is supported by previous findings (112). 

 

Statistics 

In papers I, II and IV, univariate methods were employed as described in the 
methods section. In these papers, the risk of type I and type II errors needs 
to be addressed. Type I errors, or the so-called false positives, occur when 
something is considered statistically significant when in fact it is not. Type II 
errors are false negatives, i.e. when a statistical test fails to detect an existent 
difference between groups. When performing multiple tests, the risk of 
finding false positives is increased. For example, with a significance level of 
0.05, for every 20 tests, one will statistically fall out as a positive by chance. 
The cost of correcting for type I errors is a loss of statistical power in the 
study, meaning the ability to detect the true positives, i.e. an increase in type 
II errors. We used the most common significance level of <0.05 but did not 
perform multiple hypothesis testing correction. The results are instead 
carefully interpreted with discussions of biological relevance. 

In paper III, we had large datasets with many different variables from 
each subject, which required more complex analytical tools. Multivariate 
methods decrease the dimensionality in data with a large number of 
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variables. This renders the visualisation and interpretation more 
manageable. Multivariate modelling is a good complement to univariate 
methods, in avoiding the problem of false positives due to a simultaneous 
analysis of all variables and at the same time co-variance of the dataset is 
accounted for.  
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Discussion of main results 

Inflammatory responses to diesel exhaust 

In paper I, we observed recruitment and activation of neutrophils in the 
airway lumen and bronchial mucosa of healthy individuals 18 h after 
exposure to DE with a PM10 concentration of 100 µg/m3. This is in line with 
previous studies that have demonstrated airway inflammation in healthy 
individuals 6-18 h after exposure to DE with PM10 concentrations ranging 
from 100 to 300 µg/m3 (89, 93, 154). 

We found no airway neutrophilia or increased allergic inflammation in 
either the asthmatics or the allergic rhinitics (Papers I and II).  There were 
signs of an activation of the neutrophils in the peripheral airways of the 
patients with AR, as indicated by an increase in BAL MPO. However, this 
was not significant when corrected for neutrophil numbers. In the bronchial 
epithelium of the patients with AR, there was a decrease in mast cell 
numbers and a decrease in BW SCF following DE exposure. 

The decrease in mast cell staining could reflect a mast cell migration from 
the epithelium to the airway lumen (157) or to lymph nodes (158). It could 
also be caused by degranulation of tryptase from mast cells (159). There were 
no increases in mast cell numbers in airway lavages and no other signs of an 
aggravated allergic inflammation, such as airway eosinophilia, allergic 
symptoms or increased airway permeability (measured as BW albumin). The 
decrease in BW SCF was inconsistent with the view of mast cells migrating to 
the airway lumen. This may suggest that the mast cells have been lost and 
expelled up the mucociliary escalator. These results contrast previous 
studies, which have shown an increase in mast cells in healthy airways after 
exposure to DE (89, 154) and in asthmatic airways after exposure to ozone 
(160, 161). To fully understand the role of mast cells in response to air 
pollution further studies are required. 

Paper I confirms that exposure to DE yields an acute neutrophilic airway 
inflammation in healthy individuals. While people with AR and asthma have 
been suggested to be more susceptible to the negative effects of air pollution, 
we did not detect a neutrophilic or allergic inflammation in the lower airways 
of these individuals following exposure to DE. This indicates that other 
mechanisms than classical inflammation are involved in the heightened 
sensitivity to traffic-related air-pollution in these populations. Further 
investigation of alternative mechanisms underlying the adverse health 
effects in patients with allergic airway disease are needed.  
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Oxylipin profiling 

Both asthmatic and healthy individuals had different oxylipin profiles in 
proximal and peripheral airways, indicating lung region-specific lipid 
mediator production. Our findings of regional differences in oxylipin levels 
were supported by signs of allergic airway inflammation, with higher 
eosinophil and mast cell counts in BW and in the bronchial epithelium of 
asthmatics, compared to healthy controls, with no significant differences in 
BAL. The asthmatics also expressed higher FENO levels than the healthy 
controls at 10 mL/s. Our data suggest that enhanced lipid mediator 
production is associated with allergic asthmatic airway inflammation, 
predominantly in the proximal lower airways.  

