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Abstract 
 

Today it is well established that particulate matter (PM) cause a wide range of health 

effects. The underlying mechanisms likely include inflammation, oxidative stress and 

genotoxicity. There is however a lack of knowledge regarding how particles from 

different sources contribute to these effects. Furthermore, oxidative stress is difficult to 

analyse due to the risk of artificial oxidation during sample preparation and analysis.  

The main aims of this thesis were to investigate different methods for analysis of 

oxidative DNA damage and to compare the ability of particles from different source to a) 

cause DNA damage, b) cause oxidation of DNA, c) induce inflammatory mediators, d) 

cause mitochondrial depolarisation and e) form intracellular reactive oxygen species 

(ROS). 

 In Paper I and II the background level of oxidative DNA damage in human 

lymphocytes was investigated. HPLC (high performance liquid chromatography) with 

electrochemical detection was used to analyse 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-

oxodG) and the Comet assay in combination with the enzyme formamidopyrimidine 

glycosylase (FPG) was used to detect mainly oxidised purines. It was found that the level 

in a healthy Swedish population was around 1 8-oxodG per 106 dG measured using 

HPLC-EC, and 0.24 FPG sites per 106 dG using the Comet assay. Furthermore, there was 

no correlation between the levels of 8-oxodG and FPG sites. 

 In Papers III-VI, the toxicity of particles from different sources were studied. It 

was found that subway particles were most genotoxic of all particles tested and that they 

caused formation of 8-oxodG and intracellular ROS in cultured human lung cells. In 

contrast, the street particles caused the highest release of inflammatory cytokines. 

Particles from tire-road wear collected using a road-simulator were genotoxic and 

induced inflammatory cytokines without involvement of particles related to vehicle 

exhaust. Furthermore, more efficient combustion of wood and pellet gave much less 

emissions of particles, but those emitted did not show less toxicity. Finally, diesel 

particles were most potent to cause mitochondrial damage, followed by PM from wood 

combustion and the subway.  

In conclusion, PM from different sources showed different types of toxic effects. 

Subway particles were most potent regarding genotoxicity and oxidative stress in vitro, 

the main focus in this thesis, and may in this context therefore be regarded as 

“particularly harmful”. 
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Svensk populärvetenskaplig sammanfattning  
(Popularised Swedish summary) 
 
Partiklar och hälsoeffekter 

Ett av de miljömål som Sveriges riksdag har beslutat om är ”Frisk Luft”. Är luften vi andas 

i dag ”frisk”? Svaret är tyvärr nej! Visste du att uppskattningsvis 5 300 personer beräknas 

dö i förtid i Sverige varje år på grund av partiklar i luften? Det är framförallt sådana 

partikelföroreningar som den här avhandlingen handlar om. 

 

Partiklar bildas vid t.ex. ofullständig förbränning av olja, kol och ved. Förbrännings-

partiklarna är mycket små och väger inte så mycket. De är däremot oftast väldigt många. 

Dessa allra minsta partiklar kallas ultrafina och är mindre än 0,1 !m (mikrometer, d.v.s. 

miljondels meter) i diameter. Riksdagens miljömål för partiklar, och den lagstiftning som 

finns inom EU, handlar om halten (massan per kubikmeter) av alla partiklar som är mindre 

än 10 !m och dessa brukar kallas PM10. 

 

Vägtrafiken ger upphov till många små förbränningspartiklar i luften, men även till större 

partiklar. De större partiklarna bildas på grund av att vägarna och däcken slits. I Sverige 

slits vägarna extra mycket beroende på att dubbdäck och sand används på vägarna för 

halkbekämpning på vintrarna. På våren när vägarna torkar är det ofta väldigt höga halter av 

partiklar i luften.  

 

Det är inte bara vägtrafiken som bidrar till att det är mycket partiklar i luften, även 

vedeldning spelar en stor roll, speciellt i vissa orter. Hur mycket partiklar som släpps ut 

när man eldar med ved beror till stor del på vilken typ av panna man använder. Hur 

mycket partiklar som finns i luften beror också på hur vindarna blåser, eftersom en 

betydande mängd ofta kommer från andra länder. Speciellt södra Sverige drabbas av 

partiklar som transporterats långt från exempelvis kontinenten. 
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Det var först efter flera så kallade episoder, alltså perioder då luftföroreningshalterna av 

olika anledningar var extremt höga, som man förstod att luftföroreningar verkligen kunde 

medföra kraftiga hälsoeffekter. Den mest kända episoden är “smogen” i London 1952 då 

uppskattningsvis 4 000 till 12 000 människor dog och många fler blev sjuka. Först på 90-

talet utfördes sedan stora studier i USA som visade att även vanligt förekommande halter 

av t.ex. partiklar gav upphov till effekter som förtida död i hjärt- och kärlsjukdomar och 

lungcancer. Man vet i dag också att ökade partikelhalter ger ökat sjukhusintag av barn med 

lungsjukdom och av äldre med lunginflammation. Studier har också visat att det blir fler 

akutbesök på sjukhus för astmatiker, och att astmatiker måste använda mer medicin, 

under dagar då partikelhalterna är höga. 

 

Varför ger partiklarna hälsoeffekter? 

I dag tror man att en anledning till att partiklarna ger dessa hälsoeffekter är att de orsakar 

inflammation, alltså en allmän försvarsreaktion i kroppen. En annan anledning är att 

partiklarna kan bilda så kallade fria radikaler i kroppens celler. Dessa radikaler är mycket 

reaktiva och kan orsaka skada på exempelvis cellernas arvsmassa, d.v.s. på DNA. Fria 

radikaler kan oskadliggöras av antioxidanter som vi får i oss via maten, men om 

radikalerna blir för många kan en obalans uppstå som brukar kallas “oxidativ stress”. 

Skador på DNA kan ofta repareras, men om det inte sker, eller om de repareras felaktig, 

kan en så kallad mutation uppstå. En mutation är en bestående förändring i cellens DNA 

och många sådana kan påverka cellen så att den börjar dela sig okontrollerat, vilket är ett 

steg i en eventuell utveckling av cancer. 

 

Vad har avhandlingen visat? 

I avhandlingen har för det första två olika metoder för att mäta oxidativ stress i form av 

oxidativa skador på DNA i blodceller hos människor undersökts. En oxidativ skada kan 

uppstå när partiklar bildar fria radikaler som i sin tur påverkar DNA så att extra 

syreatomer binds till olika ställen i DNA. För det andra, och det utgör huvuddelen av 

avhandlingen, har partiklar från olika källor studerats, framför allt med ett fokus på vilka 
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egenskaper hos partiklarna, och källor till partiklar, som gör dem farliga, dvs vilka 

”particles” som är ”particularly harmful” (titeln på avhandlingen). 

 

Mätning av oxidativ stress 

Att mäta oxidativ stress är svårt eftersom alla prover utsätts för luftens syre under arbetet. 

I avhandlingen har en metod som kallas kometmetoden undersökts. Principen är att man 

placerar celler i ett elektriskt fält. DNA, som finns i cellerna i form av två tvinnade 

strängar, är negativt laddat och kommer dras mot pluss-polen. Om DNA har gått sönder 

på många ställen, d.v.s. om det finns mycket strängbrott i DNA, så kommer de mindre 

DNA-bitarna att vandra längre under en viss tid än de större bitarna. När DNA sedan 

färgas ser de utspridda DNA-bitarna i ett mikroskop ut som en komet med ett huvud och 

en svans, ju längre svans desto mer skador finns i cellens DNA. Genom att behandla 

cellerna med ett enzym som letar upp och klipper av DNA vid oxidativa skador, så kan 

även dessa mer specifika skador mätas. Jag kom fram till att denna metod, i jämförelse 

med en vanligare metod då DNA isoleras från cellen innan analys, gav ett annat svar på 

hur mycket oxidativa DNA-skador som fanns i cellerna. Idag går det inte säkert att säga 

vilken mätmetod som är bäst, men kometmetoden gav generellt lägre värden på skadorna, 

vilket kan tyda på att det är en bättre metod för att undvika att extra skador uppstår på 

grund av luftens syre under analysen. 

