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ABSTRACT 
Background: Air pollution is associated with negative health effects. Exposure to 
combustion-derived particulate matter (PM) air pollution has been related to increased 
incidence of cardiovascular and respiratory morbidity and mortality, specifically in 
susceptible populations. Ambient particles, with a diameter of less than 2.5 μm, have been 
suggested to be the strongest contributor to these health effects. Diesel exhaust (DE) is a 
major source of small combustion-derived PM air pollution world wide.   

In healthy volunteers, exposure to DE, has been associated with airway inflammation, 
impaired vasomotor function and endogenous fibrinolysis.  

The aims of this thesis were to further elucidate the underlying mechanisms to the reported 
cardiovascular effects following exposure to DE, with specific focus on endothelin-1 (ET-1). 
Additionally, the vascular effects of the major gaseous component of DE, nitrogen dioxide 
(NO2), were assessed together with the impact of an exhaust particle trap to reduce the 
observed negative vascular effects after DE exposure.  

Methods: In all studies healthy, non-smoking male volunteers were included and exposed for 
one hour during intermittent exercise in a randomised double-blind crossover fashion. In 
studies I-III, subjects were exposed to DE at a particulate matter concentration of 
approximately 300 μg/m3 and filtered air, on two different occasions. In study V an additional 
exposure was employed, during which DE was filtered through an exhaust particle trap. In 
study IV subjects were exposed to nitrogen dioxide (NO2) at 4 ppm or filtered air.  

In study I, thrombus formation and platelet activation were assessed using the Badimon ex 
vivo perfusion chamber and flow cytometry. Study II comprised the determination of arterial 
stiffness including pulse wave analysis and velocity. 

In studies III-V, vascular assessment was performed using venous occlusion 
plethysmography. In studies IV and V, the vascular responses to intra-arterially infused 
endothelial-dependent and endothelial-independent vasodilatators were registered. In study 
III, vascular responses to intra-arterial infusion of Endothelin-1 (ET-1) and ET-1-receptor 
antagonists were assessed. Venous occlusion phlethysmography was in all cases performed 4-
6 hours following exposures. Blood samples for markers of inflammation, coagulation and 
platelet activation were collected before and throughout the study periods in studies III and V. 

Results: Exposure to DE increased ex vivo thrombus formation and arterial stiffness, in terms 
of augmentation index. DE inhalation impaired vasomotor function and endogenous 
fibrinolysis. The exhaust particle trap reduced the particle concentration by 98% and 
abolished the effects on vasomotor function, endogenous fibrinolysis and ex vivo thrombus 
formation. Plasma concentrations of ET-1 and its precursor big-ET-1 were unchanged 
following exposure. Dual endothelial receptor antagonism caused similar vasodilatation after 
both exposures, although vasodilatation to the endothelin-A receptor alone was blunted after 
DE exposure. ET-1 infusion induced vasoconstriction only following DE exposure. Exposure 
to nitrogen dioxide did not affect vascular function. 

Conclusion: Inhalation of diesel exhaust in young healthy men impaired important and 
complementary aspects of vascular function in humans; regulation of vascular tone and 
endogenous fibrinolysis as well as increased ex vivo thrombus formation. The use of an 
exhaust particle trap significantly reduced particle emissions and abolished the DE-induced 
vascular and prothrombotic effects. The adverse vascular effects following DE exposure do 
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not appear to be directly mediated through the endothelin system. Neither is NO2 suggested to 
be a major arbiter of the DE-induced cardiovascular responses. Arterial stiffness is a non-
invasive and easily accessible method and could thus be employed to address vascular 
function in larger field studies. Taken together, this thesis has given further knowledge about 
the mechanisms underlying the DE-induced vascular effects. 
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SVENSK SAMMANFATTNING 
Luftföroreningar har varit ett gissel för människan i århundraden och kopplingen till ohälsa är 
sedan länge känd. Ett flertal folkhälsostudier har påvisat tydliga samband mellan 
luftföroreningar och ökad dödlighet. ”Mortality in the London fog incident”, som 
publicerades i tidskriften Lancet 1953, beskrev för första gången detta samband. Författaren 
kopplade då samman den förhöjda dödligheten under hösten 1952 i London med höga nivåer 
av luftföroreningar. Flera modernare studier, gjorda på olika platser runt om i världen, har 
bekräftat dessa fynd. Individer med luftvägs- och hjärtrelaterade sjukdomar är mest känsliga 
för luftföroreningar. Ökade antal astmaanfall och försämringar i kronisk obstruktiv 
lungsjukdom såväl som hjärtsvikt, hjärtarytmier och hjärtinfarkt har visat sig förknippade med 
ökade nivåer av luftföroreningar. 

Dieselavgaser består av partiklar och gaser såsom kvävedioxid och kolmonoxid. Till 
partiklarnas yta är kemiska ämnen bundna, till exempel kolväten och metaller. Det är 
framförallt luftföroreningspartiklarna som har sammankopplats med död och sjuklighet i 
hjärt- och lungsjukdomar. Varje år beräknas 800 000 människor dö som en konsekvens av 
luftföroreningar. Framför allt dör människor i fattigare delar av Asien där uppmätta 
partikelkoncentrationer på sina håll kan vara mycket höga. De minsta partiklarna, som är 
mindre än 2,5 mikrometer i diameter (PM2.5), anses mest skadliga. Dessa partiklar kan ta sig 
långt ned i luftvägarna där de orsakar irritation och inflammation. Det finns även misstankar 
om att de via lungorna kan ta sig in i den systemiska cirkulationen och påverka 
blodkärlsväggarna.   

Dieselmotorer är både driftsäkra och relativt bränslesnåla, varför de är populära och används 
världen över. De bidrar också i hög grad till partikelutsläpp, i synnerhet av PM2.5, och är 
således en betydande orsak till de negativa hälsoeffekter som sammankopplats med 
luftföroreningar. 

Det har tidigare demonstrerats att kort exponering för dieselavgaser ger negativa 
blodkärlseffekter. Hos friska individer försämras blodkärlens förmåga att vidga sig och lösa 
upp blodproppar efter en timmes exponering. Motsvarande exponering hos hjärtsjuka 
individer har visat tecken på syrebrist i hjärtmuskeln.  

Således ger en relativt kort exponering för dieselavgaser blodkärlseffekter som till yttermera 
visso ger reella konsekvenser hos hjärtsjuka. Avsikten med denna avhandling har varit att 
vidare försöka kartlägga de bakomliggande mekanismerna till varför partikulära 
luftföroreningar är förknippade med ökad dödlighet och försämring av hjärtsjukdom. Alla 
studier är gjorda på unga friska män som under en timme exponerades för dieselavgaser med 
en partikelkoncentration av cirka 300 µg/m3 respektive filtrerad luft under kontrollerade 
förhållanden. I studie I undersöktes blodets förmåga att bilda proppar och i studie II 
blodkärlens styvhet. I studie III undersöktes om endothelin-1, vilket har kraftiga 
blodkärlsammandragande egenskaper, kan påverkas av kort exponering för dieselavgaser. För 
att utesluta att gasen kvävedioxid påverkar blodkärlen, exponerades även unga friska 
forskningspersoner för kvävedioxid, varpå blodkärlens förmåga att vidga sig och att lösa upp 
blodproppar studerades i studie IV. Slutligen så undersöktes i studie V, huruvida ett 
avgaspartikelfilter kunde reducera de negativa effekter som dieselavgaserna ger på 
blodkärlsfunktionen. Således exponerades forskningspersoner för filtrerad luft, dieselavgaser 
samt dieselavgaser filtrerade genom ett partikelfilter. Efter exponering undersöktes 
blodkärlsfunktion, blodproppbildning samt blodets proppupplösande förmåga.      



 

 9 

I Studie I demonstrerades att exponering för dieselavgaser gav ökad bildning av blodproppar.  

Studie II visade att kort exponering för dieselavgaser gav ökad styvhet i blodkärlen. Effekten 
kunde uppvisas 10 minuter efteråt och kvarstod i ca 30 minuter. 

I studie III demonstrerades att dieselavgaser ger ökad känslighet för endothelin-1 och således 
ökad blodkärlsammandragning. Dock kunde inte någon ökning av endothelin-1 eller dess 
förstadium påvisas i blodet.   

I studie IV påvisades inga blodkärlseffekter i form av försämrad kärlvidgning eller 
blodproppupplösande förmåga efter exponering för kvävedioxid.  

Studie V visades på försämrad blodkärlsvidgande- och blodproppupplösande förmåga samt 
ökad blodproppbildning till följd av exponering för dieselavgaser jämfört med filtrerade 
dieseleavgaser. Partikelfällan filtrerade bort 98 % av partiklarna ur dieselavgaserna. 
Blodkärlsvidgande och blodproppupplösande förmåga samt blodproppsbildning 
normaliserades när dieselavgaserna filtrerades genom partikelfiltret.  

Dessa fem studier har bidragit till att mekanistiskt beskriva de tänkbara bakomliggande 
orsakerna till varför luftföroreningar ger hjärt- och blodkärlseffekter. Två ytterligare 
kärleffekter har demonstrerats till följd av exponering för dieselavgaser, ökad 
blodproppbildning samt ökad styvhet av blodkärlen. Möjliga blodkärlseffekter av kvävedioxid 
har kunnat uteslutas liksom tänkbar påverkan på endothelin-1-systemet till följd av kortvarig 
exponering för dieselavgaser.  

Partikelfiltret minskade effektivt partikelkoncentrationen och reducerade de blodkärlseffekter 
som förknippas med dieselavgaser. Fynden visar på en mycket god förmåga hos partikelfilter 
att reducera de negativa effekter som dieselavgaser ger på dessa viktiga indikatorer för 
blodkärlets reglering av proppbildning och motorik. Ett ökat användande av partikelfilter 
skulle kunna minska utsläppen av giftiga partiklar och, således, vara av stor vikt för den 
globala hälsan.  
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SELECTED ABBREVIATIONS 
ACH acetylcholine 
AIx augmentation index 
AP augmentation pressure 
BAL bronchoalveolar lavage 
Big-ET-1 big endothelin-1 
BK bradykinin 
BW bronchial wash 
CAPs concentrated ambient particles 
CD40(L) CD40 ligand 
CO, CO2 carbon monoxide, carbon dioxide 
COPD chronic obstructive pulmonary disease 
CRP C-reactive protein 
CRT continuously regenerating trap 
DE diesel exhaust 
EC elemental carbon 
ECG electrocardiography 
EGFR epidermal growth factor receptor 
ET-1 endothelin-1 
ETA endothelin-1 receptor A  
ETB endothelin-1 receptor B 
ETC European transient cycle 
FBF forearm blood flow 
FENO exhaled nitric oxide 
HRV heart rate variability 
ICAM-1 intercellular adhesion molecule-1 
ICD implantable cardiac defibrillators 

IFN-γ interferon-γ 
IL- interleukin 

NFκ-B nuclear-factor kappa B 
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MAPK mitogen activated protein-kinases 
NO nitric oxide 
NO2 nitrogen dioxide 
NOS nitric oxide synthetas 
NOX nitrogen oxides 
O3 ozone 
OC organic carbons 
PAH polycyclic aromatic hydrocarbons 
PAI-1 plasminogen activator inhibitor-1 
PM particulate matter 
PMN polymorphonuclear leukocytes 
PWA pulse wave analysis 
PWV pulse wave velocity 
ROS reactive oxygen species 
RTLF respiratory tract lining flud 
SNP sodium nitroprusside 
SO2 sulphur dioxide 

TNF-α tumor necrosis factor-α 
t-PA tissue plasminogen activator 
Tr time to reflected wave 
UFP ultrafine particle 
VCAM-1 vascular cell adhesion molecule-1 
VP verapamil 
WHO world health organisation 
WBC white blood cell count 
vWF von Willebrand factor 
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INTRODUCTION 

AIR POLLUTION 
Due to recent environmental disasters and the concept of global warming, air pollution and its 
consequences on global environment and human health are today on top of the political 
agenda. During the first half of the 20th century, the precariousness of air pollution was 
brought into attention by a few important occurrences. Places such as London, Meuse valley 
(Belgium) and Donora (Pennsylvania, USA) have been associated with excessive deaths due 
to air pollution and are often named in articles discussing air pollution-related health effects 
(1, 2). The first attempt to measure the adverse health effects of air pollution was 
implemented in London after the great smog of 1952. The resulting report had an immense 
political impact, and a serious effort to reduce air pollution was made. Accordingly, many of 
the contributing sources of air pollution, such as coal-heaters and coal-fired power stations 
were removed from central London, resulting in a 10-fold reduction of the annual mean 
particulate matter levels through the following decades. The present recommendations, 
established by the World Health Organisation (WHO), for annual mean levels of PM10 
(particulate matter with a aerodynamic diameter of less than 10 μm) and PM2.5 (particulate 
matter with a aerodynamic diameter of less than 2.5 μm) are 20 μg/m3 and 10 μg/m3 
respectively (3). Today, in most European cities, the annual mean level of PM10 ranges from 
20-70µg/m3 and further reductions are required in order to reach the WHO guidelines. 
Moreover, although the main causes of air pollution during the fifties are long gone, new 
sources such as vehicle exhaust have emerged as major pollutants and particulate matter air 
pollution can still temporarily, greatly exceed WHO recommendations during heavy traffic 
and in occupational settings (4, 5). 

Air pollution is a continuing and increasing problem for the world’s largest cities. Nearly 50 
% of the world’s population lives in urban areas. Urbanisation has resulted in an enhanced 
need for transportation causing increased combustion-related air pollution. In the western 
world, levels of PM2.5 are low, and most cities in Europe and North America have annual 
mean levels of 5-30μg/m3, although they can momentarily reach 200-500μg/m3. Furthermore, 
whereas the westernised world to a large extent has dealt with the problem of reducing 
particulate matter air pollution to historically low levels, urban parts of the developing world 
still display daily particle levels of 200-500 μg/m3 (6). Parts of Asia are particularly affected, 
where in certain countries levels of PM10 greatly exceed the WHO recommendations (7). 
Annually, the WHO estimates 800 000 premature deaths to be attributable to outdoor air 
pollution globally, which makes it the 13th leading cause of mortality worldwide. Developing-
Asia alone contributes to 65% of the air pollution-related disease burden (3, 8). 

As of today, there is no apparent threshold level established below which negative health 
effects do not occur and particulate matter-induced increased mortality has been reported for 
PM2.5 levels as low as 2 μg/m3 (9). Therefore, the WHO concede that guidelines for 
particulate matter concentrations cannot completely protect human health (3). Consequently, 
the rationale for continued research on this issue remains. 
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Epidemiological and observational studies  
After the association between air pollution and increased morbidity and mortality was first 
established, an abundance of studies have confirmed these results. Long-term exposure to air 
pollution has been associated with increased cardiopulmonary mortality and morbidity as well 
as an increased risk of deep venous thrombosis (10-12), whereas short-term exposure has 
been related to stroke (13), COPD and asthma exacerbations (14, 15), arrhythmias (16) heart 
failure (17) and ischemia (18). Peters et al. reported that exposure to an increase in PM2.5 of 
25 μg/m3 for two hours enhanced the risk of myocardial infarction (odds ratio 1.48) that 
persisted up to 24 hours following exposure (19). 

