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ABSTRACT
Background: Ambient air pollution is associated with adverse health effects, but
the sources and components, which cause these effects is still incompletely
understood. The aim of this thesis was to investigate the pulmonary effects of a
variety of common air pollutants, including diesel exhaust, biomass smoke, and road
tunnel and subway station environments. Healthy non-smoking volunteers were
exposed in random order to the specific air pollutants and air/control, during
intermittent exercise, followed by bronchoscopy.
Methods and results: In study I, exposures were performed with diesel exhaust
(DE) generated at transient engine load and air for 1 hour with bronchoscopy at 6
hours post-exposure. Immunohistochemical analyses of bronchial mucosal biopsies
showed that DE exposure significantly increased the endothelial adhesion molecule
expression of p-selectin and VCAM-1, together with increased bronchoalveolar lavage
(BAL) eosinophils.
In study II, the subjects were exposed for 1 hour to DE generated during idling
with bronchoscopy at 6 hours. The bronchial mucosal biopsies showed significant
increases in neutrophils, mast cells and lymphocytes together with bronchial wash
neutrophils. Additionally, DE exposure significantly increased the nuclear
translocation of the aryl hydrocarbon receptor (AhR) and phosphorylated c-jun in the
bronchial epithelium. In contrast, the phase II enzyme NAD(P)H-quinone
oxidoreductase 1 (NQO1) decreased after DE.
In study III, the 2-hour exposures took place in a road tunnel with bronchoscopy
14 hours later. The road tunnel exposure significantly increased the total numbers of
lymphocytes and alveolar macrophages in BAL, whereas NK cell and CD56+/T cell
numbers significantly decreased. Additionally, the nuclear expression of
phosphorylated c-jun in the bronchial epithelium was significantly increased after
road tunnel exposure.
In study IV, the subjects were exposed to metal-rich particulate aerosol for 2 hours
at a subway station with bronchial biopsy and BAL sampling at 14 hours. The subway
exposure significantly increased the concentration of glutathione disulphide (GSSG)
in BAL, with no airway inflammatory responses. In contrast, the number of
neutrophils in the bronchial mucosa and the nuclear expression of phosphorylated cjun in the bronchial epithelium tended to decrease after the subway exposure.
In study V, the exposure to biomass smoke lasted 3 hours. Bronchoscopy was
conducted 24 hours post exposure. The investigated biomass combustion emissions
resulted in a significant increase in total glutathione and reduced glutathione in BAL,
without any evident acute airway inflammatory responses.
Conclusion: The present thesis presents data from exposures of healthy subjects
to a variety of common air pollutants, as compared with an air reference. Oxidative as
well as bronchial mucosal and bronchoalveolar responses differed between these air
pollutants, with the most pronounced airway effects seen after exposure to diesel
exhaust. This may be due to differences in pulmonary deposition, physicochemical
characteristics, toxicological pathways and potency. Additional studies will assist in
addressing dose-response and time kinetic aspects of the airway responses.

6

SVENSK SAMMANFATTNING
Exponering

för

luftföroreningar

ger

en

ökad

sjuklighet

i

luftvägssjukdomar. Astmatiker och andra lungsjukas tillstånd kan förvärras,
lungtillväxten hos barn kan hämmas, och exponering för luftföroreningar
kan

även

orsaka

hjärtinfarkt,

slaganfall

och

förtida

dödsfall.

Omgivningsluften innehåller en blandning av luftföroreningar med olika
ursprung, såsom t ex trafikavgaser, slitagepartiklar och damm. Kunskapen
om de bakomliggande mekanismerna och vilka luftföroreningskällor som
bidrar till vilka hälsoeffekter är dock begränsad. Här har därför effekterna i
lungorna studerats efter exponering för dieselavgaser, vedrök samt
vägtunnel- och tunnelbanerelaterade luftföroreningar. I de fem ingående
studierna har friska försökspersoner undersökts. I varje studie exponerades
de vid två tillfällen, en gång för en specifik typ av luftförorening och en gång
för luft/referensexponering, i slumpvis ordning. Efter varje exponering
utfördes

en

bronkoskopi

med

insamling

av

vävnadsprover

från

luftvägsslemhinnan och lungsköljvätska.
Dieselavgasexponering, både vid tomgång och ett stadstrafikimiterande
körsätt, resulterade i luftvägsinflammation hos friska försökspersoner, sex
timmar efter exponering. Det inflammatoriska svaret föreföll starkare efter
tomgångsexponeringen, vilket kan indikera att körsättet har betydelse för
avgasernas

toxicitet.

Detta

kan

bero

på

skillnader

i

avgasernas

sammansättning mellan de två körsätten. Provtagning vid en senare
tidpunkt kan också klargöra om det tidiga inflammatoriska svaret som
noterades efter den stadstrafikimiterande körcykeln fortsätter att utvecklas
ytterligare och nå samma nivå som efter tomgångsexponering.
För att få en bättre förståelse för hur skadliga effekter uppstår
undersöktes även aktiveringen av olika försvarsprocesser i luftvägarna efter
dieselavgasexponering. Om försvaret inte är tillräckligt starkt kan en obalans
mellan skyddande antioxidanter och reaktiva syreföreningar uppstå, s.k.

7

oxidativ stress, vilket i sin tur kan orsaka inflammation samt skador på
vävnad och DNA.
Vägtunnelexponeringarna

genomfördes

vid

höga

halter

av

luftföroreningar, vilka i likhet med dieselstudierna orsakade en ökning av
inflammatoriska celler i lungsköljvätska och en tendens till ett tidigt
inflammatoriskt svar i luftvägsslemhinnan. Svaret var inte lika starkt som
efter enbart dieselavgasexponering i kammarförsök, vilket kan vara
förknippat

med

en

något

luftföroreningssammansättning.

lägre

koncentration

Förutom

samt

avgasemissioner

annan

innehåller

tunnelexponeringen även vägdamm och slitagepartiklar från vägbana, däck
och bromsar. Fler studier behövs för att fastställa om det tidiga
inflammatoriska svaret fortsätter att utvecklas till samma nivåer som efter
dieselavgasexponering, samt att ytterligare kartlägga vad som i huvudsak
orsakar de negativa hälsoeffekterna.
Både exponering för vedrök och tunnelbanerelaterade luftföroreningar
visade sig påverka antioxidantförsvaret i luftvägarna. Inget uttalat
inflammatoriskt svar hade dock utvecklats i lungorna vid tidpunkten för
provtagning.

Vedröksexponeringen

gav

upphov

till

en

ökad

antioxidantkoncentration i lungsköljvätskan, vilket tolkades som ett
förstärkt skydd och en anpassning till den höga luftföroreningshalten.
Tunnelbaneexponeringen däremot orsakade en ökad nivå av oxiderade
antioxidanter i lungsköljvätskan, vilket indikerar oxidativ stress. Lungorna
verkade klara den järnrika partikelexponeringen i tunnelbanan relativt väl
med tanke på avsaknaden av en uttalad inflammatorisk respons i
luftvägarna. Eftersom dessa studier är bland de första som utvärderar
lungeffekterna efter exponering för dessa luftföroreningar, behövs vidare
undersökningar. Detta för att vidare utreda tidsförloppen för lungresponsen
samt att klargöra om exponering för vedrök genererad under andra
förbränningsförhållanden ger likartade resultat.
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Sammanfattningsvis, exponering för luftföroreningar i omgivningsluften
orsakar negativa hälsoeffekter. Resultaten från dessa studier indikerar att
luftföroreningar från olika källor ger varierande lungeffekter hos friska
försökspersoner. De ingående studierna är i många hänseenden pilotstudier
som bidrar till en bättre förståelse om olika källors betydelse för
hälsoeffekterna. Fler studier behövs dock för att bättre klargöra vilka
komponenter i omgivningsluften som är mest toxiska och viktigast att
minimera. Det ska också understrykas att i alla de ingående studierna har
friska försökspersoner undersökts och det kvarstår att avgöra hur känsliga
grupper påverkas. Därtill är det inte klarlagt hur effekterna ser ut efter
långtidsexponering för de undersökta luftföroreningarna.
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ABBREVIATIONS
AEC
AhR
AP-1
ApoE

Aminoethyl carbazole
Aryl hydrocarbon receptor
Activator protein -1
Apolipoprotein E

BCA
BHR
BAL
BW

Bicinchronic acid
Bronchial hyperresponsiveness
Bronchoalveolar lavage
Bronchial wash

CMDmobility
COPD
CYP1A1

Particle count median size
Chronic obstructive pulmonary disease
Cytochrome P450, family 1, subfamily A,
polypeptide 1

DAB
DE
DEP
DME

Diaminobenzidine
Diesel exhaust
Diesel exhaust particle
Dimethyl ether

EBC
EC
EGFR
ELISA
EPHX
ETC

Exhaled breath condensate
Elemental carbon
Epidermal growth factor receptor
Enzyme linked immunosorbent assay
Epoxide hydrolase
European Transient Cycle

FACS
FENO
FEV1
FVC

Fluorescence activated cell sorting
Exhaled nitric oxide
Forced expiratory volume during 1 second
Forced vital capacity

GMA
GMDm
GSH
GSSG
GST
GTL
HO-1
HPLC
Hs-CRP

Glycolmethacrylate
Geometric mean diameter
Reduced glutathione/glutathione
Glutathione disulphide
Glutathione-S-transferase
“gas-to-liquid”
Heme oxygenase-1
High-performance liquid chromatography
High-sensitivity C-reactive protein

ICAM-1
ILIQR

Intracellular adhesion molecule -1
InterleukinInter quartile range
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JNK

c-jun N-terminal kinase

mAb
Monoclonal antibody
MAPK
Mitogen-activated protein kinase
MDA
Malondialdehyde
MIP-2
Macrophage inflammatory protein 2
MMDaerodynamic Particle mass median size
MMPMatrix metalloproteinaseMPO
Myeloperoxidase
NFκB
NK
NO
NO2
NOx
NQO1
Nrf2

Nuclear factor-kappa B
Natural killer
Nitrogen monoxide
Nitrogen dioxide
Nitrogen oxides
NAD(P)H-quinone oxidoreductase 1
NF-E2-related factor-2

O3
OC

Ozone
Organic carbon

PAH
PAI-1
PBS
PE
PEF
PM
PM0.1

RME
ROS
RTLF

Polycyclic aromatic hydrocarbon
Plasminogen activator inhibitor -1
Phosphate buffered saline
Phycoerythrine
Peak expiratory flow
Particulate matter
Particulate matter with an aerodynamic diameter less than 0.1
µm
Particulate matter with an aerodynamic diameter less than
2.5 µm
Particulate matter with an aerodynamic diameter less than 10
µm
Rapeseed methyl ester
Reactive oxygen species
Respiratory tract lining fluid

SEM
σg
SO2

Standard error of mean
Geometric standard deviation
Sulfur dioxide

THC
TNF-α
Tyr

Total hydrocarbons
Tumor necrosis factor alpha
Tyrosine

VC
VCAM-1
WHO

Vital capacity
Vascular cell adhesion molecule -1
World Health Organization

PM2.5
PM10
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INTRODUCTION
Air pollution and health
The effects of air pollution on the global environment and humanity are
constant burning questions, especially after numerous reports on global
warming and environmental devastations. During the 20th century a number
of incidents occurred where high air pollution levels were associated with
increased number of deaths and hospital admissions. In December 1952, a
period of cold weather together with windless conditions resulted in a thick
layer air pollution smog over London. During the following weeks, medical
reports estimated that about 4,000 citizens had died prematurely due to the
smog. Recent reports indicate that the numbers may have been three times
higher. The London smog episode is considered as one of the worst air
pollution episodes in the history and has made an essential impact on
environmental research. This event led to an increased awareness of the
relationship between air quality and health and also to more strict
regulations [1].
Ambient air pollution consists of a heterogeneous mixture of compounds
known to cause negative impact on human health. These includes ozone
(O3), sulfur dioxide (SO2), nitrogen oxides (NOx) and particulate matter
(PM), where the PM has been indicated to be a major risk factor [2].
Investigations have demonstrated that exposure to ambient air pollution is
associated with increases in respiratory symptoms, worsening of asthma
and chronic obstructive pulmonary disease (COPD), airway infections,
increased infant mortality, impaired lung growth in children, as well as an
increased risk of myocardial infarctions, stroke, deep vein thrombosis and
death from respiratory and cardiovascular diseases [2-6]. The World Health
Organization (WHO) has estimated that the outdoor and indoor air pollution
causes approximately 2 million premature deaths each year around the
world. The corresponding number of premature deaths per year in Sweden,
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due to long-range transported and locally generated particles, are estimated
to be about 3500 and 1800, respectively [7].
To support actions aiming at reducing the health impact of air pollution
exposure, the WHO has designed air quality guidelines. According to these,
the annual mean concentrations of PM2.5 (particulate matter with an
aerodynamic diameter < 2.5 µm) and PM10 (particulate matter with an
aerodynamic diameter < 10 µm) should not be higher than 10 µg/m 3 and 20
µg/m3, respectively. The corresponding 24-hour mean values are 25 µg/m3
for PM2.5 and 50 µg/m3 for PM10 [2]. However, each country may set their
own air quality standard, which therefore varies between different countries.
The highest annual mean value acceptable for PM 10 has by the Swedish
Environmental Protection Agency been set at 40 µm/m3 and the maximum
24-hour mean at 50 µm/m3. Recently the Swedish air quality standards were
updated with guidelines for PM2.5 concentrations. Until 2014, the annual
PM2.5 concentration should not exceed 25 µm/m3 and from 2015 the limit is
considered as legislation (http://www.naturvardsverket.se/sv/Lagar-ochandra-styrmedel/Miljokvalitetsnormer/Nuvarandenormer/Miljokvalitetsnormer-for-utomhusluft/Partiklar/). In the US, the
Environmental Protection Agency has set the maximum allowed 24 hour
mean concentration of PM10 to 150 µm/m3. In addition, the PM2.5 annual
mean is not allowed to exceed 15 µm/m3 and the 24 hour mean limit value is
35 µm/m3 (www.epa.gov/air/criteria.html). The guidelines and air quality
standards have in recent times tended to be stricter based on the fact that
negative health effects can be seen at relatively low air pollution
concentrations, together with the absence of a threshold value where the
effects first appear. A summary of the present guidelines and air quality
standards can be found in Table 1.
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Annual mean
3

[µg/m ]

Guide lines
WHO
Air quality standards
Swedish Environmental
Protection Agency
US Environmental Protection
Agency

24 hour mean
[µg/m3]

PM2.5

PM10

PM2.5

PM10

10

20

25

50

25

40

-

50

15

-

35

150

Table 1. Summary of air quality guidelines and standards.
Outdoor air pollutants originate from many different sources and
comprise of both gaseous and particulate matter components. Both primary
pollutants, e.g. biomass smoke as well as motor vehicle exhaust emitted from
the tail pipe, and secondary pollutants, which are formed in the atmosphere
from primary pollutants, contribute to the surrounding environment. A
major problem has so far been to determine what components in ambient air
pollution that causes the health effects. Diesel exhaust has long been
indicated to be an important traffic related air pollutant, but the contribution
from the many separate components of ambient air pollutants have so far
not been completely understood. The PM air pollution is thought to be a
major contributor to the observed health effects. Ambient air contains large
amounts of PM, which include small combustion derived particles
(aerodynamic diameter <1 µm) generated from motor engines, industrial
processes and combustion of biomass, as well as large and often
mechanically generated particles (aerodynamic diameter > 1 µm). They may
be generated from wear of road surfaces, tires and brakes (Figure 1), but can
also originate from windblown dust. The particles are often divided into
different categories based on their size; coarse PM (PM 10; aerodynamic
diameter <10 µm), fine PM (PM2.5; aerodynamic diameter <2.5 µm) and
ultrafine PM (PM0.1; aerodynamic diameter < 0.1 µm). Particles with an
17

aerodynamic diameter < 10 µm are referred to as inhalable particles.
Depending on their physical and chemical properties, the particles are
deposited at different sites in the respiratory tract but generally small
particles are deposited deeper in the lungs than larger particles which may

Particle mass concentration
(relative scale)

deposit more proximally.