 

Skadorna hos män respektive kvinnor undersöktes också. Det visade sig att män hade mer 

DNA-skador än kvinnor (mätt med kometmetoden), men då enbart oxidativa DNA-

skador mättes fann vi ingen skillnad. 

 

Partiklar från olika källor 

Huvuddelen i avhandlingen har handlat om att jämföra partiklar från olika källor och 

deras effekter på odlade lungceller. Sammanfattningsvis har jag kommit fram till följande 

resultat: 

 

a) Partiklar insamlade från tunnelbanan i Stockholm gav upphov till mycket mer 

skador på cellernas DNA än de andra partikeltyper som testades, exempelvis 



 10 

partiklar från gatumiljö. Partiklarna från tunnelbanan gav också upphov till 

oxidativ stress i cellerna. Sannolikt beror dessa effekter på att partiklarna 

innehåller mycket järn och även andra metaller som kan vara skadliga. 

b) Partiklar insamlade från gatumiljö gav störst inflammatorisk effekt i odlade celler 

av de olika partikeltyper som testades. 

c) Partiklar som uppstår från slitage av vägar, insamlade i en speciell testlokal, ger 

upphov till DNA-skador och inflammatorisk effekt. 

d) Moderna pannor för ved- och pelletsförbränning gav upphov till mycket mindre 

utsläpp av partiklar, men de partiklar som väl bildades var inte mindre skadliga 

för cellerna än de som bildades i en omodern panna med sämre förbränning. 

 

Svaret på frågan om vilka partiklar som är farligast beror på vilka skadliga effekter som 

avses. När det gäller partiklarnas förmåga att skada DNA och ge upphov till oxidativ 

stress på odlade mänskliga lungceller visar avhandlingen helt klart att tunnelbanepartiklar 

är mest skadliga. 

 

Vad kan resultaten användas till? 

Ökad kunskap om olika metoder för att mäta oxidativ stress i människor, och om vilka 

värden som är “normala” hos friska människor är värdefullt av flera anledningar. Det är 

viktigt att veta vilken metod som är bäst att använda, så att man inte mäter något annat än 

det som är avsett, t.ex. att resultaten beror på hur mycket oxidativa skador som bildas 

under analysens gång. Med mer kunskap om vilka värden som är “normala” och hur 

värdena skiljer sig mellan t.ex. kvinnor och män så är det också lättare att undersöka 

effekter av t.ex. olika luftföroreningar. 

 

När det gäller olika partiklars effekter på odlade lungceller så har den här avhandlingen 

framförallt visat att tunnelbanepartiklar ger mycket skador på cellernas DNA. Vad det 

betyder för hälsoriskerna med att befinna sig i tunnelbanan är i dag svårt att säga. Som tur 

är befinner sig de flesta inte i tunnelbanan någon längre tid, men samtidigt är halterna av 

partiklar oftast väldigt höga i tunnelbanan. Jag anser att de höga halterna i sig är en 

tillräcklig anledning för att arbeta för lägre partikelhalter eftersom många människor, ung 
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som gammal, befinner sig i tunnelbanesystem varje dag. Att partiklarna dessutom ger 

mycket DNA-skador i laboratorieförsök talar än mer för att åtgärder bör sättas in. 

Tunnelbanan är väldigt viktig för ett hållbart transportsystem i stora städer som 

exempelvis Stockholm. Det ger ytterligare en anledning att påskynda arbetet med renare 

tunnelbaneluft. Med avhandlingen som grund kan man dra viktiga lärdomar inför 

framtida transportlösningar i tunnlar. 
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Abbreviations 
 
ALS   alkali labile sites 
AM   alveolar macrophages 
APHEA  Air Pollution and Health - A European Approach 
APHEIS  Air Pollution and Health: a European Information System 
BaP   benso[a]pyrene 
COPD   chronic obstructive pulmonary disease 
CRP   C-reactive protein 
CYP   cytochrome P450 
DCFH-DA  2’,7’-dichlorofluorescin diacetate 
dG   2’-deoxyguanosine 
ESCODD  European Standards Committee on Oxidative DNA Damage 
ESR   electron spin resonance 
FPG   formamidopyrimidine glycosylase 
GSH/GSSG  oxidised/reduced glutathione 
H2O2   hydrogen peroxide 
HO   haem oxygenase 
HPLC   high performance liquid chromatography 
IARC   International Agency for Research on Cancer 
IL   interleukin 
MAPK   mitogen activated protein kinase 
MDA   malondialdehyde 
NF!B    nuclear factor–kB  

NMMAPS  National Morbidity, Mortality and Air Pollution Study  
NOx   nitrogens of oxides 
O3   ozone 
OGG1   oxyguanine glycosylase 
ONOO -  peroxynitrite 
8-oxodG  8-oxo-7,8-dihydro-2'-deoxyguanosine 
PAH   polyaromatic hydrocarbon 
PM   particulate matter 
ROS   reactive oxygen species 
RR   relative risk 
SOD   superoxide dismutase 
SSB   single strand breaks 
TBA   thiobarbituric acid 
TLC    thin-layer chromatography 
TNF   tumor necrosis factor 
UFP   ultrafine particles 
VOC   volatile organic compounds 
WHO   World Health Organization 
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1. Air pollution, genotoxicity and oxidative stress – an introduction 
 

Our life and well being is dependent on the air we breathe. The human lung has a large 

surface area (40-120 m2) and is exposed to between 10,000 and 20,000 litre of ambient 

air each day [1]. It is thus easy to realise that air pollutants can cause health effects, such 

as respiratory diseases and cancer development. According to an assessment from the 

World Health Organisation (WHO), more than 2 million premature deaths each year can 

be attributed to the effects of urban outdoor air and indoor air pollution [2]. The indoor 

air pollution, caused by burning solid fuels, is a problem in particular in developing 

countries.  

 

The fact that air pollutants can cause harmful effects has been documented for centuries. 

In 1775, the English surgeon Percivall Pott showed the occurrence of cancer of the 

scrotum in a number of his male patients, whose common history included employment 

as chimney sweeps when they were young. He related the disease to their occupation, and 

concluded that their prolonged exposure to soot was the cause [3]. However, it was not 

until several episodes that took place in the mid 20th century that knowledge about health 

effects in the general population, caused by air pollution, dramatically increased. The 

London smog (i.e. smoke and fog) episode in 1952 has been estimated to have caused 

4,000-12,000 excess deaths [4] and many more people became sick. Since then, air 

quality in many cities in Europe has improved significantly.  

 

It was earlier believed that it was enough to protect people from the episodes of air 

pollutants, but epidemiological studies have shown that health effects occur at rather 

“normal” levels and that there seems to be no clear threshold. Consequently, a great 

number of deaths, new cases of chronic bronchitis and asthma attacks can still be 

attributed to air pollution in e.g. European countries [5]. This is mainly due to the rapid 

motorisation of the society from the 1960s and onwards, which has led to an increased 

release of particulate matter (PM), nitrogen oxides (NOx) such as NO2, and to an 

increased formation of ozone (O3). Thus, problems remain and legal environmental 

objectives in many countries, e.g. Sweden, are far from achieved. 
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NO2 is formed by combustion of fossil fuels and mainly arises from traffic outdoors and 

from gas appliances indoors. NO2 has effects on the lung function and may cause a time 

dependent inflammatory response in the lung [7]. Ozone is found in the stratosphere, 

about 15-30 km above earth, where it prevents much of the harmful ultraviolet radiation 

from reaching the earth. However, ozone is also formed at ground level in the 

troposphere by complex reactions involving NOx and volatile organic compounds (VOC), 

catalysed by sunlight. Short-term health effects of ozone include respiratory symptoms, 

decreased lung function, increased airway responsiveness and airway inflammation [8]. 

Furthermore, it seems like there are synergistic interactions between ozone and NO2 [9].  

 

Although NO2 and ozone obviously cause health effects, the effects of airborne particles 

in particular have caught the attention of researchers, as well as the society in general, in 

recent years. Of the different air pollutants, PM seems to be the major concern from a 

health perspective [10]. It is now well established that PM cause respiratory diseases, an 

increased risk for lung cancer as well as death as a consequence of cardiovascular 

diseases [11]. PM and the other mentioned pollutants have one common feature, which is 

their ability to cause oxidative stress. Oxidative stress is a concept in biology with an 

increasing use in toxicology. Oxidative stress can be defined as “a disturbance in the pro-

oxidant-antioxidant balance in favour of the former, leading to potential damage” [12], 

see Figure 1. 