Several studies have focused on traffic-related air pollution and it was recently established 
that living near a major road caused a significant increase in cardiopulmonary death, asthma 
and reduced lung growth in children (20-22). Peters et al. concluded in a much cited article, 
that time spent in traffic is consistently linked to an increased risk of myocardial infarction. In 
fact, patients who suffered from a myocardial infarction were three time as likely to have been 
exposed to traffic within the preceding one-hour period (23). Furthermore, each increase in 
PM2.5 by 10 μg/m3 was accompanied by an increase in total risk of cardiopulmonary death by 
9% (24) and the risk of cardiovascular death by 76% (25).  

Ongoing efforts to reduce ambient concentration of particulate matter in certain parts of the 
world have made it possible for researchers to study the health effects following these 
interventions. Consequently, Pope et al. recently demonstrated that a decrease in ambient 
particulate matter of 10µg/m3 increased life expectancy with 0.61 years (26). 

Although some researchers suggest otherwise (27), it has become increasingly apparent that 
the particulate matter component (especially the fine fraction) of air pollution is the main 
contributor to the adverse health effects (25).  Fine particulate matter holds for the strongest 
association (28, 29), of which combustion-derived nanoparticulates from diesel exhaust are an 
important contributor (30).    

Mechanistic investigations 
A substantial number of studies have endeavoured to pin down the underlying mechanisms 
behind the association between air pollution and increased morbidity and mortality. However, 
these mechanisms are still poorly understood and presently a great effort is put into exploring 
this field. 

Today, a few hypotheses are discussed of how particulate matter air pollution is thought to 
mediate adverse cardiovascular effects. The plausible mechanisms might solely and/or 
together with the others assert these effects. The predominant hypothesis is that particulate 
matter, in particular fine and ultrafine, reaches the distal parts of the respiratory tree where 
they cause oxidative stress and initiate an airway inflammatory response. Pro-oxidative and 
pro-inflammatory mediators as well as activated inflammatory cells are later thought to reach 
the systemic circulation. There is also evidence pointing towards a particulate matter-induced 
neural response, in which the parasympathetic and sympathetic nervous systems are affected, 
thus affecting heart rate variability (HRV) and promote cardiac death through 
tachyarrhythmia or myocardial infarction (31). It has also been suggested that the smallest 
particles (the ultrafine), might migrate from the lung alveoli and become blood borne, causing 
direct effects on the vessel wall (32). Furthermore, Oberdörster et al. have demonstrated 
translocation of ultrafine particles into the brain via the olfactory nerve (33).   
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Increased oxidative stress and inflammation can inflict damage to the cardiovascular system. 
One particularly interesting pathway for causing this is through endothelial dysfunction and 
the accompanied impairment in vasomotor function, altered thrombotic potential and 
increased inflammatory response. This contributes to enhanced atherosclerosis and plaque 
instability which may increase the risk of acute myocardial infarctions and cardiac heart 
failure in susceptible groups (6). 

Recently, two studies have reported increased levels of endothelin-1 (ET-1) in humans due to 
chronic and acute exposure to particulate matter air pollution (34, 35). Therefore it was 
hypothesized that an increased level of ET-1, rather than an oxidative stress-related reduction 
in bioavailability of the vasodilator nitric oxide (NO) would cause increased vasoconstriction. 
There is a rationale for this hypothesis considering the reciprocal regulation of ET-1 and NO. 
However, there is no controlled exposure study performed in human subjects that have 
specifically targeted this question. 

Diesel exhaust  
Diesel engines are widely used and appreciated for the dependability, high efficacy and 
relatively low running costs. This has led to a widespread use and diesel engines have become 
an important contributor to ambient combustion-derived air pollution. During perfect 
combustion, the end product of diesel fuel is water and carbon dioxide (CO2).  However, this 
is rarely the case and a wide range of by-products are produced and, subsequently, emitted. 
Incomplete combustion of diesel fuel results in a complex mixture of gases and particulate 
matter. The gases mainly comprise carbon monoxide (CO), sulphur dioxide (SO2) and 
nitrogen oxides, which consist of nitrogen dioxide and nitric oxide (NO2, NO). Particulate 
matter is also a by-product of incomplete diesel fuel combustion (37). Of interest when 
discussing particulate matter toxicology are size and composition.  

Diesel exhaust particulate matter 

Particle size 
In the industrialised world, the most common source of particulate matter is fossil fuel 
combustion, to which diesel exhaust is an important contributor. In fact, diesel exhaust 
emissions are the most important source of PM2.5 in urban environments and although it 
contributes relatively little to particle mass, it adds substantially to particulate number (36, 
37). The inhalable particle size is described in terms of the coarse fraction (PM2.5-10), the fine 
fraction (PM<2.5µm) and the ultrafine fraction (PM<0.1µm). The size of the particulates 
determines how deep into the bronchial tree they can penetrate. Particulate matter in the 
coarse fraction originates mainly from break wear and road dust. The fine fraction is 
composed of combustion particles, which have agglomerated. In the ultrafine fraction, the 
particles are mainly combustion-derived and electron microscope studies suggest that more 
than 80% of diesel exhaust particle number have an aerodynamic diameter of <0.1μm (38).  

Particles with a diameter of >10 µm are filtered out in the nose and larynx and rarely reach 
the lower airways. However, fine and ultra fine particle can penetrate deep into the lower 
airways and reach the peripheral regions of the bronchioles. These small particles may 
translocate into the systemic circulation (32). The adverse cardiovascular effects have been 
demonstrated very early following exposure to combustion-derived air pollution (23, 39). 
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Therefore, the possibility of very small blood-borne particles immediately affecting numerous 
organ-systems seems highly plausible.  

The strong association between fine particulate matter and adverse health effects may in part 
be due to that many of the combustion-derived toxic compounds are contained within this size 
fraction, and the ability for the fine particles to reach the peripheral parts of the airways. 

 
Figure 1. The fine and ultra fine particles are of particular interest, since these particles can 
reach the periphery of the human airways and initiate oxidative stress and inflammation. 
(Adapted from Brook et al. 2008) 

Particle composition 
Whereas particulate matter mass is dominated by soot particles with particle size ranging 
between 50-300 nm, particulate number is dominated by ultrafine particles with a diameter of 
less than 50 nm, mainly composed of sulphur compounds and volatile organics (37). Not only 
can the fine particles penetrate deeper into the lungs. Due to their relatively larger surface 
area, they are also able to introduce a wide range of organic and inorganic compounds that 
can exert toxic effects on the respiratory epithelium. Although it is not fully understood 
whereby the particles exerts their toxicity, several compounds found on their surface have 
pro-oxidative and pro-inflammatory properties. There are thousands of organic compounds 
bound to diesel exhaust particulate matter and the majority is currently unknown. However, 
quinones, polycyclic aromatic hydrocarbons (PAH), bacterial endotoxins and metals are 
known to initiate an altered redox state, oxidative stress and inflammation (40).    
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Diesel exhaust and nitrogen dioxide 

Nitrogen dioxide 
Nitrogen dioxide (NO2) is mainly generated during combustion of fossil fuels and is a 
common oxidant (41). In homes with gas stoves and in certain occupational settings, NO2 
concentrations may peak at 1-3 ppm (42, 43), but even in the busiest roads they seldom 
exceeds levels of 0.6 ppm (44). Annual levels occurring in urban areas are mainly below 0.03 
ppm (45). NO2 is relatively insoluble in water and can therefore penetrate deep into the 
airways and be deposited there. However, the respiratory tract lining fluid (RTLF), which 
covers the entire airway epithelium, contains potent antioxidant defences such as glutathione, 
ascorbic acid, uric acid and α-tocopherol. Therefore it is unlikely that NO2 can pass through 
the RTLF and reach the respiratory epithelium without reacting with the barrier of powerful 
antioxidants (46). NO2 exposure studies have demonstrated a modified airway antioxidant 
response (47) and displayed mild airway inflammation as measured by increased numbers of 
neutrophils and IL-8 concentration in bronchial wash (48). In vitro studies, in which human 
endothelial cells and porcine pulmonary artery were exposed to NO2, have shown significant 
oxidant injury in terms of reduced cell membrane function and lipid peroxidation (49). Some 
epidemiological data indicate an NO2-induced increase in respiratory illness and susceptibility 
to airway infection (50-52). Most of the negative effects demonstrated have not been 
attributed to NO2 per se, but rather to its close association with fine particulate matter air 
pollution (53). 

Diesel exhaust continuously regenerating particle trap (CRT) 

Presently, there are various methods to efficiently reduce particulate emission available, such 
as low-emission engines and exhaust particle traps. Today, many modern diesel-powered 
vehicles are equipped with particle traps. However, none of these methods can completely 
abolish particulate emissions and methods of reducing particulates may even create new, and 
possibly more toxic, particles. Accordingly, a recent report suggested increased toxicity of 
particles emitted from a low-emission diesel engine as compared to an old diesel engine. At 
the same mass concentration, particles from a low-emission diesel engine displayed increased 
inflammatory potential and toxicity. The authors concluded that this may be due to the 
defective surface structure of particles emitted under low-emission condition and that 
methods of reducing particle concentrations are not necessarily beneficial for human health, if 
they change the structure and functionality of the emitted particles (54). Rudell et al. assessed 
whether a ceramic particle trap attached to the end of a tail-pipe would abolish the previously 
displayed diesel exhaust-induced inflammation in human airways. Although the particle trap 
reduced the particulate matter concentrations within the exposure chamber by 50%, no 
apparent decrease in airway inflammation could be demonstrated (55).  

Comparison of diesel exhaust generated under idling conditions and transient 
engine load 

The diesel engines employed in our exposure studies have been running in accordance to two 
principal driving modes; idling and European Transient Cycle (ETC) urban driving condition. 
The latter is designed to mimic real-life driving conditions for vehicles in an urban 
environment. The ETC is comprised of three different driving modes; urban, rural and 
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motorway. The ETC-urban driving sequence is based on actual recordings of how vehicle 
engines behave in city-traffic, alternately accelerating and decelerating as well as having 
periods of constant speed. 

The particulate matter of diesel exhaust differs in composition and size due to different 
driving conditions. Particulate emissions are in part dependent on engine load. Whereas, 
idling low load conditions are associated with a higher degree of volatile organic compounds 
(e.g. PAH) derived from lube and fuel that have escaped oxidation, the relatively higher 
engine load under urban driving conditions is associated with lower levels of organics and 
higher levels of soot (56).  

City-dwellers are more likely to be exposed to combustion-derived air pollution generated 
under transient engine load. People living in urban areas are also more likely to be exposed to 
high levels of particulate matter air pollution. Thus, we have previously performed a study, in 
which we sought to assess possible cardiovascular effects of diesel exhaust generated under 
transient engine load, mimicking urban running conditions. Emitted particles were 
characterised in terms of size, composition and oxidative potential. The vascular effects 
following exposure were similar to those demonstrated during idling conditions. However, the 
particles emitted under transient engine load were different in size and particle composition. 
They had a larger aerodynamic diameter, a higher EC/OC ratio (implying more soot and less 
organics) and a lower concentration of PAH which concords with a higher engine load. 
Furthermore, the particles displayed less oxidative potential. Transient engine load was also 
associated with higher levels of NOx-emission (56).  

Particulate matter toxicity – Plausible mechanisms 

Oxidative stress 

Oxidative stress is considered an imbalance between antioxidant defences and free radicals 
(57) that can exert adverse effects on the airways but also on the vascular system. 

Pulmonary oxidative stress 
The oxidative properties of particulate matter, trigger the production of reactive oxygen 
species (ROS) such as superoxide, hydrogen peroxide and hydroxyl radicals (58, 59). 
Particulate matter induces an altered redox state and the upregulation of redox-sensitive 
pathways that generate an influx of inflammatory cells, which releases free radicals, thus 
further increasing the oxidative stress.    

The lungs have a large surface area, which is exposed to a high oxygen partial pressure and 
oxidative stress. Therefore, the RTLF contains antioxidant defences (59).  

Particulate matter-induced oxidative stress and inflammation are dependent on particle 
toxicity and the capability to mobilise antioxidant defences, which might offer a plausible 
explanation to the increased sensitivity displayed by asthmatics to air pollutants. Indeed, 
reduced antioxidant defences at the lung-air interface have been demonstrated in young 
patients with mild asthma (60). 
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Vascular oxidative stress 
The adverse pulmonary effects following particulate matter air pollution, reported in a 
substantial number of studies (61-64), are suggested to be triggered by oxidative stress partly 
through the upregulation of redox-sensitive transcription factors including NFκ-B (58, 65). 
The exact mechanism by which oxidative stress is mediated to the systemic circulation is 
unclear. Effects on the vascular system may be a consequence of a particulate matter-induced 
pulmonary oxidative stress. However, vascular effects may also be mediated through direct 
effects by blood borne particles. A recent in vitro study specifically addressing diesel exhaust 
particle-induced oxidative stress in mice aortic rings, exhibited increased free radical 
generation and NO scavenging. Interestingly, oxidative stress and impaired vasodilatation due 
to reduced bio-availability of NO was demonstrated without preceding diesel exhaust particle 
interaction within the pulmonary tree (66).    

The endothelial cells lining the vessel lumen are a major target for oxidative stress leading to 
endothelial dysfunction. ROS are a central source of oxidative stress and are secreted by 
leukocytes as well as by the endothelium itself. At low doses, ROS serve as an important 
participant in cell-signalling. However, at high doses, ROS can cause cellular injury. ROS 
earn their reactivity due to unpaired valence shell electrons that can react with neighbouring 
molecules and cause cellular damage, impaired cell function and influx of inflammatory cells 
(67). Polymorphonuclear neutrophils are a major source of ROS. They get activated when 
adherent to the endothelial cell surface and in response to cytokines such as TNF-α, resulting 
in a massive respiratory burst during which significant amounts of ROS are secreted (68). 
Additionally, the endothelium itself can secrete ROS, which was demonstrated when human 
umbilical vein endothelial cells were exposed to IL-1 and IFN-γ (69). 

Endothelial function and dysfunction 

A growing body of evidence has made it increasingly apparent that the endothelium, covering 
the inner surface of the vessel wall, is not a static monolayer of cells. The endothelium 
regulates vasodilatation, vasoconstriction, leukocyte adhesion as well as platelet, fibrinolytic 
and prothrombotic activity (70). With age and disease the various functions of the 
endothelium are gradually impaired. This is called endothelial dysfunction and is one of the 
earliest features in atherosclerosis (71). 

Nitric oxide 
Nitric oxide (NO) plays a vital role in the different functions of the vascular endothelium. In 
fact, the molecule is so important that for many years the assessment of NO-dependent 
vasomotor response has been a vital method of evaluating endothelial function and 
dysfunction. NO is a free radical, although a relatively stable one, synthesised from l-arginine 
(72) that is abundant within the cell, in the extracellular fluid and in the blood (41). 

NO is secreted by the endothelium of the vessel wall and is a versatile molecule. It regulates 
vasomotion by stimulating guanyl cyclase (73, 74) in smooth muscle cells causing 
vasodilation. NO has several anti-atherogenic properties such as inhibition of platelet and 
leukocyte adhesion, preventing monocyte chemotaxis and reducing vascular smooth muscle 
cell proliferation. Furthermore, NO reduces inflammation by interfering with the transcription 
factor NFκ-B (75). For every heart beat, small amounts of NO are secreted from the vessel 
wall in order to dilate the blood vessels, accommodating the increased blood flow.  
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NO activity is interfered by ROS through various pathways. ROS react with NO to form the 
potent oxidant peroxynitrate (41) and inhibit NO-synthetase (NOS) activity, which reduces 
the bioavailability of NO (76). This leads to decreased NO-mediated inhibition of 
transcription factor NFκ-B involved in the early inflammatory response resulting in increased 
inflammation. Moreover, ROS reduce tetrahydrobiopterin which leads to a reversed NOS 
activity that promotes ROS-development rather than NO-formation (75). Accordingly, ROS 
have a number of pro-oxidative and pro-inflammatory properties, which may lead to vascular 
dysfunction and atherosclerosis (77).  