Coarse dust particles
(e g mineral pavement dust,
vehicle wear material)

Aged, coagulated exhaust
particles (e g soot) with
adsorbed/condensed
compounds
Primary (fresh) exahust particles
(hydrocarbons, sulphuric acid, sulphates,
metals ) AND/OR tire wear particles (e g
organics or solid carbon)

Particle diameter (µm)

Ultra-Fine Particles

Figure 1. Typical particle size fractionation, formation/transformation
processes for ambient aerosols in general. Modified figure from Baron and
Willeke [8].
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Epidemiological studies
Exposure to high levels of air pollution has been demonstrated to be
associated with adverse impacts on human health. However, ambient air
pollution is a complex mixture of gases and particulate components
originating from many different sources. In this thesis a number of air
pollution generating sources will be introduced and divided into different
categories (Figure 2). The focus is on traffic related air pollution, both from
roads and train traffic, but also includes the contribution from biomass
combustion.

Figure 2. Division of ambient air pollutions into different categories
based on sources and generation.

Road traffic
Numerous investigations have demonstrated that exposure to traffic
related air pollution is associated with adverse health effects. Short-term
elevations in ambient PM concentrations increase the number of hospital
admissions and deaths from respiratory and cardiovascular disorders. Living
close to major roads or highways has been indicated as a risk factor for
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increased morbidity and mortality from cardiopulmonary causes [3, 9, 10],
together with impairment in lung growth in children [6, 11-13]. Exposure to
traffic-related air pollution has also been associated with increased airway
symptoms, respiratory infections, worsening of asthma and in some respects
increased occurrence of asthma [14-16].
Among the citizens in urban areas there are individuals that are more
susceptible to air pollution exposure, like those with respiratory diseases
such as asthma and COPD, as well as people with cardiovascular disease. It
has previously been demonstrated that a short-term exposure to diesel
exhaust, at a busy street environment, may cause a decreased lung function
and a neutrophilic airway inflammation in asthmatic subjects. This response
seemed to be greater in patients with moderate than mild asthmatic disease
[17]. Different genotypes of metabolic active enzymes, such as glutathione Stransferase (GST) and epoxide hydrolase (EPHX), also seem to be of
importance for the development of asthma in children [18]. It was
demonstrated that the combination of high metabolic activity of the EPHX1
enzyme, together with low activity of GSTP1 105 Val genotype, was
associated with asthma in children. Among these children, the risk of asthma
was even higher for those living close to major roads, indicating a role for
traffic related air pollution exposure in the pathogenesis of childhood
asthma.
Traffic exhaust exposure has also been linked to several effects on the
cardiovascular system [19]. Exposure to particulate matter air pollution,
both ambient and in controlled exposure environments, has shown to affect
the vascular function in humans. One of the main causes of death from
cardiovascular disease is myocardial infarction, and environmental factors
such as elevated concentrations of ambient particulate matter, may act as
triggers. An association between exposure to traffic, while travelling in car,
buses, motorcycles and bikes, and the onset of a myocardial infarction within
the following hours, has recently been demonstrated [20]. Studies have also
shown that air pollution exposure might cause impaired vasomotor function
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[21], increased arterial stiffness [22, 23], augmented thrombus formation
[24] together with impaired endogenous fibrinolysis in healthy individuals as
well as patients with stable coronary heart disease [25].

Diesel exhaust
Traffic related air pollution is a mixture of several components from
different sources and much of the focus has been directed towards diesel
engine exhaust. Epidemiological studies, as well as human exposure studies,
animal and in vitro experiments (these are discussed later), have indicated
diesel exhaust to be a major contributor to the adverse respiratory and
cardiovascular effects that have been associated with traffic related air
pollution exposure. A difficulty when it comes to epidemiological
investigations is to identify the source to the observed effects, since there are
several other combustions sources that emit fairly similar constituents,
contributing to the traffic related air pollution. However, diesel engines emit
relatively high amount of particulate matter and as an example, particulate
mass emissions from diesel engines are typically 10-100 times higher than
from gasoline engines [26]. Indicators that are used for traffic exposure (e.g.
PM10, PM2.5, NO2, elemental carbon) might not be totally specific to a certain
source, which may result in difficulties when it comes to separate the effects
from vehicles operating with different fuels, especially gasoline and diesel.
Diesel exhaust contains a complex mixture of components in gas or
particulate phases. In the gaseous phase carbon dioxide, oxygen, nitrogen,
water vapor, carbon monoxide, nitrogen- and sulfur compounds, together
with low-molecular-weight hydrocarbons and their derivatives can be found.
The particulate phase consists of elemental carbon with adsorbed organic
compounds, as well as small amounts of sulfate, nitrate and trace elements
such as metals. The diesel exhaust particle (DEP) mass is often dominated by
soot particles with typical particle sizes of 50-300 nm, while the number
distribution is dominated by particles below 50 nm [26, 27]. However, the
chemical composition and particle size in the diesel emissions may vary
21

depending on a number of factors, for example the engine and its operating
conditions, engine load and wear, lubrication oil use, exhaust after treatment
devices and also the choice of fuel [28].
Several recently published studies have investigated the effects on health
in children living close to major roads. The results demonstrate that
exposure to traffic related air pollution have negative effects lung function,
respiratory symptoms and can also cause an impaired lung growth [10, 11,
13]. In the mentioned studies, the strongest correlation to the negative
health effects was found with diesel engine exhaust, as measured by black
smoke or elemental carbon.

Other traffic sources
Fuels
The most commonly used fuels for vehicle engines today are diesel and
gasoline. As mentioned, motor vehicle exhaust in the ambient air is a
mixture of emissions, and it is therefore difficult to identify the effects from
separate fuels. Besides the higher particle emissions from diesel engines,
comparisons of the PAH content in the exhaust have demonstrated that the
emissions from diesel trucks contain PAHs with low molecular weight, while
the gasoline engine exhaust include PAHs of higher molecular weight [29].
While many diesel exhaust exposure related health effects have been
identified not much is known about the specific effects attributed to gasoline
engine emission exposure.
There is a constant discussion worldwide about the climate change,
limited access of oil and need of alternative and renewable fuels. There are a
few alternative “biofuels” accessible at the market today, such as ethanol,
methanol, rapeseed methyl ester (RME), dimethyl ether (DME), FischerTropsch fuel, “gas-to-liquid” (GTL) fuels and others, but there is a lack of

22

literature on health risks and toxicological effects associated with the use of
these. Some recent studies have suggested the alternative RME fuel to be
carcinogenic at a similar level as fossil diesel fuels [30]. There are also
indications of oxygen containing alternative fuels to produce more reactive
aldehydes and increase ozone levels, together with the production of highly
reactive oxidative components, such as quinones, which may give additional
adverse health effects [21, 31, 32]. With the high interest from societies
worldwide, it is therefore important to determine the potential adverse
health effects of emissions from alternative fuels.

Road dust
It is well known that exposure to traffic related air pollution is associated
with negative health effects. While the major focus has been directed at
reducing the emission related components, less is known about non-exhaust
related particles.
Road dust is a comprehensive name that includes all particle components
present in the road environment no matter the origin and includes both
exhaust and non-exhaust related particles. Windblown dust, wear particles
from road surfaces, tires and brakes all contribute to the non-exhaust related
particles, as well as particles generated during road maintenance, e.g.
sanding and salting. In northern countries, there is a common problem with
periods of high levels of wear PM air pollution, especially during springtime,
due to the use of sand and gravel for anti-skid purposes, together with the
frequent use of studded tires [33]. The main factor determining the PM
composition in road wear is the mineral content of the pavement, since it is
estimated that 95 % of the road surface consists of different minerals. The
remaining part is primarily bitumen, which consist of a mixture of petroleum
products that function as a binders to connect the stones in the asphalt [34,
35]. In general, wear of roads mainly generates PM in the size range of 2.510 µm or larger and therefore contributes substantially to the PM mass in
traffic related air pollution.
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Apart from road surface wear, the wear of tires is a main contributor to
road dust. The chemical composition of tires varies a lot between different
manufacturers, and therefore also the generated PM, but the main
component of tire wear PM is rubber material. In addition, these particles
also contain chemical components used in the manufacturing process and
often contain high concentrations of zinc and PAH [34]. The reports on the
particles size from tire wear differs. Some studies indicate that the majority
of the particles are not inhalable, with a mean particle diameter of 20 µm,
while other has shown that they may vary between 0.5-7 µm. This may
indicate that the size of the particles varies depending on a number of factors
including, tire composition, road material, driving conditions and climate
[34].
Another contributor to road dust is the wear particles generated from
brake pads, brake discs and brake cylinders from vehicles. This type of PM
often consists of a wide variety of metal compounds. The variation in
composition is partially dependent on the metals used by the manufacturers,
and this varies a lot. It is rather difficult to address specific health outcomes
to brake wear PM in epidemiological studies. Elemental composition
analysis has shown that about 18% of the PM mass was carbonaceous
material, while the remaining mass consisted of various metals together with
silicon, phosphorous, sulfur and chlorine [36]. However, due to the high
concentration of metals, especially transition metals, brake wear particles
might exert oxidative activity and the capacity to produce reactive oxygen
species, which have the potential to cause damage to membrane lipids,
proteins and DNA [37-39]. There are only few studies investigating the
generation of brake wear, but in a previously published study, PM generated
from different brake pad formulations was examined [36]. Measurements
showed that approximately 35% of the lost brake pad mass was emitted as
airborne PM. About 86% of the airborne particles were smaller than 10 µm
in diameter and 63% smaller than 2.5 µm in diameter. In addition, a
surprisingly high proportion of the particles had an aerodynamic diameter
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smaller than 0.1 µm, which might be due to the high temperature that is
achieved during the brake process. It was also demonstrated that the number
of brake wear particles emitted increased with temperature.
As mentioned, so far it has been relatively difficult to separate health
effects from wear particles in traffic from other sources and components.
Recently, the relationship between PM exposure and health effects was
evaluated, based on earlier published epidemiological studies that had
reported data on coarse and fine PM [40]. It was found that fine PM, mainly
consisting of vehicle exhaust particles, was associated with death in
respiratory and cardiovascular diseases, while the coarse fraction of PM
(PM2.5-PM10) was related to increased symptoms and worsening of
respiratory diseases such as asthma. Additionally, health effects after invehicle exposure to air pollution has been investigated in healthy young men.
The results demonstrated that the exposure was associated with alterations
in heart rate variability, markers of inflammation and coagulation in blood,
together with increased red blood cell volume [41]. The reported cardiac and
inflammatory effects seemed to be associated with, copper, aldehydes and
sulfur in the PM2.5 air pollution. These components are all related to speedchanging traffic conditions, where copper reflects brake wear, aldehydes
correspond to accelerating vehicle emissions and sulfur indicates diesel
combustion products and secondary aerosols [42, 43].

Underground train traffic air pollution
Most research regarding the health effects from traffic related air
pollution has focused on combustion derived gases and particles. However,
there are also other sources contributing to the air pollution we are exposed
to during daily life. Health effects from exposure to subway train wear
particles have so far been little studied, even though it is a common way of
collective travelling in many of the major cities worldwide. High PM
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concentrations have been identified in underground subways in London,
New York, Rome and Stockholm [44]. In Stockholm, the PM2.5 and PM10
concentration have been reported to be 260 and 470 µg/m3, respectively.
This is considerably higher than the PM mass concentrations commonly
encountered in major traffic thoroughfares in e.g. Stockholm [45].
The PM in the subway system mainly consists of wear particles, which
originates from the wear of the wheels, brakes and rails, and will therefore
differ in composition when compared with the particles generated through
combustion. The size range of the subway train particles lies between 1-10
µm, with the majority in the coarse PM fraction 2.5-10 µm. The particles in
the subway train systems are mainly of metal origin and dominated by iron
(magnetite, Fe3O4), but also contain Mn, Cr, Cu, Si and K [46-48].

In

accordance, an investigation from New York indicated that the concentration
of Fe, Mn and Cr was high in the subway PM in relation to ambient air [49].
Biomarkers of metal exposure, oxidative stress and DNA damage were
therefore investigated in subway workers to evaluate potential health effects.
When comparing the results with those from bus drivers and office workers,
there were no apparent statistical differences. The potential for health
impacts, due to the subway PM exposure, therefore has been estimated to be
low in the investigated population [49].
There are also a few studies investigating the health effects in employees
working in the Stockholm subway system. The results do not indicate any
short-term respiratory effects among platform workers, ticket sellers or
subway train drivers, as measured by exhaled nitric oxide (FENO), forced
expiratory volume during 1 second (FEV1) and peak expiratory flow (PEF)
[50]. Neither did the incidence of lung cancer or myocardial infarction seem
to be higher among subway train drivers [47, 51]. However, when the risk
markers for cardiovascular disease was investigated, the platform workers,
who had a high exposure dose to subway wear particles, showed higher
plasma concentrations of plasminogen activator inhibitor-1 (PAI-1) and
high-sensitivity C-reactive protein (hs-CRP) than ticket sellers and train
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drivers [52]. This might indicate an increased risk of thrombus formation as
well as signs of an inflammatory response after exposure to high
concentrations of subway generated PM.