 

Figure 1. Oxidative stress can be defined as a disturbance in the balance between 

oxidants and antioxidants. Oxidants can for example be free radicals and antioxidants 

can be different kinds of vitamins.
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Oxidative stress can lead to damage to macromolecules such as DNA, lipids and 

proteins and seems to be important in the mechanism behind health effects caused by 

particles. Consequently, oxidative stress can lead to genotoxicity, i.e. damage to DNA 

caused by a toxin. Genotoxicity can also occur independent from oxidative stress. 

DNA damage, if un-repaired or repaired incorrectly, can lead to mutations, which are 

permanent changes in the DNA. Many mutations in the same cell in certain critical 

genes can lead to uncontrolled proliferation that is a critical part in the cancer process. 

 

This thesis will focus on genotoxicity and oxidative stress caused by particles from 

different sources. Even though all analytical methods have their own merits and 

problems, the questions regarding how to analyse oxidative modifications on DNA, a 

marker for oxidative stress, have gained much attention during recent years. The 

reason is the high risk for artificial oxidation of the samples during preparation, 

storage and analysis, and data from the literature show high variations of the levels in 

cells. Therefore, one part of this thesis deals specifically with questions regarding 

how to analyse oxidative stress in general and oxidative DNA damage in particular. 

Oxidative damage to DNA is a marker for oxidative stress as well as a genotoxic 

event with possible mutations as a consequence. 
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2. Research Aims 
 

Much research has been done lately regarding associations between particles and 

health, and consequently, a lot of knowledge has been gained. However, several 

questions remain. Today the levels of particles are legally regulated based solely on 

their mass per cubic meter in the air. However, it might be more beneficial for the 

public health to focus on decreasing emissions from certain sources. Therefore, this 

thesis focuses on investigating the toxicity of particles from different sources. 

 

The main aim of this thesis is to investigate and compare the toxicity of airborne 

particles from different sources with a focus on genotoxicity and oxidative stress. 

 

Specific aims of the thesis include: 

- To investigate different approaches for analysis of oxidative DNA damage. 

- To determine a background level of oxidative DNA damage in healthy 

individuals. 

- To examine mechanisms behind genotoxicity of airborne particles. 

- To investigate and compare the ability of particles from different source to a) 

cause DNA damage b) cause oxidation of DNA c) induce inflammatory 

mediators d) cause mitochondrial depolarisation and e) form intracelullar 

reactive oxygen species.  

 

Given these aims, the thesis will answer the following questions: 

a) What is the backgroud level of oxidative DNA damage in healthy individuals, 

measured using different methods (HPLC and comet assay)? (Paper I and II) 

b) Is there a correlation between these two methods? (Paper I and II). 

c) Is the genotoxicity of ambient particles caused by the particle core or 

substances adsorbed on the surface? (Paper III and IV) 

d) Which PM-sample of those collected from a subway station and a street, 

respectively, is most potent regarding genotoxicity and ability to induce 

oxidative stress and inflammatory mediators? (Paper IV and V). 

e) Are particles emitted from modern wood and pellet boilers less genotoxic and 

potent to induce inflammatory cytokines than those emitted from an old-type 

boiler with poor combustion? (Paper IV). 
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f)  Are tire-road wear particles, without involvement of exhaust particles, 

genotoxic and able to induce inflammatory mediators? (Paper V). 

g) Which particle type of those tested (subway, street, tire-road wear, wood, 

pellet and diesel) is most potent regarding the ability to cause mitochondrial 

depolarisation and intracellular reactive oxygen species? (Paper VI) 

h) Finally, is it possible from the experiments in this study to conclude that one 

particle-type is “particularly harmful” and further, can any particle-type be 

regarded as non-toxic? 

 

The results of this thesis will improve the understanding of different approaches for 

analysis of oxidative DNA damage and give information regarding the background 

level of oxidative DNA damage in human cells. The thesis will provide knowledge 

regarding the toxicity of particles from sources that have not been tested before. The 

conclusions will be important for the understanding of which sources that give rise to 

the most toxic particles, which is valuable for setting air quality limit values, as well 

as highlighting sources for further research. 

 

After a short description in the next chapter of the general approach in the different 

studies, particulate matter will be described in terms of sources and concentrations as 

well as the fate in the body (Chapter 4), followed by a description of the health effects 

caused by PM (Chapter 5). Against this background, the mechanisms underlying the 

health effects caused by PM will be examined (Chapter 6), with a special focus on 

how particles may cause genotoxicity and oxidative stress (Chapter 6.3). After that, 

there will be a focus on questions regarding how to analyse genotoxicity and 

oxidative stress (Chapter 7), as well as a discussion of the results in relation to 

analysis of oxidative DNA damage (Chapter 7.6). Finally, the topic of “particularly 

harmful particles” will be discussed (Chapter 8): is it possible to distinguish particles 

with certain size or chemical composition as particularly toxic? Or, maybe more 

important for policy reasons, may particles from certain sources be regarded as 

particularly harmful? The focus will be on particles from sources used in present 

studies (Chapter 8.3). 
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3. General Approch in the Studies 
 
The first two articles in this thesis deal with questions regarding measurement of 

oxidative DNA damage and the background levels in healthy persons. This work was 

conducted within ESCODD (The European Standards Committee on Oxidative 

Damage on DNA), which is a network that was set up to critically examine different 

approaches to measure DNA oxidation. The general approach in these studies (Paper I 

and II) was to collect blood from human volunteers, separate the lymphocytes and 

analyse DNA damage using different techniques. In Paper I the levels of DNA 

damage in human lymphocytes from males were compared among the different 

participating countries and in Paper II we examined the background level in a 

Swedish population and investigated gender differences. 

 

Figure 2. General research approach for Paper I and II. 
 

In contrast to the first two articles, Paper III-VI are in vitro studies. Particles were 

removed from the filters on which they were collected. Particles were then mixed 

with cell medium and human lung epithelial cells or human macrophages were 

exposed for various times. The toxicity was analysed as described in Chapter 7 or in 

Papers I-VI. 

 

 
Figure 3. General research approach for Paper III-VI. 
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4. Particulate matter – sources, concentrations and fate in the body 
 

This chapter describes sources and composition of PM as well as concentrations and 

limit values that are not allowed to be exceeded. Finally the fate of the particles in our 

bodies is discussed, i.e. the deposition and clearance in the lung and possible 

translocation to the blood circulation and other organs. 

 
4.1 Sources and composition 

Particulate matter is a mixture of solid and liquid particles suspended in the air with a 

size of a few nanometers (nm) to tens of micrometers (µm). Particles with an 

aerodynamic diameter less than 10 µm (PM10) are small enough to reach conductive 

airways and the lower respiratory system. PM10 is often divided in a coarse fraction 

(>2.5 µm), a fine fraction (<2.5 µm, PM2.5), and finally an ultrafine fraction (<0.1 

µm, PM0.1, also sometimes called nanoparticles).  

 

The coarse particles mainly originate from natural sources such as dust and pollen, 

but also from mechanical processes, e.g. mining and tire-road wear. Major sources 

include windblown dust from soil and unpaved roads, and dust from road wear 

entering the air by the turbulence from traffic. Another source is evaporation of sea 

spray [13]. The amount of energy required to break up material to particles increases 

with decreasing size so that the lower limit for production of these particles is 

approximately 1 µm [14]. The cutting point between coarse and fine particles is thus 

in practice closer to 1 µm than to 2.5 µm as the standard definition indicates. 

 

Fine particles are usually formed from gases, mainly as a result of fossil fuel 

combustion, and consist of sulphates, nitrates, trace elements and organic compounds. 

Secondary fine particles are formed by atmospheric conversion of gases into particles. 