Endothelin-1 
The basal vascular tone is maintained by two systems delicately balancing each other. While 
NO is the predominant vasodilator, endothelin-1 (ET-1) is a vasoconstrictor, 100-fold more 
potent than norepinephrine (78). Together with thromboxane-A2, ET-1 is vital for maintaining 
vascular tone and blood pressure (79, 80). ET-1 exerts its vasomotor regulation through two 
receptors, endothelin receptor A (ETA) and endothelin receptor B (ETB) found on smooth 
muscle cells (ETA and ETB) and on the surface of vascular endothelial cells (ETB) (78).  

When ET-1 binds to ETA or ETB receptors on smooth muscle cells, it mediates its effect 
through a G-linked protein causing an increase in the intracellular levels of calcium, which in 
turn triggers vasoconstriction (76, 78). ET-1 also has an opposing effect mediated by ETB 
receptors on the vascular endothelium that promotes vasodilation through the release of NO 
(81). Apart from vasoconstriction, ET-1 promotes smooth muscle cell proliferation and 
enhances adhesion molecule expression on the endothelial cell surface, two important features 
in atherogenesis. Furthermore, ET-1 and NO are reciprocally regulated. Accordingly, 
increased levels of ET-1 will reduce the bioavailability of NO, thus reducing the beneficial 
anti-atherogenic effects attributed to NO (76). Increased endogenous ET-1 activity has been 
reported in patients with heart failure, atherosclerosis and hypertension (82-84). 

Fibrinolysis and tissue plasminogen activator 
An essential feature of the endothelium is to prevent thrombus formation. The agents 
responsible for converting plasminogen into plasmin are tissue plasminogen activator (t-PA) 
and urokinase, both of which are inhibited by plasminogen activator inhibitor -1 and -2 (PAI-
1 and -2). t-PA is stored within the endothelial cells of the vascular wall and has a central role 
in preventing fibrin and thrombus formation. The cell endothelium releases its t-PA in 
response to several factors involved in the coagulation cascade such as coagulation factor Xa 
and thrombin. Once released, t-PA facilitates the conversion of plasminogen into plasmin 
resulting in thrombus dissolution. It is vital that the endothelium-induced t-PA response is 
rapid with lysis being much more efficient if t-PA is incorporated during, rather than after, 
clot formation (85). The acute release of endogenous t-PA is a critical determinant of 
cardiovascular outcome and is exemplified by clinical observations that 30% of patients 
suffering from an acute myocardial infarction undergo spontaneous reperfusion within 12 
hours (86). 

Thrombus formation and inflammation 
The vascular endothelium plays an important part in the regulation of thrombus formation. 
When damage occurs to the vessel wall, an increase in vascular permeability, leukocyte 
adhesion, cytokine release and platelet aggregation is mediated by the endothelial cells, thus 
initiating a pro-inflammatory and pro-thrombotic state. This is a vital physiological response 
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essential for vascular repair. However, at vulnerable sites such as the surface area of an 
atheromatous plaque, which often display small thrombus depositions, this reaction may lead 
to further thrombus propagation, plaque rupture and vessel occlusion. 

The vessel wall is composed of the endothelium, which is in the closest proximity to the 
vessel lumen, the subendothelial matrix, the smooth muscle layer and the adventitial layer. 
Collagen is a component of the subendothelial matrix and is important for initiating thrombus 
formation. The smooth muscle layer contain tissue factor, which is also important in setting 
off thrombus formation. Collagen and tissue factor constitute a first and second line defence 
when the integrity of the vessel wall is broken and can bring about thrombus formation and 
vessel repair. Under normal conditions in a healthy vessel, collagen and tissue factor are not 
exposed to flowing blood. However, if exposed, thrombus formation is initiated through two 
different pathways:  

1. When collagen is exposed to flowing blood, it reacts with receptors on the surface of 
circulating platelets. Collagen-bound von Willebrand factor binds to receptors on the platelet 
surface and facilitates platelet-adhesion to the vessel wall. Thereafter, platelets are activated 
and aggregate to the growing thrombus. Furthermore, collagen-binding triggers secretion of 
adenosine diphosphate and tromboxane A2 which activate nearby platelets. When activated, 
platelets express P-selectin, which facilitates adhesion to the endothelium and the binding of 
microparticles to its surface. The microparticles display monocyte derived tissue factor which 
initiates thrombin and fibrin formation, essential in promoting thrombus stability (87).  

2. When the vessel wall is punctured, tissue factor from the smooth muscle layer is exposed to 
flowing blood. This triggers a reaction, in which tissue factor forms a complex with factor 
VIIa in the coagulation cascade, leading to conversion of prothrombin into thrombin which 
activates platelets and convert fibrinogen into fibrin (87, 88).    

The intact endothelium is continuously inhibiting thrombus formation. Together with 
prostacyklin and ecto-AD(T)Pase, NO is a molecule of great importance for keeping the 
blood vessels patent and preventing thrombus formation. The anti-thrombotic properties of 
NO are attributed to its ability to diffuse into platelets, where intracellular Ca2+ is reduced 
through a cGMP-mediated pathway. Ca2+ is an important second messenger that initiates 
structural changes in the platelet cytoskeleton and facilitates fibrinogen binding to platelet 
surface, thus enabling aggregation. Furthermore, NO inhibits P-selectin and von Willebrand 
factor-release from the Weibel-Palade bodies of the endothelial cells and inhibits the action of 
thromboxane-A2 which leads to a reduction in platelet activation, adhesion and aggregation. 
Interestingly, platelets themselves contain iNOS and eNOS, which mediate the synthesis of 
NO, thus limiting platelet aggregation to the growing thrombus (87, 89). 

Denudation of the vessel wall endothelium is not essential for initiating thrombus formation. 
Inflammation may also trigger the coagulation cascade and inflamed endothelial cells are 
more prone to bind platelets to their surface (88). Upon activation and adhesion to the vessel 
wall, platelets express and secrete several pro-thrombotic and pro-inflammatory mediators 
including adhesion proteins, cytokines, coagulation factors, growth factors and chemokines. 
Soluble CD40 ligand (sCD40L) is expressed by aggregating platelets and links thrombosis to 
inflammation. sCD40L is an inflammatory marker and increased levels can be detected in 
patients with unstable angina and myocardial infarction (90). sCD40L  binds to CD40 on the 
surface of the endothelial cell, where it promotes cytokine-release as well as endothelial 
expression of cell adhesion molecules enabling attachment of lymphocytes, monocytes and 
neutrophils (88). Activated platelets form aggregates with circulating leukocytes, a reaction 
dependent on P-selectin and, when attached to the vessel wall, promotes leukocyte 
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recruitment. In addition to facilitating platelet-leukocyte aggregation, P-selectin trigger tissue 
factor-release from activated leukocytes (91), which accumulates on the growing thrombus, 
thus stimulating conversion of fibrinogen into fibrin and clot-formation. 

Endothelial dysfunction 
Endothelial dysfunction is defined as an imbalance between endothelial cell-mediated 
vasodilatation and vasoconstriction as well as increased inflammatory and pro-thrombotic 
activity. Altered release of endogenous vasoactive substances is an early feature of 
hypertension, long-term progression of atherosclerosis, as well as indicative of future 
cardiovascular events in at-risk groups and in patients with established coronary artery disease 
(70). Furthermore, endothelial dysfunction predates clinical manifestations of these conditions 
by many years and is detectable before structural changes of the vessel wall can be visualised 
by ultrasound or angiography (70, 92-95). Impaired vasodilation following infusion of 
endothelium-dependent vasodilators has been demonstrated in healthy young individuals with 
a history of hereditary coronary artery disease and in children with familial 
hypercholesterolemia (96, 97). A growing body of evidence indicates oxidative stress, an 
important feature in atherosclerosis, as being an underlying mechanism of endothelial 
dysfunction (68, 94). Indeed, oxidative stress alters vascular vasomotor response, upregulates 
adhesion molecules and promotes vascular smooth muscle cell growth, as well as reducing the 
bioavailability of NO, thus diminishing anti-atherogenic actions. Reduced bioavailability of 
NO is considered one the earliest manifestations of endothelial dysfunction. Insufficient NO 
bioavailability is a result of several mechanisms, including an oxidative stress-induced 
consumption of NO as well as a reduction in substrates or cofactors for its synthesis (l-
arginine and tetrahydrobiopterin)(89). 

Experimental and observational studies 

Respiratory effects  

It is of importance to explore the preceding events in the bronchial tree and alveoli in order to 
understand the various negative effects on the vascular wall inflicted by particulate matter 
exposure.  

The mechanisms behind the adverse respiratory effects are rather well defined in a wide range 
of scientific reports. Animal and in vitro studies have demonstrated increased airway 
oxidative stress and inflammation triggered by particulate matter air pollution (98-105). 
Several studies in healthy individuals as well as in asthmatics, utilizing experimental chamber 
exposures to diesel exhaust, suggest a diesel exhaust-induced oxidative stress and airway 
inflammation. Bronchoscopy studies with bronchial wash (BW), bronchoalveolar lavage 
(BAL) and endobronchial mucosal biopsies stained for inflammatory markers in healthy 
individuals exposed to diesel exhaust (at a particulate concentration of 300 µg/m3), have 
revealed a significant increase in neutrophils, lymphocytes and mast cells in the bronchial 
mucosa. Furthermore, adhesion molecules such as ICAM-1, VCAM-1 and LFA-1+ were 
increased (64) in addition to an enhanced cytokine and chemokine response (IL-8 and GRO-
α) (106). 
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When focusing on oxidative stress as a trigger of airway inflammation, redox-sensitive 
transcription-factors and mitogen activated protein-kinases (MAPK) were targeted. A 
significant increase in NF-κB and AP-1 as well as P38 and JNK, were displayed in the 
bronchial epithelium following diesel exhaust exposure, indicative of oxidative stress-induced 
airway inflammation (107). This was later demonstrated to be mediated through tyrosine 
phosphorylation of the epidermal growth factor receptor (EGFR) (108). Furthermore, when 
healthy subjects were exposed to diesel exhaust at a lower particulate concentration 
(100µg/m3), an increase in neutrophils, mast cells, IL-8 and myeloperoxidase was reported 
(62). 

In order to assess the possibility of a diverse airway response by emissions generated under 
transient engine load as compared to idling running conditions, we have recently exposed 
healthy individuals to diesel exhaust emitted by an engine running with transient speed and 
engine load. BAL and biopsies from the airways collected six hours following exposure 
displayed increased expression of VCAM-1 and P-selectin (109). Whereas transient engine 
load emissions caused an early airway inflammatory response, the exhaust from an idling 
diesel engine produced a fully developed inflammatory response, including inflammatory cell 
recruitment into the bronchial mucosa, upregulation of adhesion molecules, cytokines, 
chemokines and redox sensitive pathways in the bronchial epithelium at six hours after 
exposure. The exact underlying mechanism behind the different airway responses is 
unknown. However, particles emitted during these two driving conditions differ substantially. 
Particles generated by an idling engine were smaller, contained more semi-volatile PAH and 
had a higher OC/TC ratio as well as an increased oxidative potential (56). Accordingly, 
particles vary in size, composition and oxidative potential due to type of driving condition, 
and it is likely that these differences may explain the delayed airway inflammatory response 
following exposure to diesel exhaust generated under transient engine load and speed. 

Interestingly, when asthmatics and COPD patients were exposed to diesel exhaust from an 
idling engine, the inflammatory response was quite different from what was observed in 
healthy individuals. COPD-patients exhibited no signs of an additional airway inflammation 
when exposed to diesel exhaust and asthmatics displayed enhanced bronchial 
hyperresponsivness and increased levels of IL-10 (110, 111). 

Systemic inflammation 

Healthy individuals have displayed a rather distinct inflammatory response in the airway 
mucosa when exposed to diesel exhaust. Also a systemic response has been reported 
following exposure to particulate matter air pollution. Plasma fibrinogen was increased in rats 
and serum IL-6 levels in rabbits following exposure to particulate matter air pollution (112-
115). Rabbits exposed to PM10 exhibited increased production and release of PMN from the 
bone marrow (116). The effects ascertained in human studies have so far been subtle. A 
handful of human experimental and observational studies have succeeded in detecting a 
systemic inflammatory response. Healthy male volunteers, exposed to diesel exhaust for one 
hour during intermittent exercise, displayed increased platelets and neutrophils in peripheral 
blood at six hours and increased TNFα and IL-6 measured in blood at 24 hours following 
exposure (64, 117). Recently, children in Mexico City displayed airway inflammation and 
increased TNFα, prostaglandin-E2, CRP and IL-1ß due to chronic exposure to ambient 
particulate matter air pollution (34). In patients with coronary artery disease, chronic 
particulate matter exposure was associated with increased levels of CRP, IL-6 and soluble P-
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selectin (118). Pekkanen et al. have also reported particulate matter-induced increase in 
plasma fibrinogen (119).  

Cardiovascular effects 

Increasing evidence suggests that particulate matter air pollution has detrimental effects on 
the vascular function. A wide range of studies have assessed the impact of particulate matter 
on the vascular endothelium in animals as well as in humans. In rat aorta, Ikeda et al. 
demonstrated impaired endothelium-dependent vascular relaxation following incubation in a 
diesel exhaust particle suspension (120). Tamagawa et al. demonstrated aortic endothelial 
dysfunction in mice after instillation of PM10 (115). In humans, vasoconstriction was detected 
following exposure to concentrated ambient particles (CAPs) and ozone for two hours and to 
CAPs only (31, 121). Acute changes in vascular function, in terms of increased arterial 
stiffness, were detected in welders exposed to occupational particulate matter air pollution 
and in smokers after smoking one cigarette (122, 123). Furthermore, using a carefully 
controlled and well-validated exposure setup, endothelial dysfunction was demonstrated 
following exposure to diesel exhaust emitted by an idling engine at a particle concentration of 
300 μg/m3. After a one hour exposure during intermittent exercise, vascular endothelial 
function was assessed by means of venous occlusion plethysmography. Forearm blood flow 
was measured during intra-arterial infusion of the vasodilators bradykinin, acetylcholine, 
sodium nitroprusside (SNP) and verapamil. Bradykinin and acetylcholine exert their effect on 
the vascular wall by triggering the synthesis and release of NO by the vascular endothelium. 
SNP is an NO-donor and verapamil a Ca2+-blocker. Impaired vasomotor response in terms of 
decreased endothelium-dependent (acetylcholine, bradykinin) and endothelium-independent 
(SNP) vasodilation was demonstrated at two and six hours following exposure to diesel 
exhaust. Persistent blunting of vasomotor response during infusion of acetylcholine was 
demonstrated at 24 hours. Whilst the response to NO-dependent vasodilators was significantly 
impaired, the response to verapamil remained unaffected, suggesting NO-dependent vascular 
dysfunction (124, 125).  