Biomass smoke
Biomass smoke used for residential heating and cooking, comprises
emissions from a variety of biomass combustion devices, including boilers,
heaters and open fire place, in which different fuels may be used, e.g. wood
logs, wood chips or pellets. Additionally, the combustion process can be
carried out at different conditions with variations in for example moisture,
air supply and log size. Residential wood combustion devices for heating
emit smoke with fine particles (aerodynamic diameter < 2.5 µm). The
physical and chemical properties of the PM may vary a lot, depending on
combustion conditions, technology and fuel. Generally, the particles can be
divided into three different classes based on their morphology and chemical
composition; spherical organic carbon particles, aggregated soot particles
and inorganic ash particles, all with different potential to induce a biological
response [53].
Within the European Community there is an increasing commitment for
replacing the present dependence on fossil fuel energy sources with
renewable CO2-neutral alternatives. By 2020, the member states of the
European Union are committed to a target of 20% of their energy
requirements from renewable sources, including biomass. Residential
biomass combustion contributes substantially to the fine particulate
emissions (PM2.5) and a special concern has been expressed since
combustion-derived PM has previously been associated with adverse
respiratory and cardiovascular health effects [53-56].
The negative impact on health of biomass combustion has been
demonstrated by the higher occurrence of respiratory symptoms and
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respiratory-related hospital admissions, among populations living in areas
with a high wood smoke-derived contribution to ambient PM [53, 57-62]. A
study of school children in Seattle reported that increases in PM were
associated with decreased pulmonary function in asthmatic children [63].
Other studies in Seattle have demonstrated that asthmatics may be
particularly sensitive to wood smoke PM since an association was found
between PM2.5 concentration and occurrence of asthma symptoms [60]. In
addition, there were correlations between PM2.5 and asthma-related hospital
visits [59], which has also been demonstrated from other areas with high
proportion of wood smoke air pollution [55]. These studies together
demonstrate that it is important to collect information how different
biomass combustions techniques and emissions influence health parameters,
in order to minimize the impact on humanity.
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Experimental exposure studies in humans
Epidemiological studies are well suited for investigations of air pollution
exposure-related health effects in large populations and different regions.
However, there are limitations when it comes to defining what sources that
contribute to the effects and therefore are important investigate. In
experimental studies on the other hand, the source specific contribution can
be controlled and even measured, though the number of included subject is
often limited and the exposure is not always directly comparable to the real
life situation. Therefore, epidemiological and experimental studies are
complementary to each other when it comes to answering many of the
remaining questions about air pollution exposure and human health.

Diesel exhaust
In Umeå, the health effects related to diesel exhaust exposure have been
investigated in a number of experimental exposure studies since the middle
of the 80´s. The conducted studies have improved the understanding of how
the diesel exhaust emissions cause the development of reported health
effects. Inhaled particles that deposit in the epithelial lining fluid that covers
the airways and the alveoli have the potential to trigger effects. Our
investigations have mainly focused on airway inflammatory responses and
we have been able to demonstrate that the epithelial cells react, as early as
six hours after exposure, by up-regulating the epidermal growth factor
receptor (EGFR) on the cell surface [64]. The signaling cascade of Mitogenactivated protein kinases (MAPKs) are triggered, probably by tyrosine 1173
(Tyr1173), which activates transcription factors like activator protein-1 (AP1) and nuclear factor-kappa B (NFκB) to produce pro-inflammatory
cytokines and chemokines to attract inflammatory cells [64-66]. In addition,
the cell adhesion molecules intracellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VACM-1) and p-selectin have been shown
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to be up-regulated on the endothelial cell surface, enabling the migration of a
wide range of inflammatory cells from the blood stream into the tissue where
they may exert adverse effects in the tissue [67].
The investigated endpoints in these controlled exposure chamber
environments are primarily acute inflammatory responses. The acute
response may often be partly mediated by phagocytosing cells like
macrophages and granulocytes, which ingest foreign material and helps to
protect the tissue from damage. Phagocytosing cells might also contribute to
the activation of the bronchial epithelium by the release of cytokines like
tumor necrosis factor alpha (TNF-α) and thereby trigger inflammatory
responses by the up-regulation of adhesion molecules on the endothelial cell
surface and recruitment of inflammatory cells. Diesel exhaust may also result
in functional impairment of the phagocytosis by alveolar macrophages in the
late phase around 18-24 hours post exposure, probably as an outcome of the
ingestion of DEPs. This may impact the defense against microbes [68].
The epithelial lining fluid, covering the airways, also contains a number of
substances acting to defend the tissue from exposure to oxidative
components. If this antioxidant defense fails to disarm the reactive oxygen
species (ROS), the balance between oxidants and antioxidants are disturbed,
which causes an oxidative stress. Further, these highly reactive substances
might react with the surrounding environment leading to lipid peroxidation
and tissue damage. Exposure to diesel exhaust has been demonstrated to
affect the antioxidant defense as reflected by increased concentration of
ascorbic acid in nasal lavage [69], together with elevated levels of urate and
reduced glutathione in bronchoalveolar lavage (BAL) [70]. This increase in
antioxidants in the airways indicates that the airway defense reacts by upregulating the antioxidant defense to protect against exposure to oxidative
substances.
Asthmatic subjects are well known from the literature to experience
worsening of the disease after exposure to PM pollution. This is supported by
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the findings of increased bronchial hyperresponsiveness (BHR) in
asthmatics the day after exposure to diesel exhaust. The mechanisms behind
this are unclear and do not appear to be related to an acute increase in
allergic asthmatic inflammation, as evaluated by BAL and bronchial mucosal
biopsies [71-73]. Mechanistic investigations are however currently in focus in
ongoing studies.

Detoxification of inhaled diesel exhaust
The metabolism of polyaromatic hydrocarbons present in for example
diesel exhaust is mediated through various reactions, e.g. by cytochrome P450, which may result in the formation of oxidative components. The
detoxification of potentially toxic substances is often carried out in two steps,
phase I and phase II reactions, which intend to increase the water solubility
of the foreign substances. These reactions are catalyzed by a number of
different detoxification enzymes, including epoxide hydrolase (EPHX) and
cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1) in phase I
reactions and NAD(P)H-quinone oxidoreductase 1 (NQO1) and glutathione
S-transferase (GST) in phase II reactions. In phase I, an oxidation, reduction
or hydrolysis is executed and a reactive intermediate is formed. This is
further processed in the phase II reaction to form a hydrophilic conjugate
that can then be excreted (Figure 3).
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Figure 3. Detoxification pathways of toxic substances are catalyzed by
enzymes in phase I and phase II reactions.

Activation of the detoxification enzymes can be carried out by a number of
different signaling pathways. It has been demonstrated that diesel exhaust
particles and their organic extracts can induce the expression of phase I and
II metabolization enzymes and antioxidant response elements [74-76].
Oxidative stress is believed to be exerted through polycyclic aromatic
hydrocarbons (PAHs) desorbed from DEPs, which become available and
bind to the aryl hydrocarbon receptor (AhR). When the AhR gets activated it
translocates into the nucleus and enables the transcription of various
detoxification enzymes, e.g. CYP1A1. The activation of phase I and phase II
enzymes can be mediated through AhR, and this receptor also possesses the
capacity to activate the transcription factor NF-E2-related factor-2 (Nrf2),
which is involved in both antioxidant and detoxification responses (Figure
4).
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Figure 4. Transcriptional activation of phase I and phase II
detoxification enzymes through nuclear translocation of the aryl
hydrocarbon receptor (AhR).

Previous investigations have demonstrated the importance of both an
active phase I and phase II response to protect from the toxic capacity of
inhaled air pollutants [18]. If the phase II enzymes are not active to further
conjugate the intermediates formed in the phase I reaction, there is an
increased risk of adverse health effects by the formation of oxygen radicals,
which may cause oxidative stress mediated tissue damage as well as DNA
damage.
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Road tunnel traffic
Many experimental exposure studies investigating the health effects of
short-term exposure to air pollution have been conducted in controlled
chamber environments and focused on a single pollutant, or sometimes in a
combination of two or more. In real life exposure situations, the air pollution
comprises of a complex mixture of exhaust and non-exhaust related
components.
Two Swedish studies have been conducted with the aim to investigate
health effects in asthmatic subjects, caused by exposure to road tunnel air
pollutants [77, 78]. This traffic environment does not only include gases and
PM from gasoline and diesel engines, but also PM from other sources found
in ambient air. In the study by Svartengren and co-workers [77], asthmatic
reactions were investigated in twenty allergic asthmatic subjects after a 30
minutes exposure in a road tunnel, during morning rush hour. The tunnel
exposure caused an increased hyperresponsiveness to inhaled allergen, four
hours after exposure, while the lung function was not significantly affected.
In a study from 2010, Larsson and colleagues investigated bronchial
responsiveness and inflammatory markers in nasal lavage and induced
sputum in mild asthmatics, after a two hour exposure in the road tunnel
environment [78]. The road tunnel exposure resulted in an increase in
symptoms registration from the airways together with decreased peak
expiratory flow, which might reflect a bronchoconstrictive reaction. They
also demonstrated some minor signs of an inflammatory response in nasal
lavage, as reflected by increased cytokine levels. However, the bronchial
reactivity was not significantly affected. The results from these two studies
showed that exposure in a road tunnel environment induces negative health
effects in asthmatics and demonstrate this group to be susceptible to traffic
related air pollution exposure.
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Underground train traffic air pollution
Most research regarding health effects associated with traffic related air
pollution has focused on road traffic and combustion derived particles and
gases, as mentioned above. In many cities worldwide, underground subway
systems are common and many people use this transportation system on a
daily basis and thus spend a lot of time in the subway environment. High PM
levels have been measured in a number of underground subway systems and
can therefore be considered as an important source of particle exposure,
which may cause adverse health effects [45, 79, 80] .
There are only a few experimental studies investigating the health effects
associated with underground subway exposure. In a study from Stockholm,
twenty healthy volunteers were exposed for two hours in an underground
subway environment. A number of parameters reflecting effects on health
status were measured and compared to values collected after an exposure in
a control environment. A slight but significant increase of fibrinogen and
regulatory T-cells were found in blood after the exposure in the underground
subway, indicating a mild biological response to this exposure. Further
investigations are however needed to evaluate any potential effects on
human health [48].

Biomass smoke
To date, only a few experimental studies have investigated the toxicity of
wood smoke derived PM to compliment the epidemiological observations.
Cell culture studies have shown that exposure to wood smoke particles
results in the release of pro-inflammatory cytokines, affects cell viability and
induces oxidative stress and DNA damage [53, 81, 82]. These findings are to
some extent similar to those reported after in vitro challenges of airway cells
to diesel exhaust-derived combustion particles [75, 83-85]. Further, the first
human in vivo study examining the effects of wood smoke has recently been
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reported by Barregård and Sällsten [86-88]. The investigators have
employed repeated batch wise firing of log wood (50/50 of birch/spruce) in a
cast iron stove where healthy subjects were exposed to diluted wood smoke
at an average PM2.5 concentration of about 250 µg/m3 for four hours. These
wood smoke challenges were associated with minor increases in amyloid A
protein concentrations and altered coagulation factor ratios in blood. The
exposure also indicated an induction of an inflammatory response, assessed
by increased NO in exhaled breath, as well as oxidative stress, measured by
increased malondialdehyde (MDA) in exhaled breath condensate (EBC) in
the airway [86-88]. In that study, the direct effects in the airways were not
measured. Additional investigations are needed to study the reactions at the
lung-air-interface and study V in this thesis aims to investigate these effects
further.
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Experimental animal and in vitro studies
There are numerous studies published investigating the effects of air
pollution PM in both in vitro and in vivo animal studies. These systems are
an important complement to human experimental and epidemiological
studies for investigations of mechanisms, pathways and cell-particle
interactions. In animal studies it is also possible to use models of different
diseases to investigate the effects of exposures in susceptible groups. There is
however limitations and particular considerations are needed when trying to
extrapolate the results to humans. The exposure situation often differs. In
“real life” people are exposed to airborne PM, while this is not the case in
animal and cell culture studies. In cell studies, the particles are often
administered in the culture medium while intratracheal instillations are
common in animal investigations. Another limitation is the differences in
administered dose between human and cell/animal studies.

Diesel
Both cell culture and animal studies have demonstrated that exposure to
diesel exhaust particles may cause inflammatory responses. The cytotoxic
effects of DEP are thought to be mediated by the production of ROS and
development of oxidative stress. Studies have demonstrated that oxidative
stress may be mediated by the particles themselves, by compounds
associated to the surface of the particles or activation of inflammatory cells
that produces ROS [75, 89-91]. The generation of ROS may activate
transcription factors, causing the production of proinflammatory cytokines
and chemokines [74].
Disease models in animals like mice and rats have also been used to
investigate the association between diesel particle exposures and enhanced
allergic responses. A number of studies have demonstrated that diesel engine
exhaust particle possess the capacity to induce an increased sensitization to
allergens. Increased levels of Th:2 cytokines like IL-4, IL-5 and GM-CSF
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have been demonstrated in association with increased IgE-levels [92-94].
This has been suggested to link with development of allergy and asthma in
children living close to major highways [18], as has been further supported
in bronchial biopsies from humans [95].

Gasoline
Gasoline engines contribute to the traffic related air pollutants although
the emissions generally contain a lower amount of PM compared with diesel
exhaust emissions. The literature is also much scarcer when it comes to
studies investigating health related outcomes from gasoline engine emission
exposure. There are some animal and in vitro studies investigating health
parameters. Some studies indicate that the effects are not as pronounced as
from diesel emission, while others find strong effects from gasoline engine
emission exposure. In a study using mice and rats, as many as 120 possible
health related parameters were investigated after gasoline exposure but only
some of them were found to be affected [96]. There were an increased
number of red blood cells, though with the remark that this result might be
related to carbon monoxide exposure. In another study [97], signs of
inflammation and cardiac effects in Apolipoprotein E (ApoE)-/- mice was
investigated after exposure to whole gasoline emissions, gasoline emissions
where the particles had been filtered out, as well as paved road dust. There
were no significant changes in heart rate from either of the exposures but the
T-wave area was altered compared to baseline during exposure to whole
gasoline exhaust. Exposure to the road dust induced signs of a pulmonary
inflammatory

response

while

gasoline

exposure

increased

plasma

endothelin-1 concentrations, although without the development of a
systemic inflammation. This might indicate that it is in fact the engine
emissions, and not the road dust, that causes the cardiac effects reported
after traffic related air pollution exposure. Since there were no effects on the
electrocardiogram at road dust- and gas phase gasoline exhaust exposure
this might indicate that the effects are related to the PM in the exhaust
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emissions. This is further supported by exposure studies with diesel exhaust
in humans [23-25, 98].
Studies performed in human bronchial epithelial cell (BEAS-2B) cells
indicate that both diesel and gasoline particulate emissions have the
potential to cause DNA damage by fuel derived PAH binding to DNA [99]
When compared on an emission basis (adducts/mg PM/km) the diesel
particles show the strongest potential, while on a particulate basis
(adducts/mg PM) there were no differences between the gasoline and diesel.
This might indicate that the high genotoxicity of diesel fuels is associated
with the high particulate emission rates, compared to gasoline.
In vitro cell studies have also demonstrated gasoline engine emissions to
show a stronger cytotoxicity than methanol exhaust in human lung
carcinoma cells (A549) [100]. In addition, the gasoline exhaust induced DNA
damage in A549 cells, which the methanol emissions did not. This might
imply that the use of methanol as a fuel may cause less toxic engine
emissions, even though more research is needed.