One example is the conversion of NO2 to nitric acid vapour HNO3, which then reacts 

with NH3 to form particulate ammonium nitrate (NH4NO3) [15]. Metallic vapour 

(formed e.g. during smelting) or organic vapour (from e.g. cooking) that coagulate 

(two or more small particles combining) or condense (gas molecules condensing onto 

a solid particle) without chemical reactions form primary fine particles. Combustion 

of gasoline and diesel form fine particles, whereas combustion of coal and heavy fuel 

oil yields both fine and coarse particles (from non-combustible material) [13]. 
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There are also other commonly used definitions of the different size fraction of 

particles. Three different modes of particles are often described: nuclei mode (<0.1 

µm), accumulation mode (between approximately 0.1 and 1 µm) and the coarse mode 

(larger than 1 µm), see Figure 4.  

 

 

Figure 4. A summary of the different modes of particles and how they are formed. 

Modified from US Environmental Protection Agency 2004 [16].  

 

The efficiency of coagulation and condensation of particles decreases with increasing 

size so that particles do not grow by these processes beyond approximately 1 µm. The  

nucleation mode particles (ultrafine particles) have an atmospheric half-life time of 

only minutes to hours since they grow to larger particles. The coarse particles have 

also a rather short life-time due to rapid deposition. Particles in the atmosphere thus 

tend to accumulate between 0.1 and 1 µm (hence “accumulation mode”), and these 

particles can remain in the atmosphere for days to weeks before they are removed by 

rain or dry deposition. The different life-time for the different size fractions in the 
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atmosphere also mean that their travel distances differ, the nucleation mode particles, 

as well as the coarse mode particles seldom travel more than 1-10 km whereas the 

accumulation mode particles can travel 100s to 1,000s of km [15]. 

 

In the EU-15, i.e. EU countries without new member states, three main sources for 

PM2.5 have been identified, namely mobile sources such as diesel vehicles, domestic 

wood stoves and industrial processes (Figure 5). Considering specific mobile sources, 

12% of total emissions of PM2.5 is attributed to diesel passenger cars (exhaust), 7% 

to heavy diesel vehicles (exhaust), 3% to non-exhaust and 12% to off-road machinery 

[17]. 

 

 

 

Figure 5. Contribution to primary PM2.5 emissions in the EU-15 countries year 

2000. 

 

In Sweden, the most important local source for PM10 is suspension of road dust due 

to the use of studded tires and winter sanding of roads. In Stockholm, the emission 

factor (emission/vehicle km) is totally dominated by resuspension of road dust 

contributing to about 87% of the total PM10 emissions from vehicles in 2003 [18]. 

“Resuspension” refers to emissions of previously deposited material into the 

atmosphere and resuspension of road dust usually occurs in March-April when snow 
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and ice have melted and the streets have dried. Other important PM-sources in 

Sweden are biofuel combustion for residential heating and vehicle exhaust [19].  

 

4.2 Air concentrations and limit values 

The concentration of PM differs obviously depending on where it is measured. Rural 

background has lower values than urban background and high levels are often found 

on streets. The levels of PM10 in different cities were compiled within the APHEIS 

project (Air Pollution and Health: a European Information System) and data from 

some cities are shown in Figure 6 [20]. The concentrations presented are urban 

background annual mean levels for the years 1996, 1998, 1999 or 2000. As seen in 

the figure, Stockholm reports a rather low concentration (14.0 µg/m3). However, at 

one busy street (Hornsgatan) the annual mean level 2005 was 42 µg/m3 and the 

highest 24-h mean was 245 µg/m3 [21], thus much higher than the urban background.  

 

 

Figure 6. Urban background annual mean levels and 90-percentiles for PM10 in 

some cities. Reported in the APHEIS project. 

 

Cities in Latin America have reported higher levels compared to many concentrations 

shown in Figure 6. The average PM10 concentrations from 1997-2003 were 49.0 

µg/m3 and 60.2 µg/m3 for Sao Paulo and Mexico City, respectively, and the average 
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level in 1998 in Santiago was 82 µg/m3 [6]. A study performed in India, investigating 

the air pollution levels in different locations and seasons showed that the 

concentrations of PM10 ranged from 32 µg/m3 to 430 µg/m3 during the study period 

[22]. 

 

To reduce the impact of air pollution on human health and ecosystems, EU has 

adopted a series of air quality directives. The air quality Framework Directive 

(1996/62/EC) and its four Daughter Directives set limit values for the concentrations 

of air pollution in the ambient air, and these are not to be exceeded anywhere in 

Europe. The first Air Quality Daughter Directive entered into force in January 2005 

and sets limit values for PM10 and some other pollutants. The limit values for 

ambient PM concentrations for the EU-countries [23] and the USA [24], as well as the 

air quality guideline from WHO [10] are presented in Table 1. Note that no limit 

value exists for PM2.5 in the EU, even though new legislation is under development. 

 

Table 1. Current limit values for PM in ambient air in EU and USA, respectively, as 

well as air quality guideline from WHO. 

PM10 PM2.5 
 EU USA WHO US WHO 

24-h mean 
(µg/m3) 

501 1502 50 35 25 

Annual mean 
value (µg/m3) 

40 Recently 
revoked 

20 15 10 

 
1 Not exceeded more than 35 days of in a year 
2 Not exceeded more than once a year on average 3 years 

 

4.3 Fate in the body: deposition, clearance and translocation 

Deposition of particles in the airways is dependent on the size, density, shape and 

hygroscopy of the particles as well as breathing pattern [25]. Larger particles (>10 

µm) are mainly deposited in the nasal-pharyngeal region and the main portion of 

particles in the size range 5-10 µm are deposited in the larger conductive airways. 

Fine and ultrafine particles are able to reach the alveoli and the maximum deposition 

(about 50%) in the alveolar region is for 20-30 nm particles [25]. 
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Many particles deposited in the large ciliated airways (bronchi) seem to clear within 

24 hours by mucociliary clearance. The particles are transported towards the throat 

where they are swollowed. However, studies have shown that the retention in the 

bronchial airways is dependent on the size of the particles. The fraction retained after 

24 h was negligible for 6 µm particles but increased with decreasing diameter so that 

80% of 30 nm particles were retained [26]. Wiebert et al confirmed this with a study 

showing negligible clearance (within 24 and 72 h) after inhalation of 100 nm carbon 

particles in healthy adults as well as asthmatics and smokers [27]. Except for 

mucociliary clearance, coughing is also an important mechanism for the clearance of 

the trachea and bronchi. In the alveolar region, particles are phagocytosed by alveolar 

macrophages, which e.g. can dissolve metal particles that are insoluble in water. The 

macrophages carry the phagocytosed particles up to the airways to the mucociliary 

clearance system or through the alveolar wall into the lympatic vessels [1].  

 

Conflicting results have been reported regarding the fraction of ultrafine particles that 

may translocate from the lung epithelium to the systemic circulation with possible 

accumulation in other organs. Nemmar et al found a significant translocation of 

radiolabelled particles with about 8% of the inhaled activity in the liver almost 

immediately after inhalation [28]. It has been suggested though that the results may be 

due to leaching of the label [26,29], since a recent study with stable label showed no 

significant translocation of inhaled 35 nm particles to the systemic circulation [29]. 

However, taking into consideration all animal and human studies it is likely that this 

translocation pathway exists in humans, but the extent is dependent on particle surface 

characteristics and chemistry as well as particle size [30]. Animal studies have also 

shown a translocation of ultrafine particles to the central nervous system via the 

olfactory nerve. For example one study showed translocation of ultrafine (30 nm) 

manganese oxide particles to several parts of the brain. The translocation also resulted 

in inflammatory changes measured as TNF" in the olfactory bulb [31]. This pathway 

provides a direct route for inhaled PM to the nervous system without transport via the 

systemic circulation and thus circumvents the protective blood-brain barrier [32]. 
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5. Health effects caused by particles 
 
Epidemiological studies have traditionally played an important role for setting air 

quality guidelines or limit values. However, since the magnitude of the effects on 

health caused by PM is relatively small on an individual scale, studies with large size 

and long observation time are needed. Animal studies as well as in vitro studies are 

therefore good complements to the epidemiological studies, especially for exploring 

mechanisms etc.  