Impaired fibrinolysis and increased thrombogenicity have been suggested as underlying 
mechanisms to particulate matter air pollution-induced cardiovascular mortality and 
morbidity. Animal studies have demonstrated enhanced pro-coagulant activity and  thrombus 
formation in mice following intratracheal instillation of carbon nanotubes (126). In hamsters 
intratracheal diesel exhaust particle instillation caused lung inflammation and increased blood 
platelet activation (127). Mice exposed to CAPs showed increased tissue factor expression 
associated with platelet activation and thrombus formation, as well as increased fibrinogen 
levels and coagulation factor activity (128, 129). These effects have been attributed to lung 
inflammation and/or migrated particles asserting directs effects on blood vessels. Indeed, 
injured arteries in an animal model have been demonstrated to take up blood borne particles 
and pro-thrombotic activity has been associated with increased levels of IL-6 in the 
bronchoalveolar fluid in mice (129, 130). Human data have demonstrated increased soluble 
CD40L levels due to particulate matter air pollution in patients with coronary heart disease 
and with increased plasma fibrinogen in male and female office workers (131, 132).  

Indian women exposed to chronic household biomass smoke exhibited increased circulating 
leukocyte-platelet aggregates and platelet activation (133). Recently Baccarelli et al. 
displayed increased risk of venous thrombosis in humans associated to particulate matter air 
pollution (12). Using a controlled exposure setup, we have previously demonstrated that 
exposure to diesel exhaust impairs bradykinin-induced t-PA-release (39, 125). 
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Impaired endogenous fibrinolysis was demonstrated at six hours in healthy as well as in 
patients with stable coronary heart disease. However, while at 24 hours, a persistent diesel 
exhaust-induced vasomotor dysfunction was demonstrated, there was no impairment of 
endogenous fibrinolysis. Along with reduced endogenous fibrinolysis, patients with coronary 
heart disease exposed to diesel exhaust exhibited increased ST-segment depressions during 
light exercise, suggesting diesel exhaust-induced silent myocardial ischemia. The 
demonstrated diesel exhaust-induced pro-thrombotic effects may lead to plaque instability and 
may constitute a possible mechanism behind the air pollution-related increase in 
cardiovascular morbidity and mortality (39). An animal study supported this hypothesis. 
Accordingly, Watanabe heritable hyperlipidemic rabbits treated with intrapharyngeal 
instillation of PM10 displayed increased atherosclerosis and plaque instability (134). 

Particulate matter air pollution has also been demonstrated to induce an imbalance of the 
autonomic function regulating cardiac rhythm. Reduced heart rate variability (HRV), 
indicative of impaired regulation of cardiac rhythm by the autonomic nervous system, has 
been demonstrated in the elderly when exposed to CAPs (135). Furthermore, patients with 
ischemic heart disease and hypertension showed impaired HRV due to increased ambient 
levels of PM2.5 and ozone (136). 
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AIMS 
 

The overall aim of this thesis was: 

 

 To evaluate cardiovascular effects of combustion-derived air pollution in young and 
healthy male individuals.  

 

The specific aims were: 

 

 To evaluate whether inhalation of diesel exhaust would cause increased thrombus 
formation and platelet activation.   

 

 To investigate whether exposure to diesel exhaust would induce increased arterial 
stiffness.  

 

 To study whether inhalation of diesel exhaust would cause an upregulation of the 
endothelin-1 system.  

 

 To evaluate whether exposure to nitrogen dioxide would affect vascular function.  
 

 To elucidate whether an exhaust particle trap would reduce the adverse vascular and 
pro-thrombotic effects observed following exposure to diesel exhaust. 
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SUBJECTS AND METHODS 

SUBJECTS  
All studies involved healthy non-smoking men, numbering 20, 12, 13, 10 and 19 in the 
respective studies (mean age 25, range 21-44). All had normal physical examinations, lung 
function and ECG. They reported no symptoms of respiratory tract infection for at least six 
weeks before or during the study visits. Exclusion criteria were clinical evidence of 
atherosclerotic vascular disease, arrhythmias, diabetes mellitus, hypertension, renal or hepatic 
failure and asthma, occupational exposure to air pollution as well as intercurrent illness or 
regular medications. Twelve subjects participated in both study I and II. 

Subject preparation 
In all studies subjects abstained from food and caffeine-containing drinks or smoke-free 
tobacco such as snus for at least 4 hours before each study. All subjects were asked to abstain 
from alcohol at least 24 hours before exposure. 

STUDY DESIGN 
With the intention to evaluate and understand the adverse health effects inflicted by 
combustion-derived particulate matter air pollution and to assess possible interventions, we 
conducted a series of exposure chamber studies in non-smoking, healthy, young male 
subjects. 

All studies were performed using a randomised crossover design, where the nature of 
exposure was blinded to both subject and investigator, although the engineering staff 
supervising exposure was aware of exposure details. In order to avoid possible carry-over 
effects, all study visits were performed at least one to three weeks apart.   

During exposures, all subjects performed moderate exercise on a bicycle ergometer (minute 
ventilation, VE=20-25L/min/m2 body surface) alternated with rest at 15-minute intervals.   

Study I 
In order to evaluate whether acute exposure to diesel exhaust would alter thrombotic potential 
in humans, we measured thrombus formation using Badimons ex-vivo perfusion chamber. 
Thrombus formation was assessed at six hours following exposure in protocol 1 and at two 
and six hours in protocol 2. Platelet activation was assessed at two and six hours following 
exposure in protocol 2. Markers of inflammation and coagulation were assessed at baseline, at 
two and six hours following exposure. All subjects remained indoors between exposure and 
assessment of thrombotic potential.  



SUBJECTS AND METHODS 

 

- 28 - 

Study II 
Arterial stiffness was employed in order to evaluate whether it was possible to assess diesel 
exhaust-induced adverse effects on vascular function by using a non-invasive technique. Pulse 
wave analysis was performed 10, 20 and 30 minutes following exposure to diesel exhaust or 
filtered air. Pulse wave velocity was assessed 40 minutes after exposure. Subjects stayed 
indoors between exposure and vascular assessment. 

Study III 
This study was designed to clarify whether the upregulation of ET-1 or the reduced 
bioavailability of NO would be the main mediator of the diesel exhaust-induced vascular 
effects demonstrated in previous studies. Venous occlusion phlethysmography was performed 
two hours following exposure. Blood samples were collected before exposure and throughout 
the preceding 24 hour study period. 

Study IV 
In study IV, we aimed at elucidating whether the adverse effects on vasomotor function and 
endogenous fibrinolysis demonstrated previously, would be attributed to the oxidant gas 
nitrogen dioxide (NO2) rather than the fine particulates of diesel exhaust. We exposed ten 
volunteers to 4 ppm of NO2. Four hours after each exposure, forearm blood flow and 
endogenous fibrinolysis were assessed before and during infusion of vasodilators. FENO was 
measured at baseline, at one and four hours following exposure. Lung function was measured 
before and after exposure.  

Study V 
In study V, we hypothesized that the previously demonstrated diesel exhaust-induced 
endothelial dysfunction and prothrombotic effects would be reduced by using an exhaust 
particle trap. We performed venous occlusion plethysmography at six hours and assessed ex 
vivo thrombus formation with the Badimon chamber at two hours following exposure. 
Forearm blood flow and endogenous fibrinolysis were assessed before and during infusion of 
vasodilators. Haematological, inflammatory and coagulation markers as well as soluble 
markers of platelet activation were measured before, at two and six hours following exposure.  

Chamber exposures 

Studies I (protocol 2), II and III 

Diesel exhaust was generated by using an idling Volvo diesel engine (Volvo, TD45, 4.5 L, 4 
Cylinders, 680 rpm) running on Gasoil E10 (Preem, Sweden). More than 90 % of the exhaust 
was shunted away and the remainder was diluted with filtered air and fed into the exposure 
chamber (measuring 2.5 x 2.5 x 2.5 m) at a steady-state concentration. Air within the chamber 
was monitored for pollutants with continuous measurement of nitrogen oxides (NO, NO2, 
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NOX) and total gaseous hydrocarbons. Diesel exhaust entering the chamber was standardised 
to deliver a particulate matter concentration of approx. 350 µg/m3. Using a questionnaire we 
have previously ascertained that there were no differences in reported symptoms (including 
those related to the upper airways) between any of the exposures and volunteers were unable 
to tell which exposure they had received.  
 

 
Figure 2. The diesel engine generating diesel exhaust. Most of the emission was shunted 
away before fed into the adjacent exposure chamber.    

Study I (Protocol 1) 

Exposures were performed in Edinburgh, UK, with a mobile ambient particle concentrator 
exposure laboratory (MAPCEL). Temperature and humidity in the chamber were controlled at 
22ºC and 50% respectively. An idling diesel engine (type F3M2011, 2.2 L, 4 cylinders, 500 
rpm; Deutz, Germany) generated diesel exhaust using gas oil (Petroplus Refining, UK). Over 
90% of diesel exhaust was shunted away and the remainder was diluted with air and fed into 
the exposure chamber at a steady-state concentration. Air within the chamber was 
continuously monitored for pollutants with exposures standardised using continuous 
measurement of nitrogen oxide concentrations (NOx) to deliver an approx. particulate 
concentration of 350 µg/m3. 

Study V 

In this study a diesel engine (Volvo TD40 GJE, 4.0 L,) generated diesel exhaust using low 
sulphur and low PAH class 1 diesel fuel which is standard in Sweden. The European 
Transient Cycle (ETC) urban driving sequence was employed, mimicking real-world urban 
conditions. As in previous studies, more than 90 % of the exhaust was shunted away, and the 
remainder was diluted with filtered air and fed into the exposure chamber at a steady-state 
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concentration. Air within the chamber was monitored for nitrogen oxides (NO, NO2, NOx), 
carbon monoxide (CO), particulates and total hydrocarbons. Three different exposures were 
performed; filtered air, unfiltered diesel exhaust as well as diesel exhaust filtered through a 
particle trap. Unfiltered diesel exhaust exposures were standardised to keep a particulate 
concentration at approx. 320 µg/m3. 

Study IV 

The exposure chamber is situated in the facilities of the Medical Division of the National 
Institue for working Life in Umeå. It is built of aluminium and measures 14.1 m3. Windows 
and a built in communication system enables visual as well as audible contact with the 
volunteers. To maintain humidity and temperature (50% and 20°C), ambient air was 
continuously drawn through the exposure chamber at a constant ventilation rate of 30 
m3/hour. NO2 was taken from a supply flask (AGA Special Gas, Lidingö, Sweden) and passed 
into the exposure chamber through a mass flow controller (Model 5850TR, Brooks instrument 
B.V. Veenendaal, Netherlands) and flow meter (Rota, Hannover, Germany) enabling control 
of the gas flow. Before reaching the chamber, NO2 entered the ventilating duct. Air was 
continuously sampled and monitored for NO2, NO and total NOX by using a CSI 1600 oxides 
of nitrogen analyser (Columbia Scientific Industries, Austin, Texas, USA) to keep a NO2 
concentration at approx. 4 ppm. Filtered air exposure was executed in the same facilities as 
the NO2 exposures by HEPA filtration.  

Exhaust particle trap 

Study V 

The exhaust particle trap (Johnson Matthey DPF-CRT®-Continuously Regenerating Trap) is 
designed to trap particles within a ceramic wall-flow filter and is highly efficient. A catalyst is 
attached in front of the filter that can oxidise part of the NO within the exhaust gas into NO2 
which flows through the filter and reacts with particles to produce CO2 and NO (137). The 
same reaction that enables the efficient trapping of particles also increases the concentration 
of NO2 without causing major changes in total levels of NOX.  
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Figure 3. The exhaust particle trap used in this thesis, was a continuously regenerating 
particle trap designed to trap particles within a ceramic wall-flow filter. The trapping is 
dependent on an oxidation catalyst, which converts nitric oxide into nitrogen dioxide, thus 
increasing the emissions of a potent airway irritant. 

Lung function measurement  
All subjects included in this thesis underwent dynamic spirometry, including vital capacity 
(VC), forced vital capacity (FVC) as well as forced expiratory volume in one second (FEV1) 
(Vitalograph-COMPACT; Vitalograph Ltd, Buckingham, UK). 

Exhaled nitric oxide 

Study IV 

Exhaled nitric oxide (FENO) was measured using a chemiluminescene analyser (NiOX, 
Aerocrine AB, Stockholm, Sweden). FENO was measured in duplicate at expiratory flow rates 
of 10, 50, 100 and 250 mL/s at baseline, one and four hours after exposures. 

Analyses in peripheral blood (studies I and III) 

Flow cytometry study I 

Venous blood was drawn from an antecubital vein by means of a 21-gauge venous cannula 
and anticoagulated with D-phenylalanyl-L-prolyl-L-arginine chloromethylketone (PPACK). 
Five minutes after sampling, whole blood was stained with conjugated monoclonal 
antibodies: PE-conjugated CD14 (Dako, Denmark), PE-conjugated CD62P, PE-conjugated 
CD154 (Becton-Dickinson, UK); PE-conjugated CD40, FITC-conjugated CD42a, FITC-
conjugated CD14 (Serotec, USA); and appropriate control isotypes. Antibodies were diluted 
1:20. Once stained, samples were incubated for 20 minutes at room temperature. Monocyte 
and platelet-leukocyte samples were then fixed with FACS-Lyse (Becton-Dickinson, UK). 
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Platelet samples were fixed with 1% paraformaldehyde solution. Samples were analysed 
within 24 hours using a FACScan (Becton-Dickinson, UK). Data analysis was performed 
using FlowJo (Treestar, USA). 

Blood sampling study I 

Blood samples were taken before each exposure and immediately before each thrombosis 
study. Samples were analysed for total white cell count, differential cell count and platelets by 
an autoanalyser. Plasma interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α), soluble 
CD40 ligand (sCD40L), soluble P-selectin, intercellular adhesion molecule-1 (ICAM-1) and 
C-reactive protein (CRP) concentrations were measured with commercially available ELISAs 
(Quantikine, R&D Systems, UK). Prothrombin time (PT, determined using the Owren 
method; reagents from Medirox, Sweden) and activated partial thromboplastin time (aPTT, 
reagents from Dade Behring, USA) were measured using a Sysmex CA-7000 analyser 
(Sysmex, Japan). 

Blood sampling study III 

Blood samples taken at baseline, six and 24 hours after the exposure were analysed for total 
and differential cell counts by an autoanalyser. Plasma samples were collected into ethylene 
diamine tetra-acetic acid and kept on ice until centrifuged at 3000 rpm for 30 min. Plasma 
samples were immediately frozen and stored at -80oC. Plasma ET-1 and big-ET-1 
concentrations were measured according to an acetic acid extraction technique using a 
commercial radioimmunoassay with rabbit anti-human ET-1 or big-ET-1 (Peninsular 
Laboratories Europe Ltd, St Helens, UK) 

Badimon ex vivo perfusion chamber 
The badimon ex vivo perfusion chamber is a model of deep coronary arterial injury and has 
previously been used to assess the efficacy of novel antithrombotic agents (138). It consists of 
a system of chambers that have different internal diameters giving rise to different shear-rates 
encountered in large and healthy unobstructed arteries and in branched or stenosed vessels. 
The chambers contain prepared pieces of porcine aorta where the intima and a thin layer of 
the media has been removed, thus exposing the highly thrombogenic collagen of the 
subendothelial matrix. Human venous blood is pumped into this system giving rise to 
thrombus formation within the chambers. The thrombus formation is then stained and 
thrombus area assessed.      
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Figure 4. The Badimon ex vivo perfusion chamber is a model of deep coronary arterial injury.  