Road dust
There are a few studies investigating the toxicological properties of road
dust particles. In Linköping, Sweden, there is a road simulator with the
capacity to test different tires and pavements. In a recent investigation, the
particle generation capacity of studded and friction tires was examined
together with the role of winter traction material. PM characterization and
determination of toxic potential was also conducted [37]. It was found that
particle emissions generated from the use of studded tires are several tens of
times higher than from friction tires. The particle numbers were even higher
when traction material, sand or crushed stone, was used. Chemical analysis
of the PM emissions demonstrated that the particles mainly consist of
minerals from the stone material in the pavement.

39

In vitro cell studies have been used to investigate the inflammatory effects
of wear particles generated by the interaction of studded tires and road
pavement. The inflammatory potential of the wear particles was also
compared with PM10 from a busy street, a subway station and diesel exhaust
particles [37, 101]. The release of the cytokines interleukin-6 (IL-6), IL-8 and
TNF-α increased from human monocyte-derived macrophages after
exposure to all the different PM, but when two different pavement materials
was compared, asphalt/granite and asphalt/quartzite, the granite showed
significantly higher potential to induce cytokine release, compared to
quartzite. In addition, the granite pavement PM had the same potential to
induce increased cytokine expression as street particles, which in turn was
higher than both subway PM and diesel exhaust PM. In bronchial epithelial
cells (BEAS-2B), a significant increase of TNF-α could be seen after exposure
to all particle types. The strongest response in this case was from the subway
particles. The different particle types have also been used to expose nasal
epithelial cells but none of the particles were able to induce cytokine release.
Taken together, these results indicate that wear PM generated by the use of
studded tires on the road pavement have the ability to contribute to the
induction of inflammatory responses, which have been reported after
exposure to traffic related air pollution. These wear particles might posses an
equal, or even greater, inflammatory potential than diesel exhaust particles
[37, 101]. In vivo studies would to a great extent enhance the possibility to
determine this.
Release of inflammatory cytokines, NO, lipid peroxidation and the
formation of reactive oxidative species have also been reported in the mouse
macrophage-like cell line RAW 264.7 after exposure to wear particles
generated from the interaction of studded tires and pavement. Also in this
study, asphalt composed of granite as the key stone material was more
potent than the pavement containing quartzite [102].
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Experimental studies in mice have demonstrated that intratracheal
instillation of ambient particles of different size ranges, collected in six
European cities with contrasting air pollution conditions, induce an
inflammatory response, as reflected in increased cytokine levels in BALfluid, together with elevated number of total cells [103]. The response
seemed to be stronger for coarse particles (PM 2.5-10 µm) than fine PM (PM
0.2-2.5 µm), as well as when repeated instillations were conducted compared
with a single dose. In another study, the pulmonary and systemic responses
were investigated in spontaneously hypertensive rats after a single
intratracheal instillation of fine (PM 0.1-2.5 µm) or coarse (2.5-10 µm) PM.
Effects related to cytotoxicity, inflammation and blood viscosity were
demonstrated [104]. The particle composition seemed to be of importance,
since equal amounts of PM collected at various locations, tended to result in
differences in the responses. The samples from high-traffic sites tended to be
the most toxic.

Road tunnel
There number of studies investigating the non-exhaust related PM and
their contribution to the induction of inflammatory responses and toxicity
are increasing. However, health effects and toxicity associated with PM
specifically from road tunnel environments is relatively unexplored. Though,
road tunnels are common worldwide and in congested traffic in road
tunnels, the exposure concentration might be relatively high and exposure
time considerable.
The potency t0 induce the release of inflammatory cytokines after
exposure to an urban ambient PM and a mineral-rich ambient PM10 collected
in a road tunnel, has been investigated in the human alveolar cell line A549
and primary rat type 2 cells [105]. When comparing the inflammatory effects
of the different particle types, the road tunnel particles seemed equally, or
even more potent, than the urban ambient particles to induce cytokine
release. Since the road tunnel particles were collected during wintertime in a
41

road tunnel near Trondheim, Norway, a high proportion of the particle mass
originated from abrasions of the road due to the use of studded tires.

Subway train traffic
Particles generated in underground subway environments generally have
a high metal content. The main theory regarding metal-containing particles
and their toxicity is the generation of ROS and activation of oxidative stress
responsive elements as well as signaling pathways, which might cause cell
activation and tissue damage.
The toxicity of particles generated in the underground subway
environment has been investigated in a couple of studies. It has been
demonstrated that the metal content in these particles is correlated with
cytokine production, radical generating capacity, oxidative damage to DNA
and cellular stress [38, 106]. In vitro studies in macrophages as well as in
vivo studies in mice, have demonstrated that exposure to particles generated
in the Paris underground subway system induced an increased expression of
TNF-α and macrophage inflammatory protein 2 (MIP-2), together with
matrix metalloproteinase 12 (MMP-12) and heme oxygenase-1 (HO-1) [107].
In addition, elevated number of neutrophils in bronchoalveolar lavage in
mice was also demonstrated. However, further studies are needed to
understand what these findings might imply for human health status.
In Sweden, there have been studies performed investigating the toxicity of
underground subway particles. Particles from an underground subway
station were compared to those collected at a busy urban street in their
potential to cause DNA damage and oxidative stress [46]. Cultured human
lung cells (A549) were exposed to the particles and the results showed that
the subway station particles were eight times more genotoxic and four times
more likely to induce oxidative stress than street PM. They also
demonstrated that the oxidative capacity of the subway particles was due to
redox active solid metals. These results highlight the importance of further
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evaluation to determine the subway PM´s potential to cause adverse health
effects in humans, since many people are exposed to subway particles every
day [46].

Biomass smoke
The number of studies investigating health related outcomes of wood
smoke exposure is rapidly expanding, which can partially be explained by the
increased interest and use of biomass combustion for residential heating.
In Norway, a couple of studies have been conducted investigating the
inflammatory potential of wood smoke derived particles, compared to PM
from traffic [108, 109]. Native particles, their organic extracts and washed
particles were used to expose both single cell systems with monocytic cells,
as well as co-cultures of monocytes and pnuemocytes. The results
demonstrated that the cytotoxicity was relatively low for both wood smoke
and traffic derived PM, but the wood smoke particles induced a greater
reduction in viable cell numbers, compared to traffic particles. The two
particle types also induced a similar release of pro-inflammatory cytokines
after 12 hours of exposure. However, with increasing exposure time the
traffic particles induced a stronger cytokine release. When examining which
characteristics of the particles that provoked the responses, the results
indicated that the induction of a cytokine release by wood smoke was
strongest after exposure to the organic fraction, while the washed particles
accounted for the main cytokine release of traffic PM exposure. Together,
these results indicate a relatively similar inflammatory response to wood
smoke and traffic derived particles. However, the response seemed to be
source-dependent, since different characteristics of the particles provoked
the reported effects.
In a study from 2009, the oxidative damage to DNA induced by wood
smoke and traffic derived particles was investigated, using human lung
epithelial (A549) and monocytic (THP-1) cell lines [82]. The results
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demonstrated that wood smoke PM caused more DNA damage than the
traffic particles, per unit mass. This might indicate that wood smoke
exposure is at least as harmful as exposure to engine exhaust emissions. As
earlier mentioned, in vivo studies, especially in humans, have the potential
to improve the accuracy of determining actual health risks.
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AIMS
The overall aim of the thesis was:
To evaluate pulmonary effects to common air pollutant exposures,
including diesel exhaust, biomass combustion emissions as well as
road tunnel and subway environments in healthy human subjects,
with the main focus on inflammation and antioxidant responses.
Specific aims were:
To evaluate whether diesel exhaust generated under urban
running conditions would cause airway inflammatory effects in
human subjects, in similarity with exhaust from an idling diesel
engine.
To study the involvement of detoxification and antioxidant
pathways in the bronchial mucosa following exposure to diesel
exhaust
To investigate whether exposure to a road tunnel environment
would induce an inflammatory response in the lungs of human
subjects.
To evaluate whether exposure to metal-rich particulate aerosol in
a subway train station environment would cause adverse effects in
human lungs.
To clarify if exposure to wood smoke would result in
inflammatory and antioxidant changes in the lungs of healthy
humans.
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SUBJECTS AND METHODS
Study design
Study I
Previous studies investigating the acute health effects of high dose
exposure (300 µg/m3) to diesel exhaust in healthy human subjects have been
demonstrated to induce airway inflammatory responses, with up-regulation
of MAPkinases and transcription factors in the bronchial epithelium,
increased cytokine levels, enhanced expression of vascular endothelial
adhesion molecules and recruitment of inflammatory cells [64-67]. These
studies have employed diesel exhaust generated at idling conditions, which
represents a stagnated traffic situation that can be seen at docks, ferry
terminals and other places. The characteristics of the diesel emissions from
idling however differ in relation to the traffic situation encountered in innercity settings, where cars alternate accelerations, retardations and idling. The
aim of study I was to investigate the airway inflammatory responses to DE
exposure generated by an engine running at transient mode, according to the
urban part of the standardized European Transient Cycle (ETC). The urban
ETC was chosen in order to mimic an exposure situation that can be
encountered in a city environment.
Fifteen healthy subjects were exposed to diesel exhaust at 270 µg/m3 and
air for one hour, at two different occasions, at least three weeks apart.
During each exposure the subjects were alternating 15 minute intervals of
rest and exercise (minute ventilation [VE] = 20 L/min/m2 body surface) on a
bicycle ergometer, to model a moderate level of outdoor activity. Six hours
after the exposures, a bronchoscopy with collection of airway lavages and
bronchial mucosal biopsies was performed, for investigation of the presence
of airway inflammatory responses.
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Study II
Numerous investigations have demonstrated that exposure to diesel
exhaust may result in airway inflammatory responses but the underlying
mechanisms are not fully understood. It has been suggested that the
generation of ROS and oxidative stress resulting from oxidants are the main
cause of the reported cellular damage. Diesel exhaust particles and their
organic extracts have also been shown to induce the expression of phase I
and phase II xenobiotic metabolization enzymes and antioxidant response
elements involved in the detoxification of these inhaled components. The
aim of study II was to confirm earlier inflammatory responses to diesel
exhaust generated at idling as well as investigate potential components
involved in the detoxification of the inhaled diesel emissions.
Sixteen healthy subjects were exposed to diesel exhaust (290 µg/m 3) and
air for one hour at two different occasions, at least three weeks apart. During
the exposures, subjects alternated 15-minute intervals of exercise (minute
ventilation [VE] = 20 L/min/m2 body surface) and rest, to model a moderate
level of outdoor activity. Exercise was performed using a bicycle ergometer
situated within the exposure chamber. Six hours after the exposures a
bronchoscopy was performed where endobronchial mucosal biopsies and
airway lavages were sampled to determine airway inflammatory responses
and detoxification pathways.

Study III
Ambient urban air pollution has been demonstrated to cause adverse
health effects including respiratory and cardiovascular disease. Ambient air
contains a mixture of engine emissions and wear of road surface, tires and
brakes, as well as other components such as long distance transported
material. The exposure environment is therefore not directly comparable to
the controlled environment in chamber studies, where the exposure often is
concentrated to one air pollutant at the time. The aim of study III was to
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investigate whether exposure of healthy subjects in a “real life” traffic
exposure environment would result in any airway inflammatory responses.
Sixteen healthy subjects were exposed in a road tunnel for two hours at a
PM10 concentration of 176 µg/m3, which was compared to a control day
where the subjects performed their normal daily activities. During the
exposure in the road tunnel the subjects alternated 15 minute intervals of
rest and exercise on a bicycle ergometer (50 W resistance). Immediately
before and every 20 min throughout the exposure, symptoms were recorded.
Fourteen hours after the exposure, and at the same time point during the
control day, a bronchoscopy was performed with the collection of bronchial
mucosal biopsies and BAL for evaluation of potential inflammatory
responses. The bronchoscopies were scheduled at least three weeks apart.

Study IV
Particulate matter air pollution exposure has been associated with adverse
health effects in humans. The major focus has been directed at traffic related
air pollution, both combustion derived particles in the exhaust as well as
wear PM. Train traffic derived PM contributes to the ambient particulate air
pollutants by the wear of rails, wheels and brakes but the knowledge of these
iron rich particles´ potential to cause health effects is limited. The aim of
study IV was to investigate whether exposure to air pollutants at an
underground subway station would cause any acute inflammation and
oxidative stress in the airways of healthy humans.
Twenty healthy subjects were exposed for two hours, on two separate
occasions, once at an underground train platform (PM10 242 µg/m3) and
once in a control environment. The exposures were scheduled at least three
weeks apart. During the exposures, the volunteers alternated 15 minute
intervals of rest and exercise on a bicycle ergometer, where the resistance
was adjusted to achieve a minute ventilation rate of 20 L/min/m 2 body
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surface. Fourteen hours after the exposures a bronchoscopy was performed
with sampling of bronchial mucosal biopsies and airway lavages for
determination of antioxidant and inflammatory responses.

Study V
Combustion of biomass contributes to the production of ambient air
pollution both in urban and rural environments but relatively little is known
about the potential health effects associated with exposure to these
emissions. The aim of study V was to investigate airway responses in healthy
humans exposed to wood combustion emissions.
Nineteen healthy subjects were exposed for three hours at two different
occasions, once to wood smoke generated in an experimental setup (PM 2.5
224 µg/m3) and once to filtered air. During the exposures the subjects
alternated

15

minute

intervals

of

exercise

(minute

ventilation

[VE] = 20 L/min/m2 body surface) and rest. Symptoms, lung function, and
exhaled NO were measured over exposures, with bronchoscopy performed
24 h post-exposure for characterization of airway inflammatory and
antioxidant responses in airway lavages.
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Exposure setup
Study I
In study I the diesel exhaust was generated according to the ETC, which is
a well-established running mode for standardized tests of engines and
vehicles. It is based on authentic recordings of accelerations and
decelerations, with variations in engine load as well as periods with constant
speed to mimic real life conditions. The cycle contains three running modes,
urban rural and motorway, and the urban part was used in this study (Figure
5). This part of the cycle represents city driving with frequent starts, stops
and idling periods, i.e. transient running conditions, and the maximum
speed during the urban part of the cycle is 50 km/h.

Figure 5. European Transient Cycle (ETC), which includes urban, rural
and motorway running modes.
A Volvo diesel engine (Volvo TD40 GJE, 4.0 L, four cylinders, 1996) was
used for the generation of the diesel exhaust. The diesel fuel used was Statoil
class 1; cetane number 54; aromatics, 4% volume; polycyclic aromatic
hydrocarbons, <0.02 vol-%; sulphur <1ppm. The initial boiling point was
195 C and 95% volume boiling point was 280 C. A partial flow of DEP was
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diluted with filtered air and fed to the exposure chamber where the subjects
were exposed. The mean PM10 concentration during the exposures was 270 ±
46 μg/m3, NOx 6.3± 0.38 ppm, NO2 0.35 ± 0.07 ppm, nitrogen monoxide
(NO) 5.9 ± 0.36 ppm and total hydrocarbons (THC) 1.4 ± 0.12 ppm.
Complementary chemical characterization of the diesel emissions
demonstrated a particle number concentration of 1.2 x 10 5 particles/cm3,
particle count median size (CMDmobility) of 129 nm, particle mass median size
(MMDaerodynamic)

of

116

nm,

organic

carbon

fraction

(organic

carbon/elemental carbon) of 12 %, elemental carbon (elemental carbon/total
carbon content) of 88%, total PAH of 0.96 μg/m3, semi-volatile PAH
concentration of 0.69 μg/m3 and a PM-associated PAH concentration of 0.27
μg/m3.