 

Epidemiological studies include time-series studies, which investigate the association 

between short-term changes in PM-levels and short-term changes in health effects. 

When investigating the effects of chronic exposures to PM, two different approaches 

are often used. These are cross-sectional studies comparing air pollution exposure 

rates and mortality between different locations, and cohort studies comparing the 

mortality rates of people with different exposures over time. Cohort studies are often 

regarded as the “gold standard” for assessing health effects from air pollution [33]. In 

the following sections, the morbidity and mortality associated with exposure to PM 

will be described. 

 

5.1 Morbidity 

The acute health effects caused by PM include increased rates of hospital admissions 

for respiratory diseases, such as chronic obstructive pulmonary disease (COPD) and 

asthma [34], as well as increased use of asthma medication [35]. An association 

between increasing annual levels of total suspended particles and increased risk of 

chronic bronchitis has been shown [36] and also an association between daily PM10 

and increased risk for hospital admissions for phnemonia and COPD for elderly [37]. 

Elderly, children and people with existing lung disease seem to be particularily 

vulnerable. Some associations between various health endpoints and exposure to PM 

for children are summarised in Table 2. Short term increases in respiratory effects, as 

well as mortality, estimated by WHO in 2000 are shown in Figure 7. 
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Table 2. Some health endpoints associated with PM exposure for children. 

Health effects Exposure Reference 

Increase in brochodilator use PM2.5 [38] 

Asthma hospitalisation PM2.5-10 [39] 

Decrease in lung function PM10 [40] 

Cough and lower respiratory symtoms PM10 [41] 

Adverse effects on lung development PM2.5 [42] 

Hospitalisation for respiratory 
infections 

PM2.5-10 [43] 

 

Long-term health effects of PM include increased risk for lung cancer. This will also 

be discussed under the next section concerning mortality. There seem to be an "urban 

factor" that leads to approximately 10-15% increased risk for lung cancer compared to 

living in a rural area when smoking is taken into account [44]. A Swedish case-

control study found associations between exposure to air pollutants from traffic and 

lung cancer [45], but particles were not analysed in the study. 

 

Exposure to diesel exhaust means an exposure to particles coated with polyaromatic 

hydrocarbons (PAHs). Studies using animals have indeed shown an association 

between lung cancer and diesel exhaust [46,47]. A meta-analysis involving 30 studies 

found that long-term exposure to diesel exhaust was associated with approximately 

30-50% increase in relative risk (RR) of lung cancer [48]. The International Agency 

of Resrearch on Cancer (IARC) has concluded that diesel exhaust is “probably 

carcinogenic” and classified it in group 2A (limited evidence in humans and sufficient 

in animals). 

 

Cohen and Pope have suggested that there is a gradient of relative risks of lung cancer 

associated with combustion products, ranging from 7.0-22.0 in cigarette smokers, 2.5-

10.0 in coke oven workers, 1.0-1.5 in residents of areas exposed to high levels of air 

pollution, and finally 1.0-1.5 in non-smokers exposed to environmental tobacco 

smoke [49]. 
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Figure 7. Short term increases in respiratory effects and mortality by PM10, 

estimated by WHO 2000 [14]. 

 

5.2 Mortality 

There are two large and often cited cohort studies available that have studied the 

mortality due to chronic exposure to PM. The first one, the “US six cities study” by 

Dockery and co-workers, followed a cohort of more than 8,000 adults, living in six 

cities in the USA with varying levels of air pollution, between 1974 and 1991. After 

adjustment for several confounders such as age, smoking and education, a significant 

relationship was found between mortality and PM2.5. A less clear relationship was 

found with total suspended particles [50].   

 

The other study by Pope et al analysed data from a large cohort study conducted by 

the American Cancer Society since 1980. About 500,000 individuals living in 151 

metropolitan areas with different levels of pollution in the USA were included. After 

a follow-up time of 8 years and adjustment for different factors, an association 

between mortality and PM2.5 was found [51]. A follow-up of this study was done 

several years later by Pope and co-workers. The new study allowed for a follow-up 

time of more than 16 years from the start of the study, a higher number of deaths, new 

exposure data and more advanced statistical modelling. It was found that a 10 µg/m3 
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increase in PM2.5 was associated with approximately 4%, 6%, and 8% increase in all-

cause, cardiopulmonary and lung cancer mortality, respectively [52]. The coarse 

particle fraction and total suspended particles were not consistently associated with 

mortality.  

 

In Sweden, the total number of premature deaths due to long term exposure to the 

current levels of PM10 has been calculated to be almost 5,300 per year, of which 

nearly 3,500 are attributable to the regional background concentration and 1,800 to 

PM10 from local sources [19]. 

 

Regarding short-term effects on mortality, two large multi-centre studies from Europe 

(Air Pollution and Health - A European Approach, APHEA) [53] and from the USA 

(National Morbidity, Mortality and Air Pollution Study, NMMAPS) [54] have been 

performed. The APHEA mortality study covered more than 43 million people living 

in 29 European cities, which were studied for more than 5 years in the 1990s. The 

NMMAPS study covered more than 50 million people, living in 20 metropolitan areas 

in USA, who were studied between 1987 and 1994. The results showed 0.6% and 

0.5% increase in total deaths per 10 µg/m3 increase in PM10 in the APHEA and 

NMMAPS study, respectively [53,54]. 
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6. Mechanisms – why do particles cause health effects? 

 
In the following chapter, the mechanisms behind the health effects caused by particles 

will be discussed. In general, the mechanisms are considered to involve inflammation, 

oxidative stress and genotoxicity. The chapter starts with a general background 

regarding oxidative stress and continues with a deeper discussion about how particles 

cause genotoxicity and oxidative stress. 

 
6.1 Reactive oxygen species and oxidative stress 

Oxidative stress can be caused by free radicals, which are atoms having a single 

unpaired electron, which often implies high reactivity. Free radicals can take or give 

electrons to molecules nearby thus leading to oxidation or reduction of those 

molecules. A radical can also add on to another molecule or abstract hydrogen from a 

C-H bond. Free radicals cause chain-reactions when they react with a non-radical 

since this forms a new radical. Other reactive molecules, in addition to the free 

radicals, can also be formed from oxygen. The term “reactive oxygen species” (ROS) 

is commonly used to include these species. Radical and non-radical ROS are listed in 

Table 3. Oxidative stress can arise when there is an excess of ROS, a decrease in 

antioxidant defence, or a combination of both (see Figure 1, page 15). 

 

Table 3. Radical and non-radical ROS. 

Radicals Non-radicals 

Superoxide #O2
- Hydrogen peroxide H2O2 

Hydroxyl  #OH Hypochlorous acid HOCl 

Peroxyl R-OO# Ozone O3 

Nitrogen monoxide NO# Singlet oxygen 1O2 

Nitrogen dioxide NO2# Peroxynitrite ONOO- 

 

 

Molecular oxygen (O2) is present in the atmosphere (21%) as a di-radical with two 

unpaired electrons. Oxygen is crucial for life since it is used for energy production. 

Oxygen, transported in blood by haemoglobin, loose electrons that are accepted by 

electron carriers (e.g. NAD+), which become re-oxidised by O2 in the mitochondria 

producing large amounts of ATP [55]. Although O2 is not highly reactive, since the 
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unpaired electrons have parallel spins, its stepwise reduction in the electron transport 

chain leads to formation of ROS. Electron leakage from the electron transport chain in 

the mitochondria is one major contributor to the endogenously produced ROS. ROS 

are also generated by cytochrome P450 reductase in the endoplasmatic reticulum, by 

reduced NADPH oxidase in the membrane of phagocytic cells as part of the immune 

defence, and by xantine oxidase in the cytosol [55]. 

 

NO2 is a free radical since it contains unpaired electrons in its outer electron orbital 

whereas O3 is not a free radical but still a powerful oxidant [56]. NO2 has limited 

solubility in aqueous solutions and O3 is a relatively insoluble gas. Both these gases 

react with substrates present in the lung lining fluids and not directly with the 

epithelium [56]. In contrast, PM can act directly on the epithelium and may generate 

free radicals via different mechanisms, as will be discussed in more detail later in this 

chapter. 