Badimon chamber studies I and V 

Assessment of ex vivo thrombus formation was performed using the Badimon ex vivo 
perfusion chamber two (studies I and V) and six hours (study I) following exposure. An 
antecubital vein was cannulated and a pump was used to draw blood into a system of three 
cylindrical perfusion chambers, which were placed in a 37°C water bath. Blood was pumped 
through these chambers with the porcine aorta acting as a thrombogenic substrate. The 
chambers are designed to simulate different rheological conditions within a coronary artery 
vessel. The first chamber (low-shear rate, approximately 212 s-1) simulates a patent artery 
whereas the second and the third (high-shear rate, approximately 1690 s-1) simulate stenosed 
arteries. Blood was pumped through these chambers at a constant rate of 10 mL/min and each 
study lasted for five minutes. The same perfusion chamber was used in all studies by the same 
operator according to a well established protocol.  

Following each study the strips of porcine aorta with thrombus formation was immediately 
removed and fixed in 4% parformaldehyde and later paraffin-wax embedded, sectioned and 
stained with Masson’s Trichrome. Images were acquired at ×20 magnification and thrombus 
area measured by a blinded operator using an Ariol image acquisition system (Applied 
Imaging, USA). Results from at least six sections were averaged to determine thrombus area 
for each chamber. 
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Figure 5. The exposure chamber with a volunteer performing moderate exercise on a bicycle 
ergometer.  

Forearm venous occlusion plethysmography 
Forearm venous occlusion pletyhysmography is considered the gold-standard and is widely 
used when evaluating vascular endothelial function (139). The technique has been used for 
more than 100 years and is particularly useful in combination with intra-arterially infused 
vasodilators and vasoconstrictors. The administration of vasoactive drugs into the brachial 
artery of the forearm has made it possible to induce local effects on vascular vasomotion of 
the forearm when, at the same time, minimising the systemic effects of the drugs (75). Venous 
occlusion plethysmography is minimally invasive and has shown good reproducibility and 
correlation with other methods of assessing blood flow measurement [85, 86]. Considering 
the brachial artery very seldom being subjected to atherosclerosis, concerns have been raised 
regarding whether endothelial function in a peripheral conduit artery correlates with the 
function of the coronary artery endothelium. When comparing venous occlusion 
plethysmography with an invasive coronary technique in patients with different degrees of 
atherosclerosis, it has been demonstrated that the brachial endothelium display a close 
correlation with the endothelium of the coronary arteries (140). 

Venous occlusion plethysmography is based on a rather simple principle. Forearm venous 
return is suppressed with an upper arm-cuff (cuff pressure 30-40 mmHg) for short period of 
times. However, arterial inflow of blood remains unaltered; therefore blood can enter the 
forearm but not escape, which results in an increased forearm volume. The linear increase in 
forearm volume will be proportional to the arterial inflow and can be assessed by means of a 
mercury-in-silicone elastomer strain gauge. In order to assure venous emptying between the 
periods of cuff-inflation the forearm is positioned above the level of the heart using pillows 
and foam pads. There are differences in tissue composition between the forearm and the hand, 
the former is dominated by muscles and the latter by skin tissue with high proportion of 
arterio-venous shunts making blood flow highly dependent on temperature. Calculation of 
variations in forearm circumference is based on the assumption that it has a cylindrical shape. 
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Consequently, the differences in shape and tissue composition necessitates that the hand is 
excluded in order to get a linear blood flow. This is done by using a wrist cuff that is inflated 
to supra-systolic pressure thus inhibiting both arterial inflow and venous return from the hand. 
The control arm, which is not infused with vasoactive drugs, is used to make sure that 
administered drugs do not have systemic effects. 

 
Figure 6. Forearm blood flow recordings from the infused (above) and non-infused (below) 
arm during venous occlusion plethysmography. 

Venous occlusion plethysmography studies IV-V 

Brachial artery cannulation and infusion of vasoactive drugs 
All subjects lay supine in a quiet temperature controlled (22-24°C) room. A 27-standard wire 
gauge steel needle was cannulated into the brachial artery of the non-dominant arm under 
controlled conditions. Initially, baseline readings were performed during 30 minutes of saline 
infusion. Subsequently, three vasodilators were given in randomized order separated by a 
wash-out period of 20 minutes when saline was infused; Bradykinin at 100, 300, and 1000 
pmol/min (endothelium-dependent vasodilator that trigger tissue plasminogen activator (t-
PA)-release; Merck Biosciences); acetylcholine at 5, 10, and 20 µg/min (endothelium-
dependent vasodilator that does not trigger t-PA-release; Merck Biosciences); and sodium 
nitroprusside at 2, 4, and 8 µg/min (endothelium-independent vasodilator that does not trigger 
t-PA-release; David Bull Laboratories). All vasodilators were infused for six minutes at each 
dose and given in randomized order. At the end of each study protocol verapamil was infused 
at 10, 30, and 100 µg/min (endothelium-independent and NO-independent vasodilator that 
does not release t-PA).  
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Figure 7. The arterial needle in position in the arteria brachialis.  

Forearm blood flow measurement 
Due to the upper arm-cuff, venous return was momentarily interrupted still allowing arterial 
blood to enter. This resulted in an increased forearm circumference. The enlarged volume of 
the forearm resulted in a proportional extension of the strain gauge which was registered by 
the plethysmograph. Forearm blood flow was expressed as mL per minutes per 100 mL of 
forearm volume and is calculated by estimating the increase in forearm circumference as 
compared to baseline values. 

Heart rate and blood pressure were monitored throughout each study (in the non-infused arm) 
with a non-invasive, semiautomated oscillometric sphygmomanometer (Boso Medicus, 
Jungingen, Germany). 

Venous occlusion plethysmography study III 

Brachial artery cannulation and infusion of vasoactive drugs 
All subjects lay supine in a quiet temperature controlled (22-24°C) room. A 27-standard wire 
gauge steel needle was cannulated in to the brachial artery of the non-dominant arm under 
controlled conditions. Initially, baseline readings were performed during 30 minutes of saline 
infusion. Subsequently subjects received either a 60-min infusion of endothelin-1 (American 
Peptides, CA, USA) at 5 pmol/min or infusion of BQ-123 (an ETA receptor antagonist) at 10 
nmol/min for 60 min followed by co-infusion of BQ-123 (10 nmol/min) and BQ-788 (an ETB 
receptor antagonist; 1 nmol/min) for a further 60 min (both American Peptides, CA, USA).  

Forearm blood flow measurement 
Forearm blood flow was measured in the infused and non-infused arms by venous occlusion 
plethysmography with mercury-in-silicone elastomer strain gauges. Supine heart rate and 
blood pressure were determined in the non-infused arm at intervals throughout the study using 
the ambulatory blood pressure monitor (Boso Medicus, Jungingen, Germany). 

. 
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Analyses in peripheral blood (studies IV-V) 

Forearm venous sampling and preparation studies IV-V 

In both arms, a 17 gauge venous cannulae were inserted into large subcutaneous veins in the 
antecubital fossae. Simultaneously, blood was drawn from the venous cannulae in each arm at 
baseline and during infusion of bradykinin. Samples were collected into acidified buffered 
citrate (Stabilyte tubes, Biopool International) for t-PA assays and into citrate (BD 
Vacutainer) for plasminogen activator inhibitor type 1 (PAI-1) assays. Before being 
centrifuged at 2000g for 30 minutes at 4°C, samples were kept on ice. Platelet-free plasma 
was decanted and stored at -80°C before assay. Plasma t-PA and PAI-1 antigen concentrations 
were determined by ELISA (TintElize t-PA, Biopool EIA; Coaliza PAI-1, Chromogenix AB). 
Hematocrit was determined by capillary tube centrifugation of samples collected at baseline 
and during infusion of bradykinin at 1000 pmol/min.  

Blood sampling studies IV-V 

Blood samples were obtained before exposure and at two, six and eight hours. Subsequently 
blood samples were analysed for total white cell count, differential cell count and platelet 
count using an autoanalyser. Plasma interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α), 
soluble CD40 ligand (sCD40L), soluble P-selectin, intercellular adhesion molecule-1 (ICAM-
1) and C-reactive protein (CRP) were measured with ELISAs (R&D Systems, UK).  

Arterial stiffness  
Arterial stiffness is a decrease in arterial elasticity and compliance. Increased arterial stiffness 
has been displayed in several conditions associated with endothelial dysfunction including 
diabetes (141), hypercholesterolemia (142), obesity (143) as well as atherosclerosis (144). It 
is considered an independent predictor for all cause and cardiovascular mortality in patients 
with hypertension (145). Moreover, increased arterial stiffness has also been registered 
acutely due to smoking and exposure to air pollution in occupational settings (122, 123). 
Animal studies have demonstrated that removal of the vascular endothelium alters arterial 
stiffness and blocking of NO production resulted in increased arterial stiffness, indicative of 
an NO-dependent underlying mechanism (146-148).  
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Figure 8. In young and healthy individuals (left) the first peak of the pulse wave (P1) is 
entirely attributed to the systolic pressure wave. The second peak (P2) is composed of the 
diastolic pressure wave augmented by a reflected wave from the periphery. In patients with 
increased arterial stiffness (right), the relatively shorter distance for the reflected wave to 
travel, will result in systole being augmented rather than diastole. Augmentation index (AIx) 
is calculated as (P2-P1)/PPx100, consequently young and healthy will have a negative AIx, 
whereas people with increased arterial stiffness will have a positive AIx. (Adapted from 
Oliver and Webb 2003)   

The pulse wave is essential when assessing arterial stiffness. It is a composition of a forward-
travelling wave that is generated by left ventricular ejection as well as a later arriving wave 
reflected from the peripheral parts of the vascular tree. The vascular wall of proximal arteries 
has a higher elastin to collagen ratio than peripheral arteries, resulting in gradual stiffening 
towards the periphery. In healthy individuals, most of the reflected wave is generated from the 
peripheral parts of the vascular tree. Accordingly, the reflected wave will arrive late in the 
cardiac cycle and augment diastolic pressure leading to increased coronary perfusion which 
mostly occurs in diastole. Furthermore, the reflected wave returns part of its pulsatile energy 
back to the aorta, where it is dissipated by viscous damping which reduces the transmission of 
energy into the periphery. With age and disease, a progressive stiffening of the proximal 
arteries will result in an earlier reflection and a shorter distance for the reflecting wave to 
travel, thus augmenting systole rather than diastole with diminished coronary perfusion and 
increased cardiac after-load as a result. 

Arterial stiffness includes pulse wave velocity (PWV) and pulse wave analysis (PWA). PWV 
is generally considered as the gold-standard (149) to assess arterial stiffness and is performed 
by recording a pulse wave from a peripheral artery, preferably the femoral, as well as from a 
more proximal artery such as the carotid. The distance travelled by the pulse wave is assessed 
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with a tape measure, and the time by gating the recorded pulse wave to the R-wave of the 
ECG.  

PWA is performed by recording a pulse wave from a peripheral artery, preferentially the 
radial artery. A central aortic pulse pressure waveform is subsequently derived from the 
obtained peripheral pulse wave by means of a mathematical transfer function. As the shape of 
the aortic pulse wave form is synthetic and dependent on a transfer function, the method is not 
used without controversy. Accordingly, PWA has been under scrutiny in several articles (150-
154). Essential in estimating PWA is the augmentation pressure (AP), augmentation index 
(AIx) and time to reflected wave (Tr). AP is the magnitude of the reflected wave and AIx is 
defined as AP divided by pulse pressure (155). Enhanced AIx is associated with increased 
risk of cardiovascular disease(156) and increases with age (157, 158), diabetes type I (141), 
systemic vasculitis (159) and hypercholesterolemia (142). Moreover, AIx has a good 
reproducibility (160) and the mathematical transfer function from which AIx is derived has 
been evaluated using invasive techniques (152). Time to reflected wave is reduced with 
increased arterial stiffness and provide a surrogate for PWV (161).  

Arterial Stiffness study II 

Vascular studies were performed in a quiet, temperature controlled room with subjects resting 
in the supine position. Systolic and diastolic blood pressures were assessed in duplicate using 
a semi automated non-invasive oscillometric sphygmomanometer (Boso Medicus, Jungingen, 
Germany), following a 10 min rest period and at 10, 20 and 30 minutes after each exposure.  

Pulse wave analysis was carried out using a micromanometer applanation tonometry (Millar 
Instruments, Texas) of the radial artery at the wrist and the SphygmoCor™ system (AtCor 
Medical, Sydney) according to the recommendations of the manufacturer. At least two 
independent waveform analyses were obtained from each subject, with measurements only 
accepted upon meeting SphygmoCor™ quality control criteria. Pulse wave velocity (PWV) 
was calculated by measuring the time for the pulse wave to travel between the carotid and 
femoral arteries. All measurements were performed by a single operator blinded to the nature 
of each exposure.  

Data analysis and statistics 

Studies I and II 

All results were expressed as mean±standard error of mean (SEM). Statistical analyses were 
performed using GraphPad Prism (GraphPad Software, USA) by analysis of variance and 2-
tailed Student’s t test where appropriate. Statistical significance was taken at P<0.05. 

Study III 

Plethysmographic data were extracted from a ChartTM data files and forearm blood flow were 
calculated for individual venous occlusion cuff inflations by means of a template spreadsheet 
(Excel 2003; Microsoft Corp, USA). The first 60 seconds of recordings following inflation of 
wrist cuffs were not used due to reflex vasoconstriction (162). The last five blood flow 
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recording for each measurement were calculated and averaged for both arms. Estimated net 
release of t-PA antigen was defined as the product of the infused forearm plasma flow (based 
on the mean hematocrit (Hct) and the infused FBF) and the concentration difference between 
the infused and non-infused arms (163).  

[FBF x (1-Hct) x (t-PA-Inf – t-PA-non-inf)] 

Data were expressed as mean ± standard error of the mean (SEM) unless otherwise stated. 
Statistical analyses were performed using paired Student’s t-tests and 2-way analysis-of-
variance (ANOVA) with repeated measures including time and exposure as variables where 
appropriate. Statistical significance was taken at the 5% level. All analyses were performed 
using GraphPad Prism (Version 4 for Macintosh, GraphPad Software, San Diego, USA). 