Study II
Diesel exhaust was generated by an idling Volvo diesel engine (Volvo
TD45, 4.5 L, 4 Cylinders, 1991, 680 rpm) running on Gasoil E10 (Preem,
Sweden). A partial flow of the exhaust was diluted with filtered air and fed
into the exposure chamber where the subjects were exposed.
The mean PM10 concentrations during the exposures was 290 ± 27 µg/m 3,
NO2 0.84 ± 0.10 ppm, NO 2.9 ± 0.37 ppm, THC 1.2 ± 0.15 ppm, carbon
monoxide (CO) 2.4 ± 0.53 ppm.
Further

chemical

characterization

revealed

a

particle

number

concentration of 9.5 x 105 particles/cm3, particle count median size
(CMDmobility) 55 nm, particle mass median size (MMDaerodynamic) 199 nm,
organic carbon fraction (organic carbon/elemental carbon) 94.5 %,
elemental carbon fraction (elemental carbon/total carbon fraction) 5.5 %,
total PAH concentration 3.5 µg/m3, semi-volatile PAH concentration 3.4
µg/m3 and PM-associated PAH concentration 0.16 µg/m3.
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Study III
The road tunnel exposures were conducted during the afternoon rush
hours (4-6 PM) in the Söderleden road tunnel in the central part of
Stockholm. The length of the tunnel is nearly 1 500 m and about 120 000
vehicles pass every day. The exposure set up consisted of a small room
(approximately 6 m2), located between the two tunnel tubes. The room has
doors on either side, which were open to the adjacent traffic during the
exposure session.
The median PM2.5 and PM10 levels during the exposures were 64 (range
46-81) µg/m3 and 176 (range 130-206) µg/m3, respectively. Monitoring of
gases reviled median NO and NO2 concentrations of 874 (range 751-1 032)
µg/m3 and 230 (range 180-269) µg/m3, respectively, as well as a CO level of
5.8 (range 1.2-7.0) µg/m3. The median number concentration of ambient
airborne particles with an aerodynamic diameter between 20 and 1 000 nm
was 1.1 (range 1.0-1.3) x 105 /ml.

Study IV
The subway exposures were performed at an underground subway train
station during the afternoon rush hours (4-6 PM) at the Odenplan subway
station in Stockholm. The exposures were carried out in a room located
below the subway platform level, with doors open to the adjacent platform.
The control exposures were performed during corresponding hours in an
office environment.
The mean mass concentration ± SD of PM2.5 and PM10 during the
exposures at the subway station was 77 ± 10 µg/m3 and 242 ± 40 µg/m3,
respectively. The number concentration of ambient airborne particles with
an aerodynamic diameter <100 nm was 8 283 ± 1 716 particles/ml. The
number of particles between 20 and 1 000 nm in diameter was 10 549 ± 1
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453 particles/ml. The mean level of NO was 58 ± 12 mg/m3 while for NO2 it
was 24 ± 3 mg/m3.
Four metals were detectable in the PM10 fraction from the subway
exposures. The mean ± SD of Fe was 58.6 ± 21.0 %, Ba 1.0 ± 0.4 %, Cu 0.8 ±
0.4 % and Mn 0.5 ± 0.2 %. The metal content in PM 2.5 fraction was below
detection limit.
During the control exposures the mean level of PM 0.1-PM10 was 16 ± 4
µg/m3 and the number of particles with an aerodynamic diameter between
20 and 1 000 nm was 1 007 ± 660 particles/ml.

Study V
The biomass combustion emissions were generated by the use of a
residential wood pellet burner installed in a reference boiler. In order to
mimic an incomplete combustion situation, a moist softwood pellet/sawdust
fuel mixture from pine and spruce (18% moisture) was burnt at low
temperature (700-800 °C) and reduced air/fuel mixing. Flue gas (i.e.
undiluted emissions) measurements demonstrated CO concentrations of
1000-5000 ppm and O2 levels of 6-11 %. A fraction of the flue gas was cooled
and diluted about 200-300 times with filtered air to the desired exposure
PM concentration, and then fed into the exposure chamber. The temperature
in the chamber varied between 21-24 °C and the relatively humidity was 2050 %. The concentrations of CO and NOx in the chamber were monitored
continuously and varied in the range of 5-15 ppm and 0.2-0.4 ppm,
respectively.
The PM2.5 in the chamber varied in the range of 180-300 μg/m3 during
each exposure with a mean concentration of 224 ± 22 μg/m 3. The particle
mass size distribution (aerodynamic diameter) in the chamber was in the
range of 0.03-10 μm. The mass median diameter (MMDa) of the fine PM was
0.218 μm and 0.228 μm. The fine particle number size distribution and
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concentration (equivalent mobility diameter) in the chamber was in the
range of 0.016 to 1.00 μm. The particle number concentration varied in the
range of 5-10 ×104 /cm3 with a mean concentration of 6.7 ± 0.9 × 104 /cm3.
The geometric mean diameter (GMDm) was 0.120 ± 0.018 μm (mean ± SD),
with a geometric standard deviation (σg) of the size distribution of 1.81 ±
0.06. However, a log-normal mode fitting calculation showed that the
number size distribution comprised two distinct modes (mode peak
diameter at 0.100 and 0.190 μm, respectively) which show that the wood
smoke aerosol was an external mixture of two different particle types.
Corresponding measurements in the filtered air used for the air exposures
showed a particle number concentration of 1-2 /cm3.
The PM was characterized chemically regarding carbon fractionation in
organic and elemental carbon (OC/EC), major inorganic ions, trace elements
and polycyclic aromatic hydrocarbons (PAH). The dominating ions were K +,
SO42-, CO32- and Cl-, i.e. alkali salts like K 2SO4, K2CO3 and KCl. Zn was the
dominating trace element followed by Mo, Rb and Pb. Thus, an overall
estimated chemical fractionation of the used diluted wood smoke revealed
that the PM consisted of 60% OC, 25% EC, 13% alkali salts and 2% trace
elements. The total PAH (particulate and semi-volatile) concentration was
757 ± 167 ng/m3 where 74-88% was semi-volatile. Dominating PAH’s in the
semi-volatile fractions were Phenanthrene and Fluorene followed by
Anthracene, Fluoranthene, Pyrene and Methylphenanthrenes. In the
particulate fraction Benzo(b)fluoranthene totally dominated, followed by e.g.
Fluoranthene,

Benzo(e)pyrene,

Pyrene,

Cyclopenta(cd)pyrene,

Benzo(c)phenanthrene, Phenanthrene and Benzo(a)pyrene.

Symptom scoring
The subjects were interviewed by a technician before, during and after the
exposures and asked to provide an intensity rank of a number of symptoms
according to a standardized questionnaire. The symptoms were scored with a
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ranking from 0 (no symptoms) to 11 (maximum of symptoms) according to a
modified Borg scale [110, 111]. The protocol included questions of unpleasant
smell or taste, eye, nasal or throat irritation, cough, nausea, headache,
difficulty in breathing, tiredness and chest tightness.

Lung function measurements
Lung function tests including vital capacity (VC), forced vital capacity
(FVC) and forced expiratory capacity in one second (FEV1), were performed
pre-exposure as well as after. In the studies performed in Umeå (Study I, II
and V) a Vitalograph® spirometer (Buckingham, UK) was used, while it was
performed with a Jaeger Masterscope (Würzburg, Germany) in Stockholm
(study III and IV).

Sampling methods
Peripheral blood samples
The peripheral blood samples were collected and differential cell counts
were performed using an autoanalyzer (Advia 120 Hematology System,
Bayer). Plasminogen activator inhibitor-1 (PAI-1) was analyzed in plasma
samples using enzyme linked immunosorbent assay (ELISA) (Chromolize
PAI-1, Biopool) and fibrinogen in plasma was analyzed by a kinetic
fibrinogen assay.
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Bronchoscopy
Umeå
Bronchoscopies were performed after each exposure using a flexible video
bronchoscope (Olympus BF IT160, Tokyo, Japan). Lidocaine was used for
topical anesthesia of the airways. Endobronchial mucosal biopsies were
taken either from the anterior aspect of the main carina and the subcarinae
of the 3rd and 4th 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, 2 x 20 ml) and bronchoalveolar lavage (BAL, 3 x 60 ml)
with saline were carried out on the contra-lateral side, in a pre-determined
randomized way. The aspirates recovered from the first and second 20 ml
instillations of the BW and the pooled BAL were collected into separate
siliconized containers placed on ice. All lavage samples were filtered through
nylon (pore diameter 100 µm) and centrifuged at 400 g for 15 minutes. Cell
pellets were re-suspended in PBS at a cell concentration of 106 cells/ml.
Differential cell counts were performed on cyto-centrifuge preparations
stained with May-Grünwald Giemsa and 400 cells per slide were counted.

Stockholm
Bronchoscopy was performed with a flexible fiberoptic bronchoscope
(Olympus F Type P30, Olympus Optical Co. Ltd, Tokyo, Japan) under local
anesthesia (Lidocaine, Xylocain®, AstraZeneca, Södertälje, Sweden) after
pre-medication with morphine-hyoscine (Morfin-skopolamin, Meda, Solna,
Sweden). BW was performed by instilling two aliquots of 10 ml phosphate
buffered sterile saline (PBS, 37 ˚C) in an upper lobe bronchus and then the
fluid was gently aspirated. Thereafter five aliquots of 50 ml PBS was instilled
in the middle lobe or lingual lobe for BAL, and the fluid was gently aspirated
after each aliquot and collected in a siliconized plastic bottle kept on ice. The
fluid was filtered through a single layer of Dacron net (Type AP32, Millipore,
Cork, Ireland) and centrifuged at 400 g for 10 minutes at 4°C and cells and
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supernatant were separated. The cells were resuspended in RPMI medium
and a total cell count was performed. Smears for differential counts were
prepared by cyto-centrifugation (Cytospin 2, Runcorn, Cheshire,UK) at 22 g
for 3 min. After staining with May-Grünwald Giemsa, 500 cells were
counted. The number of mast cells in 10 visual fields (16 x magnifications)
was counted after staining with toluidine/haematoxylin. Bronchial mucosal
biopsies were taken from proximal cristae. BAL was performed on one side
and mucosal biopsies were obtained on the contra lateral side. At the second
bronchoscopy, the sites were reversed.

Analyses in airway lavage
Inflammatory cells
The chilled lavage fluid was 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 phosphate buffered saline
(PBS) to a concentration of 106 cells/ml and the total number of cells was
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.

Flow cytometry
BAL cells were stained with monoclonal antibodies (mabs) against
alveolar macrophage (AM) adhesion molecules, co-stimulatory molecules
and activation markers. Isotype matched mouse immunoglobulin mabs were
used as negative controls. For each analysis 5 x 105 cells were incubated with
fluorochrome conjugated antibodies (Becton Dickinson, Mountain View, Ca,
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USA) for 30 min, 4°C, in the dark and thereafter washed twice with PBS. For
identification of BAL cell lymphocytes, 2 x 105 cells were stained with FITC
(fluorescein isothiocyanate), PE and RPE-Cy-5 conjugated mabs against
CD3, CD4 and CD8 (DAKO, Glostrup, Denmark). Natural killer (NK) cells
and CD56+ T-cells were stained with CD3, CD45 and CD56/CD16 (Becton
Dickinson). Cells were resuspended in Cellfix (Becton Dickinson) and
analyzed by flow cytometry (FACSCalibur, Becton Dickinson) on the same
day. Lymphocytes were gated by forward and side scatter properties and 10 4
cells were collected within the lymphocyte gate. The percentages of CD4+
and CD8+ T cell subsets were analyzed and the ratio was calculated. Natural
killer (NK) cells (defined as CD56+/CD16+/CD3-) and CD56+ T-cells
(defined as CD56+/CD16+/CD3+ cells) were calculated as percentage of all
cells in the lymphocyte gate.

Antioxidant measurements
Cell-free BW (second fraction) and BAL supernatants were analysed for
total protein, glutathione (GSH and glutathione disulphide (GSSG)), vitamin
C (ascorbate and dehydroascorbate), and urate concentration. Total protein
was measured by reaction with bicinchoninic acid and 4% copper (II)
sulphate, following the method of Smith et al. [112]. Total glutathione
concentrations were measured using the GSSG-reductase-DTNB recycling
method [113, 114]. Ascorbate and urate were measured simultaneously by
reverse phase high-performance liquid chromatography (HPLC) with
electrochemical detection, as previously described [115]. Total vitamin C
(dehydroascorbate + ascorbate) was measured by pre-treating samples with
50 mM Tris(2-carboxylethyl) phosphine for 15 minutes to reduce oxidised
ascorbate and then performing the lipid extraction and HPLC analysis as
described above. The dehydroascorbate concentration was then calculated by
subtracting the ascorbate concentration from the total vitamin C
concentration.
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Cytokines and soluble components
In study III, fibronectin was analyzed with a double-sandwich ELISA
technique. Total matrix metalloproteinase 9 (MMP-9) levels (active MMP-9
and pro-MMP-9) were measured in BAL using a commercially available
ELISA (R&D Systems, Minneapolis, USA).

In

study

V,

the

phagocytic

activation/degranulation

markers

myeloperoxidase (MPO) (BioCheck, Inc., CA, USA) and MMP-9 (R&D
Systems, Inc., MN, USA) were analysed in the cell free lavage supernatants
derived from the first BW fraction and BAL, using commercially available
enzyme linked immunosorbent assay kits.

Tissue damage markers
Total protein and albumin was analyzed in BW and BAL supernatants as
indicators of increased alveolo-capillary permeability. Total protein was
determined with the use of a bicinchronic acid (BCA) method [112]. Albumin
concentrations were measured using a commercial kit (BoehringerMannheim, Germany).

Analyses of endobronchial mucosal biopsies
Immunohistochemistry
Biopsies were processed into glycolmethacrylate (GMA) resin, as
previously described [116]. Sections were cut at 2-µm thickness and stained
immunohistochemically using the streptavidin biotin-peroxidase technique
with monoclonal antibodies (mAb) directed against specific cellular markers,
to detect vascular endothelial adhesion molecules, inflammatory cells,
cytokines, enzymes and transcription factors in the bronchial tissue.
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Stained inflammatory cells were counted in the epithelium and
submucosa, excluding glands, blood vessels and smooth muscle. The cell
counts were expressed as cells/mm in the epithelium and cells/mm 2 in the
submucosa and performed using a light microscope. The length of the
epithelium and the area of the submucosa were calculated using a computerassisted image analyzer (Leica Q500IW, Leica Cambridge UK). The positive
staining of cytokines, enzymes and transcription factors were expressed as
the percentage of the measured epithelial area. The nuclear translocation
was determined and expressed as the number of positively stained nuclei/
mm2 of the selected epithelium. The expression of the vascular endothelial
adhesion molecules in the vessels was quantified by expressing the number
of vessels stained with specific mAb as the percentage of the total number of
blood vessels stained with the pan-endothelial mAb EN4 in adjacent
sections.