 

6.2 Protection from and consequences of oxidative stress 

There are several defence mechanisms available to protect us from oxidative stress. 

These include enzymes such as superoxide dismutase (SOD), which catalyses the 

dismutation of superoxide anion (#O2
-) to hydrogen peroxide (H2O2) and O2, and 

catalase that decomposes H2O2 to H2O. Other important enzymes are the glutathione 

peroxidases (GPx) that reduce hydrogen peroxides by oxidising glutathione (GSH to 

GSSG). Other defence systems include dietary antioxidants such as ascorbic acid 

(vitamin C) and "-tocopherol (vitamin E), which can block the generation of #O2
- 

from redox cycling compounds. Metals are potentially harmful and binding of e.g. 

iron by transferrin and ferritin is part of the protection against oxidative stress. Haem 

proteins (containing iron) are potentially pro-oxidants and needs to taken care of 

when released from damaged cells. This is done by haem oxygenase (HO) that 

consists of two iso-forms of which one is stress induced (HO-1). When haem 

degradation takes place, bilirubin is an end product and this compound, which is 

bound to albumin in the body, is considered to be an important antioxidant [55]. 

 

If these protecting systems are overwhelmed, a consequence is damage to DNA, 

lipids and proteins. Oxidative damage to any of these molecules can contribute to 
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disease development and there is a link between oxidative stress and many diseases 

including asthma, atherosclerosis, cardiovascular disease and cancer [57]. Oxidative 

stress is also considered to be a phenomenon involved in the normal aging process 

[58]. Furthermore, on the cellular level, ROS have been shown to affect signal 

transduction, cell proliferation, cell death and intercellular communication [55]. It has 

been reported that at least 127 genes and signal transducing proteins are sensitive to 

reductive and oxidative states in the cell [59]. The mitogen activated protein kinase 

(MAPK) and the nuclear factor–kB (NF!B) signal transduction pathways are the most 

examined. 

 

6.2.1 Oxidative DNA damage 

Guanine is most easily oxidised among the DNA bases, because the oxidation 

potential of guanine is lower than of the other bases. The oxidative lesion 8-oxo-7,8-

dihydro-2'-deoxyguanosine (8-oxodG) that is formed after oxidation of 2’-

deoxyguanosine (Figure 8) was discovered in 1984 [60]. 8-oxodG may be formed 

either by oxidation of guanine in DNA, or by incorporation of an oxidised nucleotide 

(8-oxodGTP) during replication or repair. 8-oxodG can lead to GC$TA transversion 

mutations since it can form hydrogen bounds with adenine, although most 8-oxodG 

pairs correctly with cytosine [61]. This direct effect on DNA may be a part of the 

initiation of carcinogenesis. One important question concerns to what degree there is 

enough oxidative damage to DNA in our bodies to cause cancer? Reports have 

suggested that there is, but the reported background values of e.g. 8-oxodG in the 

literature have shown variations over several orders of magnitudes. This is because 

DNA is sensitive to oxidation during sample preparation, which will be discussed 

more in Chapter 7. 

 

 

Figure 8. Structures of the nucleosides dG and 8-oxodG. 
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Oxidative DNA damage seems to relate to an increased risk of cancer development 

later in life but there is no direct “proof” today that oxidative modification of DNA 

damage is a valid marker for subsequent cancer development in humans. The reason 

is simply because that would require a cohort study measuring e.g. 8-oxodG in 

lymphocytes in many thousands of healthy humans and thereafter follow-up decades 

later to see which of them that develops cancer. Such a study has not yet been 

performed. A more practical approach would be a nested design, i.e. collection of 

blood samples and analysis of e.g. 8-oxodG first after the follow up time, of samples 

from cases and matched controls [62]. This would require much less analyses but 

instead storage of the samples with a risk for artificial oxidation. Urinary biomarkers 

of nucleotide damage are stable during storage, and may be more suitable to use [62]. 

Recently Loft and co-workers showed an association between 8-oxodG urinary 

secretion and lung cancer risk among persons who had never been smokers [63].  

 

6.2.2 Repair of oxidative damage to DNA 

Two types of enzyme pathways remove base lesions arising from oxidative DNA 

damage. Firstly, the base excision repair (BER) enzymes use specific glycosylases to 

remove the damaged DNA base. The glycosylases thus produce a base as a product 

and the excretion of the 2’-deoxynucleoside (i.e. a sugar and a base such as 8-oxodG), 

which sometimes is analysed as a marker for oxidative stress, is less certain [64]. 

Secondly, nucleotide excision repair (NER) pathways are also involved in removing a 

lesion-containing oligonucleotide. This second pathway is more important for other 

types of DNA damage such as bulky adducts (see section 6.3.2 for a description of 

bulky adducts). 

 

Oxyguanine glycosylase (OGG1) is considered the primary enzyme for the repair of 

8-oxodG. It removes 8-oxo-guanine from opposite cytosine in the DNA strand. 

Recently, mice lacking this repair enzyme have been produced. These mice are viable, 

show a moderately increased level of spontaneous mutation, show no increase in 

tumour incidence but have increased levels of 8-oxodG in tissues such as liver [64]. 

Another glycosylase called MYH repairs mismatches, such as adenine opposite 

oxidised guanine, that is formed due to erroneous incorporation of nucleotides during 

DNA replication. Further, a specialised enzyme called MTH1 takes care of cleaning 
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the nucleotide pool by degrading 8-oxodGTP and thereby prevents that it is 

incorporated during DNA synthesis. This enzyme seems important since mice lacking 

it showed an increased mutation rate in certain genes, and increased numbers of 

tumours in lungs, stomach and liver about 18 months after birth compared to wild 

type mice [64]. 

 

Regarding exposure to particles and repair of oxidative DNA damage, one study 

found the OGG1 mRNA levels in lung tissue to increase after repeated exposures of 

mice to diesel exhaust particles [65]. However the levels were not increased after a 

single exposure, which instead led to increase of 8-oxodG in lung tissue. 

Consequently, it seemed like the repeated exposure led to up-regulation of repair that 

protected against formation of 8-oxodG [65]. 

 

6.3 How do particles cause oxidative stress and genotoxicity? 

The mechanisms underlying the health effects caused by particles are considered to 

involve oxidative stress and inflammation. The genotoxicity of the particles is also 

crucial, especially for development of lung cancer [66]. Genotoxicity can be caused 

by direct reaction of e.g. PAHs with DNA or as a consequence of oxidative 

stress/inflammation. Many animal studies have shown oxidative damage following 

exposure to particles or diesel exhaust [67]. Iwai et al found for example elevated 

levels of 8-oxodG in the lungs of diesel-exposed rats. The levels increased during the 

first months of exposure and then reached a plateu followed by lung cancer 

development [46]. Oxidative stress can lead to activation of redox-sensitive 

transcription factors such as NF-!B [68], followed by up-regulation of inflammatory 

cytokines including IL-6, IL-8 and TNF", which have been seen after PM exposure to 

both macrophages [69] and epithelial cells [70], as well as in animals [71] and 

humans [72,73] exposed to particles. The extra oxidative and inflammatory burden 

caused by particles could worsen the symptoms for individuals with asthma [74] and 

other lung diseases characterised by inflamed airways, and is likely part of the 

mechanism behind the development of cancer and cardiovascular diseases. 
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One can discriminate between the following general mechanisms [66]: 

1. The ability of the particles themselves to generate oxidants and cause DNA 

damage (acellular). This is dependent on chemical properties of the particles 

such as content of transition metals and adsorbed organic substances such as 

PAHs. 

2. The ability of particles to stimulate target cells to produce oxidants/genotoxic 

compounds, e.g. by affecting mitochondrial electron transport or inducing 

CYP enzymes or NAD(P)H oxidases. 

3.  The ability of particles to cause inflammation and thereby a secondary 

formation of oxidants by inflammatory cells. 

 

In the following sections, some of the most probable mediators of oxidative stress and 

DNA damage will be discussed in more detail. How the particles may cause oxidative 

stress, and the consequences thereof are summarised in Figure 10, page 41. 