Studies IV-V 

Plethysmographic data were analyzed as described previously (study III). Continuous 
variables were reported as mean ± standard error of the mean (SEM). Statistical analyses were 
performed with GraphPad Prism (Graph Pad Software) in two stages. Initially, data from all 
three exposures were compared using one- or two-way analysis of variance (ANOVA) with 
repeated measures, as appropriate, to ascertain whether significant differences existed 
between exposures. Moreover, two-way ANOVA with repeated measures or Students t test, 
as appropriate, were then performed to identify specifically which exposures differed. 
Statistical significance was taken at P<0.05. 
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MAIN RESULTS 

STUDY I 
In a double-blind randomised crossover fashion a total of 20 healthy male volunteers were 
exposed to diesel exhaust at a particle concentration of approx. 350 μg/m3 vs. filtered air 
during intermittent exercise. Thrombus formation and platelet activation were assessed at two 
and six hours following exposure. Coagulation and inflammatory markers were assessed 
before, at two and six hours after exposure. As compared to filtered air, diesel exhaust 
exposure increased thrombus formation at both low- and high- shear conditions by 27% 
(absolute change in thrombus area 1941μm2, 95% CI 873-3008μm2, P=0.002) and 21% 
(absolute change in thrombus area 2916μm2, 95% CI 1365-4466μm2, P=0.001) respectively at 
two hours as well as by 24% (absolute change in thrombus area 2229μm2, 95% CI 1143-
3315μm2, P=0.0002) and 19% (absolute change in thrombus area 2451μm2, 95% CI 1190-
3712μm2, P=0.0005), respectively at six hours. Diesel exhaust inhalation caused increased 
platelet-neutrophil aggregates by 52% (absolute change 6%, 95% CI 2-10%, P=0.01))and 
platelet-monocyte aggregates by 30% (absolute change 3%, 95% CI 0.2-7%, P=0.03))in blood 
measured at two hours following exposure, as compared to filtered air. Increased plasma 
sCD40L concentration was demonstrated at two hours following diesel exhaust exposure 
(P=0.003 vs. filtered air).  

STUDY II 
In a double-blind randomised crossover study twelve healthy male volunteers were exposed to 
diesel exhaust at a particle concentration of approx. 350 μg/m3 vs. filtered air during moderate 
exercise for one hour. Following exposure, pulse wave analysis including augmentation index 
(AIx) and augmentation pressure (AP) was assessed at 10, 20 and 30 minutes and time to 
reflective wave (Tr) calculated. Pulse wave velocity (PWV) was assessed at 40 minutes.    

Blood pressures, augmentation index (AIx) and augmentation pressure (AP) were generally 
low indicating elastic arteries in young and healthy individuals. Following exposure to diesel 
exhaust, AIx (7.8%, P=0.01) and AP (2.5mmHg, P=0.02) increased along with a 16ms 
reduction in Tr (P=0.03) at 10 minutes. No change in PWV, blood pressure or heart rate was 
demonstrated and AIx, AP and Tr normalised within 30 minutes.  

STUDY III 
13 healthy male volunteers were exposed to diesel exhaust at a particle concentration of 
approx. 320 μg/m3 and to filtered air for one hour in a double-blind randomised crossover 
fashion. Two hours following exposure forearm blood flow was assessed by means of venous 
occlusion plethysmography during infusion of ET-1, BQ-123 alone and in combination with 
BQ-788. Plasma concentrations of ET-1 and big-ET-1 were assessed at baseline and during 
the following 24 hours after exposure. Exposure to diesel exhaust did not affect heart rate, 
mean blood pressure or plasma concentrations of ET-1 or big-ET-1 (P>0.05 for all). 
Following diesel exhaust exposure, infusion of ET-1 caused a slow-onset vasoconstriction 
(17±10% reduction in blood flow vs. 2% after air, P<0.001), while no vasomotor effects were 
demonstrated following exposure to filtered air. Compared to the non-infused arm, local 
plasma ET-1 levels increased by 58±9% (P<0.01 for infused arm and P>0.05 for non-infused 
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arm following both exposures). Infusion of BQ-123 caused vasodilatation after both 
exposures that was reduced following diesel exhaust exposure compared to after filtered air, 
(20% vs. 59%; P<0.001). Simultaneous infusion of BQ-123 and BQ-788 caused a slow-onset 
vasodilatation after both exposures that was greater following exposure to filtered air, 
initially, at 60 minutes (P<0.001). However, this difference declined and was abolished at 120 
minutes (P>0.05). 

STUDY IV 
In this study 10 healthy volunteers were exposed to nitrogen dioxide at approx. 4 ppm or 
filtered air in a randomised double-blind crossover fashion for one hour during intermittent 
exercise. Bilateral forearm blood flow and fibrinolytic markers were assessed by means of 
venous occlusion plethysmography during unilateral infusion of bradykinin (100-1000 
pmol/min), acetylcholine (5-20 µg/min), sodium nitroprusside (2-8 µg/min) and verapamil 
(10-100 µg/min) four hours following exposures. Lung-function was determined before and 
after exposures and exhaled NO at baseline, at one and four hours after exposures. Blood 
samples were collected before, at four and six hours following exposures.  

There were no differences in resting forearm blood flow after either exposure. Infusion of 
vasodilators caused a dose-dependent increase in forearm blood flow that was similar during 
infusion of all vasodilators as well as following both exposures (P>0.05 for all). Bradykinin 
caused a dose-dependent increase in plasma tissue-plasminogen activator that was similar 
following exposure to both diesel exhaust and filtered air. There were no changes in lung 
function or exhaled nitric oxide following any exposure, nor where there any changes in white 
cell count, differential cell count, or platelet count (P>0.05 for all).  

STUDY V 
In this double-blind randomized crossover study, 19 healthy volunteers were exposed to 
diesel exhaust at a particle concentration of approx. 320 μg/m3, diesel exhaust filtered through 
an exhaust particle trap and filtered air for one hour during intermittent exercise.  Subsequent 
to exposure, ex vivo thrombus formation was assessed using the Badimon Chamber. Bilateral 
forearm blood flow and fibrinolytic markers were assessed by using venous occlusion 
plethysmography during unilateral infusion of bradykinin (100-1000 pmol/min), acetylcholine 
(5-20 µg/min), sodium nitroprusside (2-8 µg/min) and verapamil (10-100 µg/min) six hours 
following exposures.  

Without a major change in NOX (6.4±0.3 versus 5.5±0.4 ppm, P=0.049), particulate 
concentrations was reduced by 98% (320±10 versus 7.2±2.0 μg/m3, P<0.0001) by the particle 
trap. Both endothelium-dependent and endothelium-independent vasodilators caused a dose- 
dependent increase in forearm blood flow (P<0.0001 for all). Diesel exhaust exposure 
impaired vasodilatation as compared to both filtered air and filtered diesel exhaust in response 
to acetylcholine (both P<0.01), bradykinin (both P<0.01) and verapamil (both P<0.05). 
Bradykinin triggered a dose dependent release of t-PA that was impaired following diesel 
exhaust exposure as compared to filtered diesel exhaust (P=0.03). Diesel exhaust exposure 
increased thrombus formation compared to filtered air under both low- and high-shear 
conditions by 21.8% (P<0.001) and 14.8% (P<0.05) respectively. These increases were 
negated by the exhaust particle trap, although failed to reach statistical significance in the 
high-shear chamber. 
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Figure 9. Vasodilatation during intra-arterial infusion of bradykinin, acetylcholine and 
verapamil was significantly impaired following diesel exhaust exposure (•) as compared to 
filtered air (ο). Thrombus formation in the low- (above in B) and high-shear (below in B) 
chamber was increased following diesel exhaust exposure (black) compared to filtered air 
(white). Both vasodilatation (∗) and thrombus formation (striped) were normalised following 
exposure to filtered diesel exhaust as compared to diesel exhaust, although not statistically 
significant in the high-shear chamber.   
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DISCUSSION 
Great efforts have been made in order to reduce particulate matter air pollution. Particulate 
matter levels are today low in many major cities in the western world. Currently, WHO 
guidelines for annual mean levels of PM10 and PM2.5 are 20 μg/m3 and 10 μg/m3 respectively 
(3). However, there is at present no threshold level identified below which adverse health 
effects do not occur and particulate matter levels can exceed recommendations in heavily 
trafficked areas and in certain occupational settings. Large parts of the world are still battling 
with annual particulate matter levels up to 10 fold higher than the WHO recommendations. 
Mostly, the developing world is afflicted and the right to breathe clean air appears to be a 
matter of socioeconomic status. 

The association between air pollution and increased all-cause morbidity and mortality has 
been known since the middle of the last century. Until recently however, the air pollution-
induced cardiovascular effects were poorly understood but their importance is becoming 
gradually clearer. In fact, fine particulate matter air pollution is to a higher degree associated 
with negative effects on the cardiovascular system than on the airways (6). Both long- and 
short-term exposure is associated with enhanced prevalence of ischemic heart disease, 
myocardial infarction, cardiac arrhythmias and stroke (18, 19, 164, 165). Consequently, in 
order to better understand the underlying mechanisms, it is important to explore particulate 
matter-induced pathology in the cardiovascular system as well as in the airways.      

The aim of this thesis was to further address the mechanisms behind the previously 
demonstrated epidemiological association between particulate matter air pollution and 
increased cardiovascular morbidity and mortality. In this thesis, two additional techniques 
have been introduced to further explore diesel exhaust-induced vascular effects in humans. 
Badimon ex vivo perfusion chamber (study I) and arterial stiffness (study II) are well 
validated and established techniques that can be used to assess thrombotic potential and 
vascular function in man respectively. We have utilised arterial stiffness as a supplement of 
venous occlusion plethysmography, which still remains the gold standard method when 
addressing endothelial function. Although arterial stiffness does not offer as detailed a 
characterisation of vascular mechanisms, it is an easy, non-invasive and accessible method of 
evaluating vascular function and, as such, suitable for population-based studies. Furthermore, 
it has been demonstrated that it may offer a means to assess vascular function at the earliest 
time point following exposure, inaccessible to invasive techniques.  

Some rather interesting work has suggested that endothelin-1 might contribute to the 
particulate matter-induced effects on vasomotor function. In order to test this hypothesis and 
put the NO hypothesis under scrutiny, a study primarily focusing on a possible diesel exhaust-
induced upregulation of endothelin-1 was designed (study III).  

While the mapping of particulate matter vascular effects is important, it is also essential to 
assess the potential for possible interventions, and whether such interventions are indeed 
beneficiary for human health. It has been suggested that exhaust emitted by low-emission 
diesel engines actually has an increased particle toxicity (54). Therefore, we aimed at 
evaluating whether diesel exhaust-induced endothelial dysfunction could be reduced by 
introducing a commercially available exhaust particle trap (study V). 

A growing body of evidence suggests that the particulates are the main contributor to the 
cardiovascular health effects ascribed to air pollution. However, nitrogen dioxide (NO2) has in 
some studies been attributed to cardiovascular morbidity and mortality (27). NO2 is highly 
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linked to particulate matter air pollution and the suggested adverse health effects by NO2 may 
largely be attributed to this close relationship (53). In study V, an increased level of NO2 was 
registered in the diesel exhaust exposure chamber. This increase was due to the particle trap 
converting parts of the NO in the diesel exhaust into NO2. We therefore extended our 
exposure studies to include NO2 and assessed its possible cardiovascular effects (study IV).   

STUDIES I-V 

Arterial stiffness (study II)  
Several animal studies have demonstrated particulate matter-induced endothelial dysfunction 
shown as a reduced vasomotor response to infused vasodilators (115, 120, 166, 167). This is 
supported by human data, which have established that diesel exhaust exposure indeed has 
harmful effects on vasomotor function.  

Peters et al. have correlated traffic exposure to the onset of myocardial infarction (19, 23). 
Their findings have been important for our work in underpinning the underlying mechanisms. 
The authors suggested an increased risk of myocardial infarction especially within a few 
hours and one day following traffic exposure.  

In a series of controlled exposure studies, we have previously demonstrated that exposure to 
diesel exhaust at a particle concentration of approximately 300 μg/m3 impaired vasomotor 
function. Two hours following exposure an impaired response to endothelium-dependent 
(acetylcholine, bradykinin) and endothelium-independent (sodium nitroprusside) vasodilation 
was demonstrated, which persisted up to 24 hours (124, 125). However, due to the rather time 
consuming process of initiating a plethysmography study, the possible adverse effects on 
vasomotor function during the first hour after exposure have been hard to assess using this 
methodology. Therefore we utilised arterial stiffness, as increased arterial stiffness is also an 
independent risk factor of cardiovascular morbidity and mortality (156).  

Following exposure to air, augmentation pressure and augmentation index were generally 
low, indicating compliant arteries in young and healthy males. In contrast, when exposed to 
diesel exhaust all subjects displayed arterial stiffening in terms of diminished time to reflected 
wave (Tr) as well as increased augmentation index and augmentation pressure early after 
exposure. Pulse wave velocity indicated no signs of increased arterial stiffness at 40 minutes. 
However, the results of this explorative study need to be confirmed by including baseline 
measurements and a larger study cohort as well as assessing pulse wave velocity at earlier 
time points. Consequently, the previously performed forearm blood flow studies, together 
with the technique of measuring arterial stiffness, have provided a clearer understanding of 
the development of vascular effects after diesel exhaust exposure and these findings correlates 
well with the timeframe of cardiovascular events suggested by Peters et al.  

Whereas increased arterial stiffness was demonstrated immediately following exposure to 
diesel exhaust, the impaired vasodilatation during infusion of vasodilators was displayed two 
hours later. Therefore we speculate that there are different underlying mechanisms resulting in 
arterial stiffening within the first hour and reduced vasomotor response to endothelium-
dependent and endothelium-independent vasodilation at two, six and 24 hours following 
exposure. Exposure to diesel exhaust causes the production of reactive oxygen species (ROS) 
that exert their oxidative properties through several mechanisms. It is not unlikely that a 
reaction between ROS and NO, thus immediately reducing NO bioavailability, may explain 
the initial arterial stiffening. Indeed, basal NO production has been demonstrated to affect 
large artery distensibility (147) and the administration of NO synthetase inhibitors increase 
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vascular stiffness (168). Furthermore, the inhibition of NO synthetase and the resultant 
reduction in NO production may explain the impaired vasomotor response at later time points.  

The adverse effects induced by particulate matter air pollution on vasomotor function are 
most likely multifaceted and there are several plausible mechanistic explanations. Immediate 
effects due to particulate matter air pollution have previously been demonstrated. Brook et al. 
showed acute vascular effects in terms of increased systemic blood pressure due to CAPs 
exposure. The effect was quickly diminished upon withdrawal of exposure and the authors 
attributed their findings to an imbalance in the autonomic nervous system (31). 

Endothelin-1 (study III)  
It was recently suggested that the upregulation of the ET-1 pathway may contribute to an 
increased tendency for vessels to constrict following diesel exhaust exposure. In a study made 
by Peretz et al, healthy subjects and patients with metabolic syndrome were exposed to diesel 
exhaust and vascular reactivity was assessed along with levels of ET-1 in peripheral blood. 
The authors concluded that diesel exhaust exposure was associated with vasoconstriction and 
increased levels of ET-1 (35). Children living in Mexico City displayed increased levels of 
ET-1 in blood associated with the degree of air pollution exposure (34). Furthermore, animal 
studies have displayed a particulate matter-induced increase in ET-1 (169). Given these data, 
we designed a study specifically aimed at examining whether diesel exhaust inhalation would 
affect ET-1-mediated vasoconstriction and plasma levels of ET-1, as well as its precursor Big-
ET-1.  

In study III, infusion of ET-1 resulted in vasoconstriction only following diesel exhaust 
exposure. ETA receptor antagonism resulted in vasodilation that was significantly reduced due 
to diesel exhaust exposure.  

The ET-1 interaction with the ETA and ETB receptors is complex. ETA receptors are displayed 
on the surface of smooth muscle cells and respond to ET-1 by inducing vasoconstriction. ETB 
receptors are expressed by smooth muscle cells, but also by endothelial cells where they 
mediate vasodilatation through NO-release (78). ETA antagonism does not only inhibit 
vasoconstriction, it may potentially induce hyperstimulation of ETB receptors and NO-
mediated vasodilatation. Indeed, increased vasodilatation due to ETA receptor antagonism has 
previously been displayed by Verhaar et al. Furthermore, they demonstrated that 
vasodilatation during ETA receptor antagonism was reduced following blockade of NO-
release suggesting an ETB receptor-mediated vasodilatation dependent on NO bioavailability 
(81).  