Antioxidant measurements
Endobronchial mucosal biopsies were collected during the bronchoscopy
and snap-frozen before stored at -80°C. Biopsies were analyzed for their
total protein, glutathione, ascorbate and urate concentrations, as described
previously, as well as their HO-1 protein concentration and GST activity.
Briefly, biopsies were thawed on ice prior to homogenization and placed in
100 mM sodium phosphate extraction buffer (pH 7.5). Zirconium beads were
added and vortexed for 5 minutes to disrupt the cells and the resulting
homogenate used for analysis. HO-1 protein concentration was measured by
an ELISA from Stressgen Reagents (Ann Arbor, MI, USA), and the
glutathione S-transferase activity measured using an assay kit from Sigma
(Poole, Dorset, UK).
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Statistics
In all the included studies the subjects acted as their own control and air
pollution exposure data were compared with air/control exposures. All data
that were not normally distributed were analyzed with non-parametric tests
and therefore expressed as the median with 25th and 75th percentiles. All data
that were normally distributed were expressed as the mean with standard
deviation. In all studies, a two-sided p-value of <0.05 was considered
significant.

Study I
Comparisons between the data collected at the air and transient diesel
exhaust exposures were performed using the Wilcoxon-Signed Rank Test, as
the data were not normally distributed. A p-value <0.05 was considered
significant. All statistical analyses were performed using SPSS, version 16.0
(SPSS inc., Chicago, US).

Study II
The Wilcoxon nonparametric signed-rank test for paired observations was
employed. A p-value of <0.05 was considered significant. Correlation
analysis was carried out using Spearman's rank-order correlation and a pvalue of <0.01 was considered significant. All statistical analyses were
performed using SPSS, version 18.0 (SPSS inc., Chicago, US).

Study III
Statistical analysis was carried out with SPSS version 11.0 on a Windows
based PC platform (SPSS, Inc., Chicago, IL, USA). To analyze the response to
different exposures, the Wilcoxon´s non-parametric rank sum test for
comparisons within the same individuals was used. P-values from two-sided
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tests were considered significant if less than 0.05. Comparison of pre- and
post-exposure lung function data were performed by Students t-test. The
Pearson correlation test was used in order to determine significant
correlation between exposure parameters.

Study IV
Statistical analysis was carried out with SPSS version 17.0 on a Windows
based PC platform (SPSS, Inc., Chicago, IL, USA). To analyze the response to
different exposures, the Wilcoxon´s non-parametric rank sum test for
comparisons within the same individual was used. P-values from two-sided
tests were considered significant if less than 0.05.

Study V
The symptom data were analyzed using the non-parametric KruskalWallis test. Lung function, FENO and peripheral blood cell counts were
analyzed using a repeated measures ANOVA, with data presented as mean
+/- standard error of mean (SEM). The comparison of airway inflammatory
and antioxidant markers between the two exposures were calculated using
the non-parametric Wilcoxon’s Signed Rank test, with data presented as
median and inter quartile range (IQR). The correlation analyses were carried
out using the Spearman-Rank test. In all cases, a significant difference was
assumed at the 5% level. All statistical analyses were performed using
SPSS® version 17.0 (SPSS inc., Chicago, IL, USA).
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RESULTS
Study I
Diesel exhaust (PM10 300 µg/m3) generated at a transient engine load
resulted in a significant increase in BAL eosinophils (p=0.017) compared to
filtered air. In addition, exposure to diesel exhaust caused an increase in the
vascular adhesion molecule expression of p-selectin (p=0.036) and VCAM-1
(p=0.030) in the airway mucosa, compared to filtered air.
No significant differences were found in lung function were found after
diesel and air exposures.

Study II
Compared to air, exposure to diesel exhaust generated at idling resulted in
a significant up-regulation of neutrophil numbers in bronchial wash
(p=0.013).
Increased bronchial submucosal neutrophil, lymphocyte and mast cell
numbers (p<0.001, p=0.007 and p=0.002, respectively) was demonstrated
after diesel exhaust exposure, compared to air. Diesel exhaust exposure also
enhanced the nuclear translocation of p-c-jun (p=0.004) in the bronchial
epithelium in comparison with air exposure.
In addition, exposure to diesel exhaust enhanced the nuclear translocation
of AhR (p=0.001), which was negatively correlated with the number of CD3
positive cells in the biopsies (r=-0.706, p=0.002). DE exposure resulted in
decreased NQO1 expression in the bronchial epithelium (p=0.02). The NQO1
expression

correlated

negatively

with

the

nuclear

trans-located

phosphorylated c-Jun expression in biopsies obtained after DE exposure. (r
= -0.741, p=0.001)
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The Nrf2 expression was unchanged between the two exposures. CYP1A1
and m-Epoxide hydrolase was not detectable in the biopsies with the
presently used immunohistochemical method.

Study III
Exposure in a road tunnel environment (PM10 176 µg/m3) resulted in an
increase in the number of total cells (p<0.01) in BAL, mainly due to elevated
numbers of lymphocytes (p<0.01) and alveolar macrophages (p<0.05). No
statistical significant changes were seen for neutrophils, eosinophils,
basophils or mast cells in the airway lavage. Flow cytometry analysis showed
that the percentage of NK cells (CD56+/CD16+/CD3-) as well as CD56+/T
cells (CD56+/CD16+/CD3+) decreased in BAL after road tunnel exposure,
compared to a control day (p<0.05, p<0.05, respectively). Measurements of
soluble components in BAL did not reveal any significant differences in
fibronectin or MMP-9 concentrations.
When investigating the inflammatory markers it was found that the
nuclear expression of phosphorylated c-jun in the bronchial epithelium was
increased after exposure in the road tunnel (p=0.034). No significant
changes were found in the expression of the signal transduction markers
JNK, p38 or p65. No differences were found in adhesion molecule
expression, cytokine concentrations and inflammatory cell numbers between
the road tunnel and control day.
Symptoms from eyes, upper airways, lower airways and unpleasant smell
increased significantly after the road tunnel exposure compared to the
control day (p<0.01, p<0.01, p<0.05, p<0.01, respectively).
No changes in lung function parameters were found after the road tunnel
exposure or any differences in leukocyte numbers as well as fibrinogen and
PAI-1 levels in peripheral blood.
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Study IV
Increased the concentration of glutathione disulphide (GSSG) was found
in BAL (p=0.012) after the subway exposures, compared with control
exposures. No significant differences were seen in the levels of measured
antioxidants between the two exposures. The number of inflammatory cells
did not differ significantly in BAL after the subway train station vs. control
exposures.
Exposure at an underground subway train station resulted in decreased
vascular adhesion molecule expression of VCAM-1 in the submucosa
(p=0.02). In addition, the nuclear expression of phosphorylated c-jun
(p=0.06) in the bronchial epithelium tended to be lower after the subway
exposure. The expression of ICAM-1, Nrf2, total c-jun and inflammatory cell
numbers were unaffected by the subway train station exposure compared to
air.

Study V
Exposure to the investigated biomass combustion emissions resulted in an
increase in reduced glutathione (p=0.025) in BAL compared to air exposure.
No changes in ascorbate, urate, GSSG, HO-1 or GST was detected after the
wood smoke exposure.
A significant negative correlation was observed between the baseline GSH
concentration and the GSH response to wood smoke, which was stronger in
the bronchial wash (ρ = -0.839, p <0.001) than in the BAL samples (ρ = 0.601, p = 0.011). A similar pattern was observed in biopsy tissues, despite
the absence of a significant GSH tissue response (ρ = −0.797, p < 0.001).
There were no significant changes in differential cell counts in BW and
BAL fluid samples obtained 24 hours post air and wood smoke exposures.
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The concentration of MPO and MMP-9 were also unaltered in BAL and BW
following the wood smoke challenge.
No significant changes were observed in lung function, i.e. VC, FVC, FEV1
or FENO at any of the time points examined after the wood smoke challenge.
The subjects reported mild but progressive irritation in the nose and
throat during the wood smoke exposures (p<0.001), peaking between 1.5
and 2.5 hours into the exposure. Subjects also reported an awareness of an
unpleasant smell during the wood smoke exposures (p<0.001). It was
notable that a subset of the subjects (7-10 of the 19) exposed to wood smoke
reported no symptoms.
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DISCUSSION
Discussion of methods and procedures
Exposures and sampling
The studies included in this thesis are a mixture of controlled chamber
studies and “real life” exposures. All five studies investigate the airway
response in healthy volunteers, with the main focus on inflammation,
mediator release and antioxidant responses, to a short-term exposure to
common air pollutants present in urban environments. In each of the five
studies, the included subjects were exposed twice, once to an air pollutant
and once to air/control exposure. In this way the subjects were able to act as
their own control and the response to air pollution could be compared to the
control exposure. The order of exposure type was randomized. All chamber
studies were blinded, whereas this was not possible in the road tunnel and
subway investigations.
In the diesel exhaust chamber studies (study I and II), the exposures
were carried out to mimic the conditions in urban ambient surroundings.
The PM concentration in the two studies aimed at a PM 10 concentration of
300 µg/m3, which is a level that can be encountered in highly polluted urban
environments. This concentration is also based on previous diesel exposure
studies, which have demonstrated to induce acute airway inflammatory
effects [64-67].
In study III and IV, the exposures were carried out in a road tunnel and
subway underground train station, respectively. In these cases it was not
possible to control the exposure concentrations, which resulted in some
variations in exposure levels between different subjects. However, the
variations were not considered big enough to have any strong influence on
the results.
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In study V, the subjects were exposed to biomass combustion emissions in
a chamber environment. The mean fine PM concentration during the
exposures was about 220 μg/m3, which is in line with the previous studies by
Baregård and Sällsten, where healthy subjects were exposed to a PM
concentration that ranged between 240-280 μg/m3 [86-88].
The exposure time varies between the different studies. In the diesel
chamber exposures, the exposure time was set to 1 hour, based on previous
investigations. In the road tunnel and subway studies, each exposure lasted
for 2 hours. In previous published wood smoke investigations by Barregård
and Sällsten [87, 88] the exposure lasted for 4 hours, but in study V, an
exposure time of 3 hours were chosen for the biomass combustion
exposures.
Another difference between the studies included in this thesis is the time
point for samplings. In all studies, a bronchoscopy was performed after the
exposures but the time point for this varies, mainly due to logistics. In study
I and II the bronchoscopy was performed 6 hours post exposures, in study
III and IV 14 hours after exposures and in study V, 24 hours after exposures.
From previous diesel exhaust exposure studies, an airway inflammatory
response have been demonstrated as early as 6 hours post exposure, with a
peak at 18-24 hours, indicating that it should be possible to demonstrate
inflammatory events at the time points investigated in these studies. A
summary of the exposure setup can be seen in Figure 6.
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Figure 6. Exposure setup for study I-V and time points for sampling.

Bronchoscopy
Performance of a bronchoscopy, by the use of a flexible video
bronchoscope, enables the investigation of inflammatory responses in the
airways, both by sampling of endobronchial mucosal biopsies as well as
airway lavage fluids. Analysis of collected BW and BAL can provide
information about inflammatory cells and soluble components in different
compartments of the respiratory tract. For bronchial wash, 2 x 20 ml of
sterile phosphate-buffered saline was added and collected, while 3 x 60 or 5
x 50 ml was used for collection of BAL. The BW theoretically reflects the
bronchi and bronchioli of the airways while BAL mainly corresponds to the
alveolar spaces. However, it is impossible to avoid that the BW and BAL
partially sample from each other’s compartments.
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By immunohistochemical staining of the biopsies, it is possible to collect
morphological information and evaluate the presence of inflammatory
responses in the bronchial airway tissue. During the bronchoscopy biopsies
are collected at the proximal airway cristae for embedding in GMA. Since it
is not possible to evaluate the tissue structure before the biopsies are cut and
stained with toluidin blue, four biopsies are collected at each bronchoscopy.
This increases the chance of finding a biopsy sample with acceptable
structure. It can always be discussed whether a few tissue samples are
representative for the whole bronchial region. There is however a limitation
in the number of biopsies that can be sampled at once.

Flow cytometry
With flow cytometry techniques it is possible to classify cells in, for
example lavage fluid or blood samples. In study III, FACS, was used to
determine the different subtypes of lymphocytes present in BAL fluid.
Fluorochrome-conjugated antibodies, directed at specific cell- and activation
markers, was added to the BAL samples which were then analyzed by the use
of a FACSCalibur (Becton Dickinson). In the machine, cells pass one by one
through a laser beam. Emitted and scattered light from the cells are then
detected and converted to electrical impulses, which are registered as
individual data for each cell. It is possible to get data on the cell size as well
as granulation, which give information about the specific cell types present
in the sample. Analysis of the data can be performed in many different ways.
In study III, a lymphocyte gate was set by forward and side scatter
properties.

Symptoms
Recording of symptoms has earlier provided useful information when
studying the effects of diesel exhaust in controlled chamber studies [117,
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118]. The modified Borg scale are used for grading of the symptoms from 0
(no symptoms) to 11 (maximum of symptoms). Symptom recordings were
performed both in the controlled chamber studies as well as in the real-life
exposures. A technician interviewed the subjects during the exposures and
asked for their rating of the symptoms, which were then registered. Since not
all the exposures were blinded, e.g. the real life exposures, it is difficult to
evaluate the reliability of the differences in symptom scores between air
pollution and control exposures in those studies. The differences might
reflect a true diversity in symptoms between the exposures but there is a risk
that the subjects may have tended to rate the symptom score higher in the
case of the air pollution exposure, due to the knowledge of the exposure type.

Blood samples
Analysis of blood samples may give information about systemic effects
such as differential cell counts, proteins and soluble markers of
inflammation. More detailed analysis of blood samples have previous been
performed and was not the main focus in these studies.

Study population
In all five studies, healthy subjects were included. All had normal lung
function and were not allowed to have any respiratory infections six weeks
prior or during the study period. None of the volunteers were allowed to
have any history of allergy or positive skin prick test against a standard panel
of common allergens. The number of participants included in the five studies
varied between 15-20 individuals. From a statistical perspective, it is always
a goal to include as many subjects as possible. However, in studies
investigating human subject there is often a limitation in the number of
subjects that can be included due to practical issues. A study population of
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15-20 subjects has in previous exposure studies been demonstrated to be big
enough to detect airway inflammatory responses in healthy individuals [6467] but it cannot be excluded that there is a risk that true effects are missed
due to too small study population.