 

6.3.1 Transition metals 

Evidence that metals are important for PM-induced toxicity comes e.g. from in vitro 

studies where less DNA damage/oxidative stress has been shown when particles have 

been treated with the metal chelator deferoxamine mesylate [75,76]. This was also 

shown in Paper IV regarding particles collected from street and subway. The release 

of inflammatory cytokines from cultured lung cells have also been inhibited by the 

use of metal chelators [70].  

 

Many transition metals contain unpaired electrons and may thus be considered as free 

radicals [55]. Most of their effects, both beneficial and toxic, involve their ability to 

accept and donate single electrons. Iron is by far the most abundant transition metal in 

the body and the total amounts are around 4 g and 3 g for males and females, 

respectively. Hundreds of proteins are known to contain iron and as a part of haem it 

is crucial e.g. for transport of oxygen in the body. The uptake and storage of iron is 

well controlled. Iron is bound to the protein transferrin for transport in the blood and 

is stored in ferritin in the cells [55]. However, uncontrolled iron can indeed cause 

damage to cellular components. Many particles contain soluble transition metals such 

as iron on their surface (e.g. particles from combustion) whereas others to a large 

degree consist of non-soluble iron, such as subway particles. Transition metals can 
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generate ROS via Fenton-type reactions, also called metal catalysed Haber-Weiss 

reactions. Reduced metal (such as ferrous iron, Fe2+) reduces H2O2, forming the 

highly reactive hydroxyl radical. The oxidised metal (e.g. ferric iron, Fe3+) can then 

be reduced by reductants such as #O2
- (see reactions below) or ascorbic acid and 

glutathione [55]. 

 

 

 

 

 

 

Urban particles have been shown to contain transition metals, mostly iron (Fe) but 

also titanium (Ti), vanadium (V), zink (Zn) nickel (Ni), manganese (Mn), copper (Cu) 

and chromium (Cr) [77,78]. Prahalad et al have shown that especially vanadyl, V(IV) 

and Fe2+ caused oxidation of dG in solution, whereas Ni2+ was a poor hydroxylating 

agent [79]. This is similar to another study showing highest oxidation by Fe2+ 

followed by V(IV) and Cr (III) [78]. Also in this study Ni2+ showed lowest oxidation 

of the metals tested. Furtermore, Sørensen et al found a relationship between the V 

and Cr components of fine particles and oxidative damage to DNA in humans [80]. 

 

6.3.2 Organic compounds 

Some particles, such as those arising from diesel exhaust, contain a large number of 

organic compounds such as PAHs and nitro-compounds. These may be reactive or 

may become reactive during metabolism (Figure 9), which makes the substances 

more water soluble and enables them to be excreted. Metabolism often involves 

oxidation by the cytochrome P450 (CYP) enzyme system followed by conjugation 

with endogenous compounds by enzymes such as glutathione S-transferases, 

sulfotransferases and N-acetyltransferases, which enhances hydrophilicity even more 

[81].  

 
Fe2+ + H2O2      $      #OH + OH- + Fe3+ (“Fenton reaction”) 
 
   Fe3+ + #O2

-    $    O2 + Fe2+    
 
#O2

- + H2O2     $    #OH + OH- + O2 (Net result) 
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Figure 9. When metabolised by enzymes, PAHs such as benso[a]pyrene (BaP) can 

become highly reactive, such as the diol-epoxide that readily reacts with DNA. 

 

When oxidised, some substances become electrophiles (electron deficient), which 

react readily with nucleophiles (electron rich). Such nucleophilic sites, e.g. hydroxyl 

and amino groups, are present in DNA. When substances react with DNA, addition 

products called DNA adducts are formed. These adducts, if un-repaired or repaired 

incorrectly, can form mutations that eventually can contribute to carcinogenicity. An 

interesting study by Somers et al showed heritable mutations in mice when they were 

housed outdoors near a major highway and two steel mills [82]. The PM seemed to be 

the cause of the mutations since filtration of the ambient air significantly reduced the 

heritable mutation rates. Elevated levels of DNA adducts have been shown in blood 

cells in humans living in more polluted areas compared to less polluted areas [83]. 

Further, studies have shown that cancer cases have higher levels of adducts compared 

to non-cancer controls [84], but the question is whether the DNA adducts are a 

consequence of the disease rather than the cause. However, in a recent prospective 

study, an association between adducts and subsequent risk of lung cancer was found, 

and the association was strongest in non-smokers [85].  

 

In Paper III, removal of DNA adduct forming compounds from particles correlated to 

a decrease in the capacity of the particles to form DNA SSBs in cultured cells, 

indicating a role of the DNA adduct forming compounds in the formation of DNA 

SSB. There are also studies suggesting that certain PAHs or PAH-metabolites may 

cause oxidative damage. Increased levels of 8-oxodG were for example observed in 

liver and kidney when rats were orally treated with benso[a]pyrene [86], and Nagy et 

al found increased oxidative DNA damage in cells treated with the urban air pollutant 

3-nitrobensanthrone [87]. Particles have been shown to contain organic radicals that 

have the characteristics of semiquinones. Combustion processes directly produce 
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quinoid substances and atmospheric transformations of PAHs and phenols may also 

contribute to the quinoid content of particles [75,88]. Quinones can undergo redox 

cycling and reduce oxygen to #O2
- and H2O2 that ultimately can form hydroxyl 

radicals. Reducing agents can then provide electrons to reduce the quinones to 

hydroquinones to sustain the cycle. 

 

Organic compounds from diesel particles have been shown to induce CYP1A1 [89] 

and the P450 reaction cycle itself can generate ROS [55]. The ability of certain PAHs 

to, not only react with DNA directly, but also produce ROS could be the reason for 

them being complete carcinogens. 

 

One important question is whether the adsorbed PAHs are bioavailable in the lung in 

vivo. Gerde and co-workers concluded from a study in which dogs were exposed to 

soot particles coated with BaP that one fraction of PAHs adsorbed on soot is rapidly 

bioavailable whereas one other fraction is tightly bound. The particle-adsorbed 

fraction of BaP was essentially non-reactive and had to be released in order to cause 

toxicity to the surrounding lung tissues. Further, about 20% of a lipophilic PAH is 

deposited in the conductive airways and is slowly adsorbed under intense metabolism, 

whereas the other 80% is deposited in the alveolar region and rapidly passed into the 

blood without much metabolism [90]. In general, evaluation of DNA adducts in lung 

tissue of animals exposed to PAH containing particles show contrasting findings, i.e. 

some studies show formation of DNA adducts whereas others do not [66].  

 

6.3.3 Surface reactivity and PM internalisation 

Surface properties are considered important for particle and fiber toxicity. The surface 

reactivity is not predictable simply from the chemical composition of the bulk 

particle. One example is crystalline silica that exhibits remarkable differences in 

toxicity related to differences in crystal structure [91]. According to Fubini it is 

important to realise that for all particles; a) the surface is different from the bulk, b) 

fresh surfaces are different from aged ones, and c) chemical as well as thermal 

treatment may affect the surface, but often without any modification of the bulk 

structure of the particle [91]. 
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Schins et al compared the genotoxic properties of quartz particles with equal mass of 

surface coated quartz particles [92]. They found that surface modification prevented 

formation of the hydroxyl radical as well as formation of oxidative DNA damage. 

Furthermore, the particle internalisation was significantly lower for the modified 

particles. In Paper III, a relationship between DNA damage in a cell and a particle 

attached/internalised in the same cell was shown. In addition, it appears to be a 

reactive surface of the subway particles that is the reason for their ability to damage 

DNA and cause oxidative stress (Paper IV). 

 

Further support for the importance of reactive surface comes from studies such as 

those from Oberdörster and co-workers [93]. They studied the inflammatory potency 

of fine and ultrafine TiO2 particles and found that there was a dose-response 

relationship when the dose was expressed as surface area, but not as mass, indicating 

the importance of surface area. 

 

6.3.4 Inflammatory cells 

The action of phagocytes is a very important defence when microorganisms and 

particles invade the lung. These cells, including neutrophils and alveolar macrophages 

(AM), use ROS to kill invading organisms. Production of ROS is achieved by a 

“respiratory burst” in which increased oxygen is taken up and #O2
- is formed by 

NADPH oxidase in the membrane of the phagocyte. This enzyme-complex is 

activated upon stimulation and delivers #O2
- into the extracellular environment as well 

as to phagocytic vesicles in the cell [94]. The increased amounts of #O2
- lead to 

elevated levels of H2O2 by spontaneously dismutation or by the SOD enzyme. 