When an ETB receptor antagonist (BQ-788) was added to the ETA receptor antagonist (BQ-
123) in study III, the initial difference between exposures gradually disappeared and 
vasodilatation levelled off. This observation contradicts the findings made by Verhaar et al. 
who demonstrated less vasodilatation due to ETA receptor antagonism when simultaneous 
ETA and ETB receptor antagonism was added (81). Because of the invasive nature of our 
study, we aimed to minimise the number of visits. Both BQ-123 and simultaneous BQ-
123/BQ-788 infusions were performed in the same session. The same approach has 
previously been applied by Cardillo et al. studying diabetics. In accordance to our finding, 
vasodilatation levelled off rather than dropped (170).  

There is a substantial cross-talk between ETA and ETB receptors (171) and there may be 
interactions when ETA receptor antagonism precedes simultaneous ETA/ETB receptor 
antagonism. ETA receptor antagonism may alter the expression of ETB receptors on the 
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endothelium and smooth muscle cells. Moreover, vasodilatation due to ETA receptor 
antagonism is of slow onset and offset. Therefore, the continued vasodilatation may indicate 
ETA receptor antagonism of a larger and more complete degree. Exposure to diesel exhaust 
does not seem to have affected simultaneous ETA and ETB receptor antagonism. Although, 
diesel exhaust exposure significantly reduced vasodilatation in response to blockade of the 
ETA receptor. This may be explained by a reduced NO bioavailability and the dependence on 
endothelial NO-release for ETA receptor antagonism to causes vasodilatation. 

During ET-1 infusion, local plasma levels in the infused arm were increased, although no 
systemic increase in plasma levels of either ET-1 or its precursor Big-ET-1 could be detected 
at any time point following exposure to filtered air and diesel exhaust (study III). Thus, we 
concluded that acute exposure to diesel exhaust does not increase plasma levels of either ET-1 
or Big-ET-1. NO-dependent vasodilation mediated by ETB receptors on the vascular 
endothelium was significantly reduced following diesel exhaust exposure. Consequently, 
these results support a diesel exhaust-induced impairment of vasodilation rather than an 
upregulation of ET-1-dependent vasoconstriction. However, NO inhibits the production of 
ET-1 (78). It is likely that reduced bioavailability of NO due to chronic particulate matter air 
pollution-induced persistent oxidative stress, may cause increased levels of plasma ET-1 in 
the long run, thus explaining the findings in children from Mexico City.  

Badimon chamber (study I) 
Several studies indicate that particulate matter air pollution is associated with pro-thrombotic 
effects, e.g. shortening of bleeding time (129), increased platelet activation (172) and 
expression of tissue factor by endothelial cells (128). Baccarelli et al. reported that long-term 
exposure to particulate matter was associated with altered prothrombin time as well as 
increased risk of deep venous thrombosis in humans (12). Furthermore, Nemmar et al. 
reported that instillation of diesel exhaust particles in hamsters caused platelet activation and 
increased thrombus formation (127).  

The Badimon ex vivo perfusion chamber is a model of arterial injury and thrombosis (173) 
and we have chosen this methodology in order to assess whether diesel exhaust exposure 
would alter thrombotic potential in humans. The Badimon chamber is designed to mimic flow 
conditions appearing in patent (low-shear) as well as in stenosed (high-shear) arteries. It is a 
highly relevant and well-validated model (138, 174), which allows measurement of thrombus 
formation in non-coagulated whole blood during conditions simulating arterial plaque 
disruption within a coronary vessel. In protocol 1 of study I, we demonstrated increased 
thrombus formation during low-shear and high-shear conditions at six hours following 
exposure to diesel exhaust, as compared to filtered air. In order to confirm these findings and 
to clarify whether the increased thrombotic potential was present at an earlier time point, we 
recruited another twelve healthy male volunteers to study thrombus formation at both two and 
six hours following exposure. Protocol 2 confirmed the initial findings, although it failed to 
reach significance during high-shear conditions at six hours. Furthermore, in protocol 2 we 
demonstrated increased thrombus formation during low- and high-shear conditions at two 
hours following exposure.  

This is the first study to demonstrate that exposure to diesel exhaust alters thrombotic 
potential and increases thrombus formation in man. As diesel exhaust is a major contributor 
of combustion-derived particulate matter air pollution, we believe that our findings may offer 
a plausible explanation to the increased risk of acute cardiovascular events related to traffic 
exposure. Although we have demonstrated increased thrombus formation following diesel 
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exhaust inhalation, the underlying mechanisms to these effects are still not clear. However, it 
is highly likely that increased thrombus formation is attributed to particulate matter-induced 
pulmonary oxidative stress and inflammation propagated to the systemic circulation, or blood 
borne particles that trigger direct effects on the coagulation cascade and platelet activation. 
An interesting hypothesis was put forward by Nemmar et al, in which they suggested that the 
particulate matter-induced increase in thrombus formation may be due to a net negative 
charge of platelets and a positive charge of particulates, thus bridging platelets together (172).  

Platelet activation (study I) 
When endothelial damage occurs, the underlying subendothelial collagen and von Willebrand 
factor will initiate platelet adhesion and activation. Thrombus formation is a normal 
physiological response in order to induce vascular repair. However, in susceptible locations 
such as where an atherosclerotic plaque has ruptured, thrombus formation may lead to further 
plaque expansion and ultimately, vessel occlusion. Through platelet activation, additional 
platelets are recruited and thrombus formation initiated. This is largely mediated by the 
release of platelet agonists such as thromboxane-A2 and the expression of thrombin on the 
platelet surface. Tracheal instillation of diesel exhaust particles in hamsters has been 
demonstrated to induce accelerated platelet activation (127) and nanoparticles added to human 
blood caused increased platelet aggregation in vitro (175). Carbon-nanoparticles instilled in 
the trachea of mice induced platelet activation, demonstrated as an increase in circulating 
platelet-leukocyte conjugate formation. Interestingly, when P-selectin was blocked the 
increase in leukocyte-platelet aggregation was reduced, indicating a P-selectin-mediated link 
between pulmonary inflammation, systemic inflammation and thrombus formation (126). 
Furthermore, P-selectin-antagonism has been demonstrated to reduce ex vivo thrombus 
formation in man (176). 

In study I, we demonstrated a diesel exhaust-induced increase in platelet activation in terms of 
enhanced platelet-neutrophil and platelet-monocyte aggregate formation. This corroborates 
with the findings of Ray et al. that exhibited increased platelet-leukocyte aggregates in 
women from Eastern India exposed to biomass smoke (133). We did not display any increase 
in P-selectin expression on the platelet surface. However, as suggested by Michelson et al, 
circulating platelet-monocyte aggregates are a more sensitive marker of platelet activation 
than surface expression of P-selectin (177) as it is rapidly shed from the platelet surface (178). 
Following exposure to diesel exhaust, we demonstrated increased concentration of soluble 
plasma CD40 ligand (sCD40L), which is a platelet receptor that binds to CD40, triggering 
inflammation. This is supported by findings in patients with coronary heart disease who were 
exposed to ultrafine particles and displayed increased plasma levels of sCD40L (131). It is 
also in keeping with findings of an upregulation of the CD40/CD40L pathway that has been 
demonstrated in smokers (179). Platelets contain large amounts of CD40L that is released 
upon activation (180); thus increased levels of sCD40L are consistent with enhanced 
thrombus formation due to platelet activation.  

Coagulation (study I) 
Animal studies have demonstrated an association between particulate matter air pollution and 
markers of coagulation. Increased fibrinogen and von Willebrand factor (181), decreased 
prothrombin time and partial thromboplastin time, as well as increased activity of factor II, 
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VIII and X along with a simultaneous increase in the prothrombotic cytokine Il-6 in 
bronchoalveolar fluid have been demonstrated (129).  

Several human studies have tried to display an association between increased particulate 
matter air pollution and coagulation-associated markers, but the results so far have been 
inconclusive. Some studies have showed increased plasma levels of fibrinogen (132) and von 
Willebrand factor (182, 183) related to enhanced particulate matter air pollution, whereas 
others have failed to demonstrate an association (184, 185). Bacarelli et al. demonstrated a 
shortening of prothrombin time (PT) that correlated to increased levels of particulate matter, 
although they failed to display an association to activated partial thromboplastin time (APTT) 
(186). Previously, when exposing COPD patients and healthy elderly individuals to diesel 
exhaust, we did not demonstrate increased blood hypercoagulability, in terms of increases in 
von Willebrands factor, fibrinogen, D-dimer or prothrombin fragments 1-2 (187). 

Despite the controlled exposure setup and the relatively high effective particulate matter 
concentration, we found no effects on PT or APPT following exposure to diesel exhaust in 
study I. However, our findings do not rule out the possibility of a chronic effect of particulate 
matter exposure to explain the findings made by Baccarelli et al. 

Systemic inflammation (studies I, III-V) 
Several controlled exposure studies have demonstrated airway inflammation and oxidative 
stress due to diesel exhaust (62, 64, 65). Enhanced airway inflammation has been displayed in 
terms of increased levels of neutrophils, lymfocytes, mast cells as well as increased cytokine 
response and expression of adhesion molecules in the bronchial mucosa (62, 106, 110). 
Studies examining a systemic response have thus far been inconclusive and the findings often 
rather subtle. In healthy subjects, we have previously displayed an increase in markers of 
inflammation in blood from six to 24 hours (platelets, neutrophils, TNF-α and IL-6) after 
exposure to diesel exhaust (64, 117). However, when patients with COPD were exposed to 
diesel exhaust we did not detect increased blood levels of CRP or fibrinogen at six and at 24 
hours following exposure (187). Furthermore, Forbes et al. could not display an association 
between these acute phase proteins and ambient PM10 levels (188). Neither did exposure to 
diesel exhaust cause increased CRP levels in healthy as reported by Carlsten et al. (185). Diez 
Roux et al. failed to display an association between chronic exposure to PM2.5 and CRP in 
patients with atherosclerosis (189).  

In study I we demonstrated a subtle increase in sCD40L, indicating platelet activation, but this 
was not seen in study V.  In studies I and V no diesel exhaust-induced increase in TNF-α, IL-
6, soluble ICAM-1 or CRP was detected up to eight hours after exposure. Nor did we observe 
any effects on total and differential peripheral blood cell count following exposure to diesel 
exhaust or nitrogen dioxide in study I, III, IV and V.  

We have previously demonstrated that diesel exhaust inhalation induces a late and moderate 
systemic response detected 24 hours following exposure. The duration is not known but could 
last over additional days as indicated by animal studies. In the present studies we did not see a 
marked systemic inflammatory response up to eight hours following exposure to diesel 
exhaust. However, these findings do not rule out a systemic inflammatory response due to 
chronic exposure at a later time point, as mentioned, or a different response in compromised 
groups. Indeed, patients with coronary heart disease subjected to chronic exposure of 
particulate matter air pollution have displayed systemic inflammation in terms of increased 
CRP, IL-6 and soluble P-selectin in peripheral blood (118, 184).  
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Overall, the systemic inflammatory response after diesel exhaust exposure is not as intense as 
after some other environmental exposures such as ozone or endotoxin, or infectious diseases 
such as pneumonias. At least not during the first 24 hours, when the major cardiovascular 
effects have been shown (23).  

Nitrogen dioxide (study IV) 
Whilst increasing evidence suggests that the particulate matter of air pollution is responsible 
for the various negative cardiovascular health effects (6), some studies have demonstrated 
increased cardiovascular morbidity and impaired endothelial function due to the gaseous 
components of air pollution (190, 191).  

When an exhaust particle trap was introduced to the diesel engine used in study V, higher 
levels of NO2 were registered within the exposure chamber. In order to assess whether NO2 
could be responsible for the vascular effects demonstrated in study V, we conducted an 
exposure study in which ten healthy volunteers were exposed to 4 ppm of NO2. Bilateral 
forearm blood flow, fibrinolytic and inflammatory markers in blood and exhaled NO were 
assessed.  

In study IV, the NO2 exposure level were considerably higher than usually reported in 
experimental diesel exhaust exposure studies, in which NO2 concentrations never exceeded 2 
ppm. Study V is so far the only exception with exposure level close to 4 ppm. NO2 levels 
encountered in heavily trafficked roads may reach 0.6 ppm and in homes with gas stoves 1-2 
ppm (43, 44). Despite a relatively higher exposure level in study IV, no short-term effect of 
NO2 was displayed. NO2 has been demonstrated to cause mild inflammation and altered 
antioxidant response in the human airways at lower concentrations than presently employed 
(48). However, this airway inflammatory response did not induce systemic effects. 
Accordingly, we demonstrated no signs of cellular inflammation in peripheral blood and no 
endothelial dysfunction in terms of impaired endogenous fibrinolysis or vasomotor response.  

Neither did we observe increased exhaled NO or any effects on inflammatory markers up to 
six hours following exposure. Increased exhaled NO has been demonstrated in asthmatics 
(192) and in patients with unstable COPD (193). However, the usefulness of FENO to detect 
airway inflammation in healthy individuals is uncertain, since healthy volunteers exposed to 
the powerful oxidant ozone displayed no signs of increased FENO (194).  

Ozone is another potent oxidant known to induce airway inflammation (195) and to potentiate 
the adverse respiratory effects of diesel exhaust (196). Previously, healthy volunteers exposed 
to ozone displayed no endothelial dysfunction when bilateral forearm blood flow was 
assessed following exposure (data on file, Barath et al.). Brook et al. demonstrated impaired 
flow mediated dilatation when healthy volunteers were exposed to CAPs but could not detect 
impaired vascular function due to ozone (31). These findings strengthen the current view that 
the particulate fraction of diesel exhaust promotes the adverse cardiovascular effects. 
Furthermore, it may also suggest that pulmonary inflammation does not induce acute vascular 
effects and that, in order to impair vascular function, particles need to exert pro-oxidative and 
pro-inflammatory effects directly onto the vessel wall. The fact that diesel exhaust causes an 
airway inflammatory response of a similar magnitude as ozone further underpins this theory. 
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Oxidative stress 
It is hypothesized that the adverse effects demonstrated on vascular endothelial function 
following diesel exhaust exposure may largely be attributed to oxidative stress. Reduced 
vasomotor function, increased arterial stiffness as well as altered thrombotic potential may all 
be due to increased oxidative stress and reduced NO bioavailability. Furthermore, although 
not relying on NO concentrations per se, it has been demonstrated that endogenous 
fibrinolysis mediated by t-PA-release depends on the L-arginine/NO pathway (197). 

NO is the key vasodilator of the vascular wall. It regulates vascular tone and keeps the vessels 
patent. Oxidative stress reduces NO bioavailability through a reaction, in which the highly 
oxidative peroxynitrite is produced and through ROS-induced interference with nitric oxide 
synthetase (NOS). Reduced bioavailability of NO also leads to increased inflammation and 
thrombotic potential since NO inhibits the pro-inflammatory transcription factor NFκ-B as 
well as reduces the ability for platelets to aggregate. In study III, we found support for the NO 
hypothesis and demonstrated a diesel exhaust-induced blunting of vasomotor response that 
could be attributed to diminished NO-dependent vasodilation rather than increased ET-1 
vasoconstriction. However, an upregulation of the ET-1 system due to chronic exposure 
cannot be excluded. Furthermore, we have displayed increased arterial stiffness following 
exposure to diesel exhaust. These findings are also in keeping with the theory of oxidative 
stress and reduced NO bioavailability. The demonstrated effects lasted only for a short period 
following exposure and the observed arterial stiffening normalised within 30 minutes leaving 
us with an unstudied time gap of 1 hour and 30 minutes. 