Statistics
The data in these studies are mainly analyzed with the Wilcoxon
nonparametric signed-rank test for paired observations as it does not
demand the data to follow a normal distributed pattern. Exceptions are the
lung function and FENO data, which are considered to be normally
distributed and therefore analyzed with T-test and repeated measures
ANOVA. When performing multiple tests in a small study population there is
a risk of finding a false significant difference (p-value < 0.05) among the
studied parameters, which may have occurred by chance, i.e. type-I error.
One way to minimize this risk could be to recalculate the data and perform a
post hoc test, e.g. a Bonferroni correction. In that case a stricter p-value is
calculated by dividing the present significance level of 0.05 with the number
of performed analysis. Thus, a relatively large difference is demanded for the
test to indicate a significant difference and there might be a risk that true
effects are missed, i.e. a type-II error.
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Discussion of main results
Several population based studies, as well as experimental investigations,
have demonstrated that air pollution exposure may cause adverse
respiratory and cardiovascular health effects [3, 9, 10, 66, 67, 119]. Many of
the observed effects are thought to be attributed to the particulate matter of
the air pollution. Therefore, WHO has designed air quality guidelines in an
attempt to reduce the particulate matter air pollution levels. The aim is a
maximum PM2.5 concentration of 10 µg/m3 and a PM10 concentration of 20
µg/m3 [2].
Even though many of the major cities worldwide have a problem with high
air pollutions level, little is known about the source specific contribution to
the pollution levels and the associated health effects. Particles generated
from different sources may differ a lot in composition and therefore also the
potential to cause health effects. Traffic combustion particles, especially
generated by diesel fuelled vehicles, is recognized to be a big contributor to
PM air pollutants and diesel exhaust particles are known to possess a high
toxic potential. Less in known about other traffic and non-traffic related
sources.
The aim of this thesis was to evaluate airway effects to common air
pollutants, including diesel exhaust generated at different running modes,
biomass combustion emissions as well as exposure in a road tunnel and
subway train station environment. The main focus has been to evaluate the
presence of inflammatory responses as well as to investigate the reactions of
the antioxidant defense present at the lung-air interface.
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Diesel exhaust
In two of the included studies, Study I and II, the airway responses after
exposure to diesel exhaust emissions were investigated. In Study I the
exhaust was generated from transient running conditions, mimicking urban
driving conditions, while in Study II the engine was running in an idling
mode.
In study I, potential airway inflammatory responses after exposure to
diesel exhaust generated at transient engine load was investigated for the
first time. The results demonstrated an up-regulation of the vascular
adhesion molecules p-selectin and VCAM-1 in the bronchial mucosa,
together with increased levels of eosinophils in BAL, 6 hours after the
transient diesel exhaust exposure. These results indicate the presence of an
early state of an inflammatory response. This differs slightly from previous
studies investigating the inflammatory response to diesel exhaust generated
at idling [64-67]. Both Pourazar and Salvi et.al. have in previous work
demonstrated a fully developed inflammatory response at this time point
after exposure to exhaust from idling. The previously characterized response
consisted of up-regulation of epidermal growth factor receptor (EGFR) and
vascular adhesion molecules, increased expression of transcription factors
and cytokines in the bronchial epithelium, together with influx of
inflammatory cells in the airway mucosa [64-67]. The development of a fully
established inflammatory response was indeed confirmed in Study II, where
the subjects were exposed to DE generated at idling. We were able to
demonstrate significantly elevated numbers of neutrophils, mast cells and
lymphocytes in the submucosa of the biopsies as well as neutrophils in BW,
together with increased expression of phosphorylated c-jun in the bronchial
epithelium. The suggested mechanistic pathways involved in oxidative stress
and inflammatory reactions can be seen in Figure 7.
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Figure 7. Schematic picture of the suggested mechanistic pathways
involved in oxidative stress and inflammatory airway responses.

The differences in the airway inflammatory response between study I and
II might indicate that the running condition of the engine to be of
importance for the airway response, which could be due to dissimilarities in
exhaust composition. The mobility diameter of the DEP was slightly larger at
transient running then at idling but it is uncertain whether this could be of
importance. The soot fraction was higher in the diesel exhaust PM generated
from a transient running engine compared to the idling situation, where the
PM demonstrated a high organic content [98]. Organic components present
in

diesel

exhaust,

including

aliphatic,

aromatic

and

polyaromatic

hydrocarbons as well as quinones, have been demonstrated to cause
inflammatory reactions and to possess a high toxic potential [67, 70, 120].
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Combustion derived particles are small but often demonstrates a high
content of PAHs bound to the surface. Redox-cycling organic chemicals and
transition metals bound to the surface of the PM have been indicated to
cause oxidative stress. Oxidative stress occurs when there is an impaired
balance between free radical production and antioxidant capacity which
results in an excess of oxidative products. Generation of reactive oxygen
species (ROS) may trigger the development of inflammatory responses as
well as cause oxidative damage to DNA, proteins and lipids, leading to
adverse health consequences. As the organic content is higher in the idling
exhaust is it possible that this is one explanation to the stronger
inflammatory response demonstrated after exposure to exhaust from the
idling situation than the transient engine running condition. Unfortunately,
antioxidant data are not available from study I and II. It is also difficult to
compare the present studies with previous low-dose studies [70, 71, 89]. In
study I and II the exposure levels were about 300 µg/m 3, while an exposure
concentration of 100 µg/m3 was used in the studies by Behndig, Stenfors and
Mudway. However, the inflammatory response seen at 6 hours post exposure
to 100 µg/m3 from an idling diesel engine resembles what was seen in study
I, with up-regulation of adhesion molecules in the vasculature of the biopsies
without any influx of inflammatory cell. At the 100 µg/m3 exposure situation,
the inflammatory response was found to develop further from 6 hour post
exposure to the investigation at 18 hours after the diesel exposure. In study I,
the inflammatory response was only investigated at one time point, 6 hours
post exposure. Therefore, it cannot be excluded that there is a similar pattern
as seen after the low-dose exposure, with a further development of the
inflammatory response during the following hours.
Detoxification pathways have been indicated to be of importance for
protection

against

exposure

to

organic

compounds.

Consequently,

detoxification of inhaled diesel exhaust was examined in the healthy subjects
in study II. The activation of detoxification enzymes can be carried out
through different signaling pathways. It has been demonstrated that diesel
exhaust particles and their organic extracts can induce the expression of
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phase I and II metabolization enzymes and antioxidant response elements
[74-76].
In study II, an enhanced nuclear translocation of AhR was found in the
bronchial epithelium (p=0.001) 6 hours after exposure to diesel exhaust
generated at idling, compared to filtered air. When the AhR receptor is
translocated into the nucleus it enables the transcription of detoxification
enzymes and it could therefore have been expected that the expression of
NQO1 would have been increased (Figure 8). This was not the case. The
increased nuclear translocation of AhR was in fact accompanied with a
decreased expression of the phase II enzyme NQO1 in bronchial epithelial
cells (p=0.02). It is however possible that the production of NQO1 increases
at a later time point.

Figure 8. Transcriptional activation of phase I and phase II
detoxification enzymes through the nuclear translocation of the aryl
hydrocarbon receptor (AhR).
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Relatively little is known about the time kinetics for the receptor and
enzyme activities. We have only investigated this at one time point, 6 hours
after exposure, and it cannot be excluded that the detoxification enzymes are
more active at another time point. Even though a nuclear translocation of the
AhR was demonstrated at 6 hours post exposure, it is possible that the upregulation of detoxification enzymes had not yet peaked but increases during
the following hours. Another scenario might be that the phase I enzymes,
which could not be displayed with the currently applied technique in this
study, gets activated through the translocation and up-regulation of AhR. If
the phase I enzymes were up-regulated while the phase II enzymes were
suppressed, the reactive substances produced in the phase I reaction would
not be further detoxified. This may cause an increased oxygen radical
formation, with oxidative stress mediated tissue damage as well as DNA
damage as a result. It may consequently be that there is a window of
increased sensitivity for both acute respiratory and cardiovascular effects, at
the sampling time point of 6 hours post exposure. The importance of a well
functioning phase I and phase II detoxification system for protection against
inhaled toxic air pollutants is supported by previous investigations by other
groups [18, 74, 75, 121].
In summary, the results from study II confirm the previously
demonstrated airway inflammatory response seen after exposure to diesel
exhaust generated at idling. Exposure to urban transient running diesel
exhaust in study I did however not induce such a pronounced inflammatory
response as in the idling situation. This might partly be due to the
differences in exhaust composition between the two exposure situations,
where there is a higher degree of organic compounds in the idling diesel
exhaust. Since we have only sampled at one specific time point, 6 hours post
exposure, it cannot be excluded that the inflammatory response to the
transient running diesel exposure (study I) develops further during the
following hours. Therefore, complementary research is needed to further
address the effects of diesel exhaust exposure, generated at urban running
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conditions, as a great proportion of the combustion derived ambient air
pollution consists of these emissions.
As regards the mechanistic investigations concerning the detoxification
pathways, the present investigation (study II) demonstrated an increased
translocation of the aryl hydrocarbon receptor in the bronchial epithelium.
This enables the transcription of metabolizing enzymes and indicates that
these pathways are probably activated to respond to the inhaled emissions
from the idling diesel exposure. In addition, the results demonstrated a
down-regulation of the phase II enzyme NQO1, 6 hours after the diesel
exposure. More research is needed to address whether the phase I enzymes
are induced or not after the diesel exposure, as well as to investigate how the
time kinetics of these reactions are connected.

Traffic exposure
The exposure to ambient air pollution differs in many ways from the
controlled exposures in the chamber environment discussed in previous
paragraph. In the exposure chamber the exposure is often carried out with
one air pollutant at the time (diesel engine exhaust in study I and II), while
ambient air contain a mixture of air pollutants from different sources, both
engine exhaust related and road dust PM. The environment in road tunnels
consists of both engine emissions of vehicles running on different fuels, road
dust consisting of a mixture of wear from tires, brakes and road surface as
well as transported and biological materials, such as endotoxins. The
proportion of the included components may vary a lot in different road
tunnels depending on a number of factors, e.g. the length of the tunnel,
ventilation, traffic density, speed of traffic, road fleet, road surface material,
tires, climate etc. Several reports have however indicated that both engine
exhaust and road dust exposures have negative health impacts in humans
[40, 104, 122].
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In study III, a 2 hour exposure to road tunnel air pollution was performed
in healthy volunteers. Exposure characteristics demonstrated that the PM 2.5
ad PM10 concentration was 64 µg/m3 and 176 µg/m3 respectively, indicating
that a large proportion of the air pollution belonged to PM in the coarse
fraction and therefore probably originates from various sources of road dust.
The results demonstrated that the road tunnel exposure increased the
number of inflammatory cells in BAL, mainly due to significant increases in
lymphocytes and alveolar macrophages. Alveolar macrophages possess
phagocytic and antigen presenting capabilities and may trigger an immune
response when encountering a foreign substance. They are important cells in
the defense against particulate air pollution. It remains to clarify whether
BAL macrophages are activated after real-life exposure to road dust. We
have previously demonstrated the phagocytic ability and function of
macrophages to be suppressed by diesel exhaust exposure [68].
As in previous diesel exhaust exposure studies, we found an increase in
lymphocytes in the airways after exposure to the road tunnel air pollution.
Lymphocytes have been demonstrated to be of importance for inflammatory
responses as they can interact with other cells and also have the capacity to
regulate inflammatory cell activity by the release of cytokines to induce
either a Th:1 or Th:2 inflammatory response. The increase of lymphocytes in
BAL did not alter the relation of CD4 and CD8 T cells, which indicates that
there is an unspecific recruitment of these cells. However, the percentage of
NK cells and cytotoxic CD56+ T cells both decreased after the tunnel
exposure. These cell types are of importance for elimination of damaged and
infected cells as well as for the production of cytokines. Whether this
reduction is due to down regulation or apoptosis of these cells remain to be
elucidated.
Potential markers of inflammation were also investigated in the bronchial
mucosa of the healthy subjects after the road tunnel exposure. In addition to
the elevation of inflammatory cells in airway lavage, an increased
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translocation of phosphorylated c-jun into the nucleus of bronchial epithelial
cells was found after the road tunnel exposure. This might indicate the
presence of an early inflammatory response in the epithelium since c-jun is
part of the AP-1 transcription factor that is involved in the transcription of
many inflammatory cytokines and chemokines, including TNF-α, IL-6 and
Il-8, which are involved in the recruitment of inflammatory cells. We were
however not able to demonstrate any significant changes in cytokine and
vascular adhesion molecule expressions, or elevations in inflammatory cell
numbers in the bronchial tissue, between the two exposures. The airway
responses to the road tunnel air pollution exposure were only investigated at
one single time point, 14 hours after exposure. It is possible that the
inflammatory response continues to develop during the following hours.
When comparing diesel emission exposure in chamber environment it can be
found that there seems to be a slower onset of the inflammatory response at
a lower diesel exhaust concentration. At a diesel exhaust exposure
concentration of 300 µg/m3 a full inflammatory response could be detected 6
hours after the exposure, while there were only signs of an early state of
inflammation at the same time point when the concentration was decreased
to 100 µg/m3. Nevertheless, at 18 hours post exposure to 100 µg/m3, the
inflammatory response had been further developed [65-67, 70, 71].
Bronchoscopy at a later time point after the road tunnel exposure could
clarify whether the inflammation continues to develop in the airway tissue.
In conclusion, the “real-life” exposure in the road tunnel environments
consists of a mixture of both fine combustions derived PM emissions as well
as coarse road dust PM, containing wear particles from road surface, tires,
and brakes. The results indicate an inflammatory response in the peripheral
airways, with increased inflammatory cell recruitment in BAL, after the road
tunnel exposure. In addition, the exposure caused an initiation of early
signal transduction components in the bronchial epithelium. These results
resemble the findings after controlled diesel chamber exposures, even
though the inflammatory response were not as strong [64-67]. This might
partially be due to the lower proportion of exhaust emissions in the road
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tunnel, compared to the chamber environment. The PM 10 concentration in
the road tunnel was 176 µg/m3, which can be compared to 300 µg/m3 in the
chamber studies. In the chamber the majority of the particles represent
diesel exhaust PM, while there is a high contribution from road dust in the
road tunnel environment. The PM 2.5 concentration in the tunnel, which
better represents the exhaust derived PM, was only 64 µg/m 3. As
demonstrated from previous diesel exhaust chamber exposures, a lower
concentration might result in slower development of an inflammatory
response [70, 71, 89]. Forthcoming research, with sampling at a later time
point, may determine whether the present signs of an early signal
transduction in the bronchial epithelium continue to further develop into a
bronchial tissue airway inflammation during the subsequent hours.