Five BW oxylipins (15-HETE, 9-HODE, 13-HODE, 13-KODE and 15-
GETrE), primarily derived from the 15-LOX pathway, as well as total 
oxylipin levels in BW, were elevated in asthmatics compared to healthy 
individuals. These findings were supported both by immunohistochemical 
staining of 15-LOX-1 in endobronchial mucosal biopsies and by multivariate 
correlations between 15-LOX data predicted by the five oxylipins elevated in 
BW and 15-LOX-1 levels. It has been reported that ROS are generated as by-
products during conversion of the intermediate 15-LOX peroxide metabolites 
by glutathione reductase (e.g., formation of 15-HETE or 13-HODE) (162), 
which could affect the oxidative environment.  

While 15-LOX products were more common in BW, auto-oxidation and 
CYP products were more common in BAL. 9(10)-EpOME and 12(13)-
EpOME) were among the most prominent species in the BAL oxylipin 
profile. These compounds and their corresponding diols (9,10-DiHOME and 
12,13-DiHOME) are produced in leukocytes and previous studies have shown 
that BAL levels of 9(10)-EpOME are elevated in respiratory distress 
syndrome (163). Significantly elevated levels of 12,13-DiHOME have also 
been found in exhaled breath condensate from an asthmatic individual after 
allergen exposure (164). Accordingly, these CYP products and their 
metabolites are potentially of interest in the pathology of respiratory disease 
and merit further study. 

Asthma-specific shifts in lipid mediators were only observed in the 
proximal lung regions, sampled through collection of BW, in contrast to 
previous findings showing baseline asthma-related oxylipin alterations in 
BAL fluid (113). These seemingly contradictory findings most likely 
demonstrate the impact of employing different lavage protocols for airway 
sampling. In the current study, BW (2x20 mL) and BAL (3x60 mL) were 
carried out sequentially with saline, while in the previously mentioned study 
BAL (5x50 mL) was carried out with phosphate buffered saline. Accordingly, 
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the lack of observed differences in BAL fluid between asthmatics and healthy 
individuals in the current study is attributed to the respective oxylipins being 
removed in the initial BW, whereas previous studies contained these 
oxylipins in the BAL fluid. These results emphasize the importance of well-
defined lavage sampling protocols and the need for rigorous descriptions of 
the sampling methods. In addition, the findings demonstrate the added 
benefit in distinguishing different lung compartments provided by a 
sequential lavage procedure in which BW and BAL fluids are collected 
separately.  

Taken together, our findings in paper III illustrate the value of metabolic 
profiling of lipid mediators in respiratory disease and suggest that the 
benefits of lung compartment-specific sampling should be considered in 
future studies.  

 

Vitamin C transporters 

In paper IV, we examined the relationship between RTLF vitamin C 
concentrations and the expression of vitamin C transporters in the bronchial 
epithelium of the human lung, both within healthy and asthmatic 
individuals. This was motivated by previous studies observing AA 
deficiencies at the surface of the asthmatic lung (130, 165), as well as 
ambiguous results of supplementation (136, 137), suggesting a more complex 
relationship between plasma and RTLF AA concentrations than simple 
diffusion. 

DHA uptake into cells has been demonstrated to occur through glucose 
transporters, GLUT1-4 (141, 166, 167). Knowledge about epithelial 
expression of glucose transporters in human lung, excluding lung 
carcinomas, is scarce. In paper IV we found immunoreactivity for GLUT2 
both at the apical and the basolateral aspects of the columnar epithelial cells. 
A recent paper has demonstrated that GLUT2 plays an important role in 
DHA uptake from the gut lumen (167), and it is possible that it performs a 
similar function in the lung. 