Particulate matter air pollution and autonomic response 
The cardiac cycle is regulated by the autonomic nervous system and heart rate is normally 
fluctuating in response to physiological processes. HRV is a variation in consecutive heart 
beats and is commonly used as a marker of cardiac autonomic tone. Reduced HRV has been 
associated with an increased risk of cardiovascular morbidity and mortality in patients 
suffering from myocardial infarctions (198). Park et al. have linked ambient particulate matter 
air pollution to reduced cardiac autonomic control (136). Liao et al. displayed that increased 
levels of PM2.5 reduced heart rate variability in an elderly population (199) and Devlin et al. 
demonstrated in an experimental exposure setting that CAPs reduced HRV in elderly people 
(135).  

The exact mechanism whereby particulate matter mediates these autonomic effects is 
unknown. However, inhaled particulate matter is thought to irritate pulmonary nerve endings 
and cause an imbalance in the autonomic nervous system leading to a reduced cardiovascular 
parasympathetic tone and an increased relative sympathetic activity. Reduced HRV due to air 
pollution episodes may explain the increase in cardiac arrhythmias and the incidence of 
ventricular fibrillation in patients with implantable cardiac defibrillators (ICD) (16). Brook et 
al. demonstrated that healthy volunteers exposed to CAPs, immediately displayed increased 
systemic blood pressure during exposure. The response was quickly terminated shortly after 
exposure and the authors concluded that it may be due to an altered control of the cardiac 
autonomic nervous system (31). 
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Intervention with an exhaust particle trap (Study V)  
Currently there are various ways of reducing combustion-derived particulate emissions such 
as particle traps and low-emission engines. When evaluating one of these methods, Su et al. 
demonstrated that particles emitted by a low-emission diesel engine, although fewer, 
displayed increased toxicity in vitro (54). The authors attributed these rather surprising 
findings to changes in surface structure induced by the low-emission engine and highlighted 
that all interventions to reduce particulate matter-emissions need to be properly evaluated in 
order to avoid unintended negative health effects. We utilised a commercially available 
exhaust particle trap in order to diminish particulate emissions and evaluated its capacity to 
reduce the vascular effects demonstrated in previous studies.  

Vasomotor function 

The function of the vascular wall is to a large extent dependent on the bioavailability and 
endothelium-release of NO. Acetylcholine and bradykinin are endothelium-dependent 
vasodilators that cause NO-release through G-protein-coupled receptors bound to the surface 
of the endothelium. When binding to these receptors, acetylcholine and bradykinin trigger a 
Ca2+ influx and activation of endothelial NOS. This leads to an increased concentration of NO 
and a subsequent relaxation of the adjacent smooth muscle cells, which results in 
vasodilation. Sodium nitroprusside is a nitro-glycerine derivate and an endothelium-
independent vasodilator that delivers NO directly to the smooth muscle cells causing them to 
relax. Verapamil is an endothelium-independent and NO-independent vasodilator that blocks 
Ca2+-channels, thus relaxing smooth muscle cell tone.  

In study V, as we have previously demonstrated, diesel exhaust caused vascular endothelial 
dysfunction. Consequently, exposure to diesel exhaust impaired the vasomotor response to 
endothelium-dependent (acetylcholine and bradykinin) and endothelium-independent (sodium 
nitroprusside) vasodilators as compared to filtered diesel exhaust. The same pattern was 
demonstrated when diesel exhaust was compared to filtered air, although it failed to reach 
statistical significance following infusion of sodium nitroprusside. These important findings 
suggest that vascular vasomotor dysfunction triggered by diesel exhaust exposure can be 
attenuated using a commercially available exhaust particle trap.  

An unexpected finding was the increased vasodilation during infusion of acetylcholine 
following exposure to filtered diesel exhaust as compared to filtered air. It is presently unclear 
whether this represents a new effect or not, and the data need to be repeated. Apart from 
reducing particulate emissions, the particle trap changed the composition of the emitted NOx, 
increasing the levels of NO2. This led us to design a forearm blood flow study, in which 
possible NO2 -induced vascular effects were examined. We could not confirm any effects on 
vascular function by NO2 (study IV). 
In this thesis diesel exhaust exposure was found to significantly reduce the vasomotor 
response to verapamil. This is in accordance with recent findings made by us (56). We 
hypothesize that the vascular effects seen following diesel exhaust exposure is mainly 
attributable to the bioavailability of NO. However, diesel exhaust-induced reduction in 
vasomotor response to verapamil infusion implies an additional underlying mechanism, such 
as calcium flux-dependent and endothelial-independent disturbance of the vascular smooth 
muscle cells, or mitochondrial damage. Mitochondrial damage has been demonstrated as a 
result of the toxicity displayed by compounds on the particle surface, including PAHs and 
quinones (200). This reduction in vasodilatation following verapamil infusion may be due to 
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differences in engine running conditions. We have previously used an idling diesel engine to 
generate diesel exhaust. Although, in order to mimic real-world conditions, we introduced the 
European Transient Cycle (ETC) urban running condition, which was used in study V. In a 
previous study, we have demonstrated differences in size, composition and oxidative potential 
between particles generated by an idling engine compared to transient engine load and 
running conditions. Particles emitted during transient speed and engine load were somewhat 
bigger, contained more soot and less organics, had less polycyclic aromatic hydrocarbons and 
displayed a lower oxidant potential (56). Moreover, diesel exhaust generated under transient 
engine load caused a delayed airway inflammatory response. In contrast, emissions from an 
idling engine produced a fully developed inflammation in human airways at the same time 
point, six hours following exposure (109). Nevertheless, the vascular response during both 
running modes was similar.  

Endogenous fibrinolysis 

Endogenous fibrinolysis is an important part of endothelial function and relies on the levels of 
PAI-1 as well as the ability of endothelial cells to release t-PA. t-PA is stored within 
intracellular pools and the rapidity and magnitude of its release largely determine the efficacy 
of endogenous fibrinolysis, as fibrin clot dissolution is much more efficient if t-PA is 
deposited during, rather than after thrombus formation (201). A common finding on 
atheromatous plaques is small areas of denudation and micro-thrombus formation. When 
there is an imbalance between coagulation and fibrinolysis, these microthrombi may 
propagate ultimately leading to vessel occlusion. 

The enhanced risk of myocardial infarction and atherothrombosis in smokers may in part be 
explained by an inability of the endothelium to rapidly mobilise t-PA (86). Furthermore, 
patients with hypertensive disease have displayed reduced endogenous fibrinolysis offering a 
plausible explanation to the increased risk of acute cardiovascular events in this group (202).  

Endothelial release of t-PA can be triggered by bradykinin (203). We have previously 
displayed a diesel exhaust-induced reduction in t-PA response following intra-arterial infusion 
of bradykinin in healthy young individuals as well as in patients with stable coronary heart 
disease compared to filtered air (39, 117, 125). 

In study V, bradykinin triggered a dose dependent release of t-PA that was impaired 
following diesel exhaust exposure as compared to filtered diesel exhaust. However, we were 
not able to demonstrate a difference in t-PA release following exposure to diesel exhaust as 
compared to filtered air. Although we failed to confirm the findings from our previous studies 
(39, 56, 117, 125) we still believe that there is a diesel exhaust-induced impairment on t-PA 
release. Furthermore, human umbilical endothelial cells exposed to PM10 displayed both 
reduced synthesis and release of t-PA (204) and a recent CAPs exposure study showed a mild 
reduction in t-PA release following exposure (205).  

Thrombus formation and platelet activity 

Study V was designed to primarily investigate whether diesel exhaust-induced thrombus 
formation could be reduced by means of an exhaust particle trap. Thrombotic potential was 
assessed at two hours following exposure. The results from study I were confirmed, diesel 
exhaust induced increased thrombus formation as compared to filtered air in both the low- and 
high-shear chambers. When diesel exhaust was filtered through a particle trap, thrombus 



DISCUSSION 

- 54 - 

formation was reduced as compared to diesel exhaust exposure during both low- and high-
shear conditions, although not statistically significant in the high-shear chamber.  

We did not demonstrate increased plasma sCD40L levels as displayed in study I. This may be 
due to differences in running conditions of the diesel engines between the two studies. 
Consequently, we did not demonstrate any differences between diesel exhaust exposure and 
filtered diesel exhaust exposure on this marker of platelet activation.  

Taken together, diesel exhaust has been demonstrated to induce adverse effects on several 
cardiovascular endpoints. These effects have been exhibited by us, in human exposure 
studies, and by other groups in animal as well as in human models and are supported by 
extensive epidemiological data (11, 39, 117, 206). For the first time, we have demonstrated 
that diesel exhaust-induced enhancement of thrombotic potential and endothelial dysfunction 
in terms of reduced vasomotor and fibrinolytic response could be completely abolished by 
particle trapping. Exhaust particle traps have the potential to prevent these acute vascular 
effects and consequently, reduce cardiovascular mortality and morbidity associated with 
particulate matter air pollution.  
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FINAL COMMENTS 
For many years, we have studied the cardiovascular effects caused by combustion-derived 
particulate matter air pollution. We have utilised a well-characterised diesel exhaust exposure 
setup and a thoroughly validated method of assessing vascular function. Airway inflammation 
and acute endothelial dysfunction have previously been demonstrated in healthy, as well as in 
compromised groups. In this thesis, the previous results of a diesel exhaust-induced 
impairment of both vascular vasomotor function and endogenous fibrinolysis were confirmed 
in healthy individuals. Moreover, two new techniques were introduced to assess the adverse 
cardiovascular effects of diesel exhaust exposure; arterial stiffness and the Badimon ex vivo 
perfusion chamber. These techniques demonstrated increased arterial stiffness and thrombotic 
potential following diesel exhaust exposure. Peters et al. have demonstrated a strong 
association between exposure to traffic and increased risk of myocardial infarction (23). 
Importantly, they have also suggested a time course with several peaks of increased risk 
starting with the first hour and up to 24 hours following traffic exposure. These findings have 
been vital when choosing the time points for investigating the vascular effects in the present 
studies. We have previously demonstrated endothelial dysfunction at two, six and 24 hours 
following exposure. In this thesis, an increased thrombotic potential has been demonstrated at 
two and six hours, which may offer an additional mechanism behind the increased risk of 
myocardial infarction in relation to air pollution exposure. However, until now, we have not 
been able to assess possible immediate effects following exposure. When introducing the 
method of measuring arterial stiffness, we have for the first time had the opportunity to 
demonstrate an instant impairment in vascular function following exposure to diesel exhaust. 
Taken together, these results have all pointed towards a real-life effect on the vascular wall 
due to diesel exhaust exposure and correlates well with the time course suggested by Peters et 
al. 

The chosen exposure concentration is based on previous experience in this field and on 
several years of exposure studies in healthy as well as in compromised individuals. We 
believe that the exposure, although at a relatively high effective particulate matter 
concentration, is relevant in composition and in magnitude. In occupational settings and in 
heavy traffic encountered in the worlds largest cities, particulate matter levels often reach 300 
μg/m3 and above. Over a 24 hour-period, exposure levels of this magnitude for one hour 
increase the average exposure with only 12 μg/m3. These small changes occur on an everyday 
basis in the least polluted cities and are associated with increased cardio-respiratory mortality 
(28). Furthermore, controlled diesel exhaust exposure studies avoid potential confounding 
factors, as well as the variation in particle and gaseous characteristics observed in studies 
employing concentrated ambient particles. 

All studies included in this thesis were performed in young and healthy males. Our findings 
are not for certain directly applicable to a compromised and/or a female group. During the 
menstrual cycle, there are dramatic changes in estradiol and progesterone levels. 
Endothelium-dependent vasodilatation and arterial stiffness are clearly affected by these 
cyclic hormonal changes. In healthy women, Chan et al. demonstrated increased 
vasodilatation in response to intra-arterial infusion of bradykinin during mid phase of the 
menstrual cycle (207). Recently, a thorough assessment of the effects of menstrual cycle and 
pregnancy on arterial stiffness was performed. Decreased augmentation index was 
demonstrated during the luteal phase in young and healthy women indicating reduced arterial 
stiffness (208). The cyclic nature of these important indicators of vascular function makes it 
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logistically difficult to design a study and to interpret the results if female subjects were to be 
included. Moreover, including healthy individuals has made it feasible to observe effects 
without the possible interference of underlying diseases, which may make results difficult to 
interpret. 

The detrimental effects inflicted by diesel exhaust on vascular endothelial function and 
thrombus formation most likely have no clinical significance in healthy individuals. However, 
in patients with cardiovascular disease where atherosclerosis have already contributed to 
impaired myocardial perfusion, it is highly possible that increased thrombotic potential as 
well as impaired endogenous fibrinolysis may increase the risk of ischemia. Accordingly, we 
have previously demonstrated increased ST-segment depressions in patients with stable 
coronary heart disease during exposure to diesel exhaust (39). Although these patients 
displayed endothelial dysfunction in terms of impaired fibrinolysis, a reduced vasomotor 
response was not demonstrated. This may be explained by differences in vasomotor response 
to vasodilators between healthy and compromised groups, due to normal age-related vascular 
changes. Furthermore, studies examining the respiratory effects of diesel exhaust have 
displayed differences in airway inflammatory response between COPD patients and 
asthmatics as compared to healthy individuals. These findings underline the necessity to 
broaden the studied populations and to perform exposure as well as interventional studies in 
females, in cardio-respiratory compromised patients and in elderly people. 

A growing body of evidence implies particulate matter air pollution as an important 
contributor to increased cardiovascular morbidity and mortality. There are now extensive 
epidemiological, observational, animal, in vitro and human data suggesting a clear 
association. Therefore we sought to assess the potential for an exhaust particle trap to reduce 
the adverse cardiovascular effects. The particle trap substantially lowered particulate matter 
emissions and abolished the diesel exhaust-induced detrimental effects on the vascular 
endothelium. The concentration of particulate matter was reduced by 98% and the remaining 
particle emission was not sufficient to induce adverse vascular effects. These important 
findings indicate that an increased use of exhaust particle traps in diesel-powered vehicles 
may reduce the noxious particle emissions, and thereby be of great importance for improving 
global health.  
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CONCLUSIONS 
It is concluded that: 

 

 Inhalation of diesel exhaust causes increased ex-vivo thrombus formation and platelet 
activation in human subjects. 

 

 Diesel exhaust exposure induces an acute vascular event in terms of increased arterial 
stiffness. 

 

 A single exposure to diesel exhaust is not associated with an upregulation of the 
endothelin-1 system. This mechanism does not seem to explain the acute vascular 
responses following inhalation of diesel exhaust. 

 

 An acute exposure to nitrogen dioxide has not been found to affect vascular function 
in human subjects. 

 

 The use of an exhaust particle trap significantly reduced the emitted diesel exhaust 
particles and abolished the adverse diesel exhaust-induced vascular and pro-
thrombotic effects. 
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