Subway station
Subway train traffic represents another source of traffic derived air
pollution. In this case the air pollution has been shown to mainly consist of
wear particles generated from the wear of rails, wheels and brakes.
Consequently, they differ substantially in composition from combustion
derived particles. Previous investigations have reported high levels of PM
pollution in the Stockholm subway environment, with PM10 concentrations
over 400 µg/m3, which is far higher than the PM10 concentrations
encountered at road traffic environments in Stockholm [45]. Chemical
characterizations of these subway particles have shown a high metal content
which was dominated by iron (magnetite, Fe3O4) [46-48].
A number of investigations have indicated a correlation between metal
content and various biological effects, mainly due to their oxidative capacity
and ROS production. In vitro studies of particles collected in the Stockholm
subway system have suggested these particles to cause DNA damage, induce
oxidative stress and inflammation [46, 123]. These particles were more also
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more potent to induce genotoxic effects than PM collected at a busy street,
wood combustion as well as tire and brake wear [123].
As the particles in the Stockholm subway environment were indicated to
have a relatively high toxic potential we wanted to further investigate the
potential health effects in healthy subjects, after exposure to air pollutants in
this particularly environment. Our results demonstrated a significant
increase in GSSG levels in BAL, 14 hours post a two hour exposure in the
subway environment. This up-regulation of the oxidized form of glutathione
indicates an increased oxidative burden, which is in accordance with
previously mentioned in vitro investigations. As mentioned, oxidative stress
has earlier been shown to trigger the induction of an inflammatory response,
with activation of redox sensitive transcription factors (NFκB and AP-1)
through MAPKs, resulting in increased cytokine expression and recruitment
of inflammatory cells. In study IV however, apart from the mild oxidative
stress, we were not able to demonstrate any signs of further development
into an airway inflammatory reaction. This would be comparable with a Tier
1 response according to the hierarchical oxidative stress model proposed by
Nel and others, Figure 9. Tier 1 represents an oxidative response that does
not lead to any extensive inflammation, cell toxicity or major adverse health
effects [124, 125]. The results from the subway station exposure differ from
our previous findings of an airway inflammatory response after exposure to
other air pollutants. Previous controlled chamber studies to diesel exhaust
have demonstrated the exposure to cause a full inflammatory response with
up-regulation of adhesion molecules, MAPkinases and transcription factors,
as well as increased cytokine expression and recruitment of inflammatory
cells [64-67], while road tunnel exposure cause a less pronounced response
with increased lymphocyte and macrophage numbers in airway lavage and
initiation of early signal transduction pathways in the airway tissue [126]. An
earlier investigation of samples from the same subjects as in the present
subway exposure study did not demonstrate any inflammatory response
after the exposure but a mild increase in lower airway symptoms together
with elevations in fibrinogen and regulatory T-cells (CD4/CD25/FOXP3) in
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peripheral blood [48]. Although no increase in inflammatory cells or
cytokines were established in airway lavage fluid or tissue, a minor response
was found to the subway exposure. The present and the preceding
investigation [48], together indicate that exposure to a relatively high dose of
PM10, 242 µg/m3 for two hours, caused a relatively mild and limited
response. The role of the increased fibrinogen and regulatory T-cells is not
clear and more research is needed to evaluate whether this results in an
increased health risk for people exposed to high levels of subway generated
air pollution.

Figure 9. Hierarchical oxidative stress model. At a low degree of
oxidative stress (Tier 1), antioxidants are activated to restore the balance
between oxidants and antioxidants. At an intermediate amount of oxidative
stress (Tier 2) an inflammatory response is induced, while a high amount of
oxidative stress (Tier 3) might result in cell death by apoptosis or necrosis.
Modified, after Andre Nel and colleagues [124].

However, since the bronchoscopy and collection of lavage fluid and
biopsies were only performed at one time point, 14 hours after exposure, it is
possible that an inflammatory response could have peaked earlier or later.
Previous investigations of diesel and ozone exposure have demonstrated an
inflammatory response established as early as 6 hours post exposure and
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persisting beyond 18-24 hours [66, 67, 70, 127]. The time point 14 hours post
exposure was chosen due to local logistical aspects and was in a time frame
where a full inflammatory response could have been present. A possible later
peak of response is speculative but cannot be totally excluded.
Taken together, short term exposure of healthy subjects in a subway train
station environment demonstrated a relatively mild airway response. The
increase in GSSG indicates an increased oxidative burden but that the
oxidative defense mechanisms appeared to have been able to handle the
exposure and prevent most of the airway effects to the iron rich subway
particles. It is however not clear whether this also applies to long term
exposures as well as for potentially sensitive subjects with asthma or other
lung diseases.

Wood smoke
Another source contributing to the ambient air pollution is the
combustion of biomass. It has been an increasing interest regarding
renewable energy sources but negative health impacts of biomass
combustion emission exposure have been suggested by population based
studies. People living in areas with high wood smoke-derived air pollution
have been reported to show a high occurrence of respiratory symptoms and
respiratory-related hospital admissions [58, 59, 63].
So far, only a few experimental studies have investigated the toxicity of
biomass combustion derived PM. In vitro studies with cell cultures have
shown that exposure to biomass PM is able to provoke the release of proinflammatory cytokines, affects cell viability and induces oxidative stress and
DNA damage [53, 82], which is in similarity to those effects seen after
exposure to other ambient air pollutants [75, 83, 85].

87

In study V, we therefore wanted to investigate potential health outcomes
in healthy subjects, in response to wood smoke exposure, with focus at the
responses at the air-lung interface. The sampling of bronchoscopy based
lavage was performed 24 hours post exposure. The results demonstrated that
a relatively high exposure dose to wood smoke derived air pollution, 224
μg/m3 PM2.5 for 3 hours, resulted in increased mucosal symptoms together
with a significant elevated concentration of GSH in BAL. However, there
were no changes in cell numbers in BAL, measured soluble components,
lung function or exhaled NO after the wood smoke exposure compared to air.
These results indicate an up-regulation of antioxidants in airway lavage with
no consumption of antioxidants or development of inflammatory responses,
which differs remarkably from the diesel exposure studies, where an airway
inflammation can be seen to be present 6-18 hours after exposure [64-67,
70]. It should however be reminded that the composition of biomass
combustion PM varies significantly depending on combustion and fuel type
[53, 54]. The use of another combustion set-up than the presently used
residential wood pellet boiler system could potentially have resulted in
particles with a higher toxicity.
There are only a few human exposure studies published that has
investigated the health effects of wood smoke. Barregård and Sällsten was
the first to perform a human experimental exposure study to wood smoke
[86-88]. They used a cast iron stove, which was batch wise fired with log
wood, for the generation of wood smoke. Healthy human subjects were
exposed for four hours at a PM2.5 concentration about 250 µg/m3. They were
able to demonstrate an increase in amyloid A protein as well as alterations in
coagulation factors in blood. In addition, exhaled nitric oxide was increased
and they showed signs of an oxidative stress in the airways, as reflected by
increased malondialdehyde in exhaled breath condensate [86-88]. The
indications of both an oxidative stress and inflammation in the airways are
in more accordance with earlier findings from other air pollution exposures.
The differences in response between the previous wood smoke studies and
the present could be due to differences in fuel, stove and combustion. The
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two exposure set-ups, while clearly dissimilar, also had several similarities
regarding the exposure environment in the chamber. The magnitude of PM
mass concentration and combustion gases such as NO x and CO were similar
despite the differences in exposure set-ups. However, the ultrafine particle
number concentration was considerably higher in the previous studies,
where a wood stove was used, which might have caused the partially
differing results between the present and previous studies [86-88].
Another aspect to take into consideration when discussing the mild
response to the present wood smoke exposure is the deposition of the
particles. Even though the total inhalable PM dose generated during the 3
hour exposure to wood smoke at a concentration of 224 µg/m 3 is higher than
the 1 hour exposure to DE at 300 µg/m3, as used in the diesel chamber
studies, the response was clearly not as pronounced after wood smoke
exposure. Recent publications by Jacob Löndahl and Erik Swietlicki and
their colleagues in Lund and Copenhagen, have used the respiratory tract
particle deposition instrument (RESPI) to investigate the deposition of the
presently generated biomass combustion emissions as well as traffic motor
engine exhaust particles [128, 129]. In addition to individual parameters
such as breathing patterns and airway geometry, the deposition of particles
in the airways is dependent on particle size, composition and hygroscopic
properties. Simplified, the experimentally determined deposition was
calculated with the RESPI set-up which compared the inhaled and exhaled
aerosol number size concentration. The results suggested traffic motor
engine exhaust particles to deposit in a much higher amount, 16 times higher
by particle number and 3 times higher by surface area, in the lungs than
wood smoke particles [128, 129]. Since it is the deposited particles that
actually possess the potential to induce a reaction, one explanation to the
mild response to the presently investigated wood smoke exposure might
therefore be the low degree of deposition of these particles. The difference in
deposition patterns may also partially explain why the response to traffic
related air pollutants are much stronger.
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Taken together, the present investigation demonstrated that the human
airways are relatively tolerant to a high dose of wood smoke emissions,
generated from the current combustion situation using an experimental
pellet boiler. The increase in GSH that was found in the respiratory tract
lining fluids of the distal airways indicates an early adaptive response.
According to the oxidative stress model proposed by Nel and colleagues [124,
125], this corresponds to a tier 1 response. The up-regulation of antioxidant
defense helps to prevent any further development of oxidative stress or
airway inflammation. It is however not clear whether this can be applied
onto other biomass combustion situations or in individuals with pre-existing
respiratory conditions. It is of major interest to pursue this research with a
set-up that resembles the one used in Barregård and Sällsten’s studies, as
well as to a more highly efficient combustion.

90

FINAL COMMENTS
Epidemiological studies have demonstrated that air pollution exposure is
associated with harmful respiratory and cardiovascular health effects, which
has been further supported by experimental studies, both in humans as well
as in animal and in vitro studies. However, knowledge is lacking about the
source-specific contributions of the demonstrated health effects, as well as
the mechanisms involved in the development of the airway responses. In this
thesis, the airway effects after exposure to common air pollutants, including
diesel exhaust, biomass combustion emissions as well as road tunnel and
subway environments were evaluated. All studies investigated the pulmonary
effects to air pollution vs. air/control exposure in healthy human subjects.
The responses in the respiratory tract were evaluated by sampling of
bronchial mucosal biopsies and lavage fluid after the exposures.
Diesel exhaust exposure, both for emissions generated at idling and
during the urban part of the European Transient Cycle, resulted in an airway
inflammatory response six hours post exposure. The response appeared
more pronounced after the idling exhaust exposure than after the transient
diesel exhaust exposure. The differences in the airway inflammatory
response between the two diesel exhaust exposures may indicate that the
running condition of the engine is of importance for the airway response,
due to differences in exhaust composition. As the proportion of organic
components was higher in the idling emission, these particles may possess a
greater oxidative potential and ability to cause an oxidative stress in the
human airways. Reactive oxidative species and oxidative stress are suggested
to be key mechanisms in the development of inflammation. Additional
studies are however needed to determine possible differences in oxidative
potential between these two diesel emission types. Sampling at later time
point would also be beneficial to evaluate whether the early inflammatory
response seen after the transient diesel exhaust exposure would continue to
develop and reach the same magnitude as after exposure to diesel exhaust
generated at idling.
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In addition to the inflammatory response, potential detoxification
pathways were investigated after exposure to the idling diesel exhaust, in an
attempt to improve the understanding of the mechanisms involved in the
generation of the biological responses. The results demonstrated that diesel
exhaust exposure induced translocation of the aryl hydrocarbon receptor
from the cytoplasm to the cell nucleus of the bronchial epithelium. When the
AhR has translocated from the cytoplasm to the nucleus, it has the potential
to induce the expression of a number of detoxification enzymes. However,
the present investigation demonstrated a decreased expression of the phase
II enzyme NQO1. It is important that both the phase I and phase II enzymes
are functioning to avoid the formation of reactive intermediates that may
cause oxidative stress and mediate tissue and DNA damage. Additional
investigations are needed to clarify whether the translocation of the aryl
hydrocarbon receptor induces the expression of phase I enzymes and to
further understand the mechanisms involved in the defense against inhaled
air pollutants.
In accordance with the diesel chamber studies, the road tunnel exposure
induced an influx of inflammatory cells in airway lavage. In addition, signs of
an early signal transduction were found in the bronchial epithelium. The
response was not as pronounced as in the diesel chamber studies, which may
be explained by the differences in air pollution composition and
concentrations. Besides engine emissions, the road tunnel environment
comprises of road dust and wear particles from the road surface, brakes and
tires. Additional time points for sampling are needed to investigate whether
the present finding of an early signal transduction would continue to develop
into an inflammatory response in the bronchial tissue, as demonstrated after
diesel exhaust exposure. There is also a need to further clarify which
components in traffic-related air pollution that is foremost responsible for
the adverse health effects associated with high exposure concentrations.
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Both exposure to biomass combustion emissions in a controlled chamber
environment and exposure at a subway train station were demonstrated to
affect the antioxidant defense at the lung-air interface, without any evident
development of acute airway inflammatory responses at the investigated
time point. The wood smoke exposure was found to increase the levels of the
antioxidant GSH in BAL fluid, which was interpreted as a protective and
adaptive response to the presently investigated wood smoke emissions. The
exposure to a metal-rich particulate aerosol at a subway train station
resulted in an increased concentration of the oxidized form of glutathione
(GSSG) in BAL, indicating the presence of oxidative stress in the lower
airways. The airways did however seem to handle the iron-rich particle
exposure relatively well as no development inflammatory response could be
detected. As these are among the first studies investigating the airway
responses

to

wood

smoke

and

subway

exposures,

supplementary

investigations are needed to further elucidate the time kinetics to these
exposures. It also remains to be clarified whether exposure to emissions
from other biomass combustions conditions would result in similar
outcomes.
In summary, exposure to high levels of ambient air pollution is associated
with adverse health effects. The results in this thesis indicate that different
air pollution sources may cause differences in lung effects in healthy
humans. These can be seen as pilot studies and contribute to improve the
understanding of which sources that are the main provider to the adverse
health effects and thereby most important to minimize in the surrounding
air. Further research is however needed to clarify which components and
sources of the ambient air that is responsible for the harmful effects. It
should also be highlighted that all the included studies in this thesis have
investigated healthy subjects and it has to be further evaluated how
susceptible individuals respond to similar exposures. The effects after longterm exposure also remain to be clarified.
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CONCLUSIONS
It is concluded that:
Exposure to diesel exhaust generated both during idling and
running conditions during the urban part of the European
Transient

Cycle

had

the

capacity

to

induce

an

airway

inflammatory response at six hours after exposure.
Diesel exhaust generated during idling influenced detoxification
pathways in the bronchial mucosa. This pattern of cellular
responses may be linked to the generation of ROS and adverse
health effects related to diesel exhaust exposure.
Road tunnel air pollution exposure resulted in an airway
inflammatory response together with the initiation of signal
transduction in the bronchial epithelium.

Exposure of healthy subjects to a metal-rich particulate aerosol at
a subway train station caused a significant increase in the
bronchoalveolar levels of oxidized glutathione (GSSG), which was
not accompanied by any pronounced inflammatory response at
the investigated time point.

Emissions from the presently investigated experimental wood
pellet boiler caused increased mucosal symptoms together with
elevated antioxidant levels in bronchoalveolar lavage, without
evidence of any acute airway inflammatory responses.
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