AA uptake into cells has been demonstrated to occur through SVCT1 and 2 
(168). Although previous studies have demonstrated mRNA for both SVCT1 
and 2 within human bronchiolar epithelium (169), no information is 
available on cellular distribution or protein expression. An examination of 
SVCT1 and 2 expression in rat has shown immunoreactivity at the apical 
epithelium of the trachea, bronchi and alveoli (138), but the relevance of 
these observations to humans, who are unable to synthesise ascorbate, is 
unknown. In paper IV, we demonstrate for the first time that SVCT2 is 
present in the human lung epithelium, mainly within goblet cells. A negative 
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correlation between SVCT2+ goblet cells and vitamin C concentrations in the 
BW suggests that these cells may play a hitherto unknown function in 
vitamin C re-uptake and recycling at the air-lung interface. 
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Final comments 

While patients with allergic airway disease have been described to be more 
susceptible to the negative effect of air pollution, we found no signs of 
enhanced neutrophilic or allergic inflammation in the lower airways 
following exposure to DE, either in allergic rhinitics or in asthmatics. This 
contrasts the response in healthy individuals where an acute neutrophilic 
inflammation was elicited in the lower airways. Our findings suggest further 
controlled exposure studies to explore alternatives to commonly used 
inflammatory biomarkers for the study of adverse health effects of traffic-
related air pollution in individuals with allergic airway disease. 

A new and promising research area is the field of metabolomics, which is 
the systematic study of the unique chemical fingerprints that specific cellular 
processes leave behind. With a targeted metabolomics approach we 
evaluated baseline oxylipin profiles and found that total oxylipin levels as 
well as five individual oxylipin levels were elevated in BW from patients with 
allergic asthma compared to healthy individuals. These oxylipins were 
mainly originating from the 15-LOX pathway and immunohistochemical 
staining of 15-LOX-1 in the bronchial epithelium supported this finding. 
With multivariate modelling we could also see significantly different oxylipin 
profiles in BW and BAL. These differences between proximal and peripheral 
airways were supported by allergic inflammatory cells in BW and in the 
bronchial epithelium of the asthmatic individuals. The metabolomics 
approach may also provide a sensitive tool for studying airway responses to 
air pollution, which are not detectable with classical inflammatory markers. 

Despite the fact that vitamin C is an important antioxidant in the lung, 
little is known about its transport into the RTLF or the underlying epithelial 
cells. We examined the expression of vitamin C transporters by 
immunohistochemistry in endobronchial biopsies and identified SVCT 1 and 
2 in the vascular endothelium; with SVCT2 and GLUT2 also present in the 
apical epithelium. SVCT2 was predominately localised to goblet cells and the 
number of SVCT2 positive goblet cells was negatively correlated with vitamin 
C concentrations in BW. This suggests that vitamin C uptake by these cells 
may play a role in regulating the extra-cellular vitamin C pool. 

The prevalence of allergic airway disease is increasing in most countries in 
the world and particulate air pollution has been suggested to be an 
important causative factor. The studies presented in this thesis intend to 
further explore and strengthen the knowledge on the underlying 
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mechanisms that link the modern urban environment to adverse respiratory 
effects. Such knowledge may have the potential for preventing disease by 
drawing the map for new pharmacological treatment research and targeted 
technical innovations in addition to highlighting the urgent need to increase 
the usage of more healthy ways of transporting people than by car. 
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Conclusions 
 

 

• Exposure to diesel exhaust at a dose causing a neutrophilic airway 
inflammation in healthy individuals did not induce a neutrophilic 
inflammation in patients with allergic asthma. Nor did patients with 
allergic asthma respond with an aggravated allergic inflammation. 

• Exposure to diesel exhaust did not induce a neutrophilic 
inflammation in the lower airways of patients with allergic rhinitis. 
There were no increases in allergic inflammatory cells, but a 
reduction in immunohistochemical tryptase staining in the 
epithelium, possibly indicating mast cell degranulation. 

• Bronchial wash and bronchoalveolar lavage contain significantly 
different oxylipin profiles, in both allergic asthmatics and healthy 
individuals. Specific protocols for sampling proximal and peripheral 
airways separately should be employed when studying respiratory 
diseases. 

• SVCT2 was, for the first time, found present in the human lung 
epithelium, localised mainly within goblet cells. A negative 
correlation between SVCT2+ goblet cells and vitamin C suggests that 
these cells may play a hitherto unknown function in vitamin C re-
uptake and recycling at the air-lung interface. 
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