Neutrophils also make hypochlorous acid (HOCl) by the enzyme myeloperoxidase. 

HOCl is highly reactive and able to oxidise many biological molecules [55]. 

Furthermore, reaction between #O2
- and HOCl forms the very reactive hydroxyl 

radical:  

 

 

 

Although it has been difficult to show, it is generally agreed on that human 

phagocytes also produce NO# [94]. NO# reacts rapidly with #O2
- forming peroxynitrite 

HOCl + #O2
-   #OH + O2 + Cl-  
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(ONOO-), which is reactive and attacks both proteins and DNA [55]. Thus, it is 

obvious that part of the defence against particles also can contribute to damage on the 

epithelial cells by ROS. 

 

6.3.5 NAD(P)H-oxidase and the mitochondria 

An interesting question is whether epithelial cells also produce ROS as part of the 

defence. Generation of ROS by NAD(P)H-oxidase enzymes is believed to take place 

when epithelial cells are exposed to particles [66,71], but it is not extensively studied. 

One hypothesis regarding the generation of ROS by the respiratory epithelium in 

response to infections is that the dual function NAD(P)H oxidase/peroxidases (Duox1 

and Duox2) are important sources [95]. The expression of these genes in primary 

human respiratory epithelial cells under inflammatory conditions have been shown 

[95], and may be involved in ROS generation by particles. 

 

Ultrafine particles have been shown to localise in the mitochondria where they induce 

structural damage [96] and other particle-types have also shown to impact the 

mitochondria by decreasing the membrane potential followed by apoptosis [97,98]. In 

Paper VI we showed a mitochondrial depolarisation following exposure to different 

particle-types including subway particles. Damage to mitochondria can most likely 

increase the leakage of ROS from the electron transport chain. 

 

How particles may cause genotoxicity and oxidative stress, and the consequences 

thereof, is summarised in Figure 10. 
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Figure 10. A summary of possible mechanisms for the oxidative stress caused by 

particles, and diseases that may follow. 

 

 

6.4 Oxidative stress and cell signalling 

One mechanism by which oxidative stress from particles may induce the expression 

of inflammatory mediators is via impact on the levels of intracellular calcium [99]. 

Intracellular calcium interacts with a number of enzymes such as protein kinases and 

is thereby able to regulate the transcription factors such as NF!B [99]. A study by 

Stone et al showed for example increased calcium influx in the cells of a monocytic 

cell line after exposure to ultrafine carbon black [100]. Another study [101], 

investigating the effects of ultrafine particles on rat alveolar macrophages as well as 

human blood monocytes, used a calcium channel blocker, an intracellular calcium 
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chelator and different antioxidants. It was demonstrated that calcium was involved in 

the activation and nuclear translocation of the transcription factors NF!B and AP-1. 

ROS likely played a role for the calcium signals since an antioxidant inhibited the 

effects. It was also concluded that calcium was involved in the production of TNF" 

by the exposed macrophages [101].  

 

Iron may be an important component for the activation of NF!B, as suggested by a 

study in which A549 cells were exposed to PM10. Treatment of the particles with 

metal chelators completely inhibited the activation of NF!B [102]. In general, large 

rises in intracellular free calcium concentration can cause DNA damage by activation 

of Ca2+-dependent endonucleases that fragment DNA [55]. 

 

The mitogen-activated protein kinases (MAPK) are a super family of protein kinases 

that is involved in signal transduction through its ability to phosphorylate a number of 

proteins and transcription factors. Even this cascade seems to be involved in the 

toxicity of particles since e.g. diesel particles showed activation of p38 MAPK and 

induced IL-8 in human bronchial epithelial cells [103]. An antioxidant inhibited the 

effects, again showing the importance for oxidative stress related pathways. 

 

6.5 Mechanisms for cancer 

To prevent an individual cell to start an uncontrolled growth and proliferation, the 

integrity of the DNA needs to be maintained. However, as already has been discussed 

particles cause DNA damage, which most often is repaired by different pathways in 

the NER and BER processes, but may result in mutations. Mutations in e.g. tumour 

suppressor genes such as p53 can result in loss of cell cycle control. Animal 

experiments show that particles are able to induce growth factor release such as 

epidermal growth factor (EGF) and transforming growth factor-alpha (TGF"), which 

are thought to be important for the development of lung cancer [66].  There are 

several ways in which the generation of ROS from particles could contribute to the 

development of cancer. Low levels of ROS can stimulate cell proliferation and also 

alter cell-cell communication [55]. Communication through gap junctions is generally 

decreased in tumour cells and this may be one reason for their excessive proliferation. 

Particles [104,105] as well as several PAHs [106] have been shown to effect 
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communication through gap junctions. Furthermore, the effect of motorcycle exhaust 

particles on gap junctions could be inhibited by antioxidants suggesting a role of ROS 

[105]. 

 

6.6 Mechanisms for cardiovascular diseases 

Exposure to particles seems to result in systemic inflammation within hours after 

exposure. This has been detected in human as increased levels of circulating 

neutrophils [107], as well as increased levels if cytokines such as IL-6, IL-8 and 

TNF" [72,73]. One study found elevated levels of IL-1 and IL-6 in the plasma of 

young healthy individuals during an episode of high PM10 levels [108]. The systemic 

inflammation leads to increased hepatic secretion of the acute phase proteins 

fibrinogen and C-reactive protein (CRP), which especially have been associated to 

increased IL-6 levels [109]. Further, small changes in CRP have been associated with 

changes in cardiac risk [109]. Increased levels of fibrinogen lead to increased plasma 

viscosity, and both fibrinogen and viscosity have shown associations with PM 

exposure in epidemiological studies [110,111]. Increased plasma viscosity can lead to 

increased ability for the blood to coagulate and further, an increased risk for the blood 

to form clots and thrombi (aggregations of platelets and other blood components, 

causing vascular obstruction). This most likely has implications for people with 

atherosclerosis where the plaque (deposits of cholesterol, other fats, fibrin and 

inflammatory cells) narrows the arteries and decreases the blood flow. 

 

If a coronary artery becomes blocked, the supply of oxygen to the heart is reduced 

leading to myocardial ischemia, heart damage and possibly to arrhythmias. 

Arrhythmias can lead to myocardial infarction (a heart attack). Elevated PM-levels 

have shown an exacerbation in patients with ischemic heart disease, as well as cardiac 

arrhythmias and the onset of myocardial infarction [112]. Furthermore, deposition of 

particles in the airways seems to stimulate nerve cells in the underlying tissue, which 

may affect the nervous system’s control of e.g. breathing and heart rate and an 

association between exposure to particles and decreased hearth rate variability has 

been found [112]. This could indeed be important for individuals with existing heart 

disease, but the significance for healthy individuals is not known.  

 



 44 

7. Analysis of genotoxicity and oxidative stress 
 
Definite evidence for an association between oxidative stress and diseases has often 

been lacking due to shortcomings with methods available to assess oxidative stress. In 

the following section some commonly used markers for genotoxicity and oxidative 

stress in vitro and in vivo will be discussed. Many of these methods have been used to 

show effects by particles, as also will be described. 

 

7.1 Non-DNA markers for analysis of ROS and oxidative stress 

The only technique available to measure free radicals directly is the spectroscopic 

technique electron spin resonance (ESR), which detects unpaired electrons. This 

method only measures rather unreactive radicals since the more reactive ones do not 

accumulate to a level high enough to be detected [113]. However, the use of specific 

“traps” such as DMPO (5,5-dimethyl-1-pyrroline N-oxidase) that reacts with free 

radicals forming more stable radicals that are possible to detect with ESR is a solution 

to the problem. Radical generation by particles have been shown using ESR [114]. 

 

Another approach possible to use in vitro is fluorescent probes to detect intracellular 

ROS. The most popular of these probes is 2’,7’-dichlorofluorescin diacetate (DCFH-

DA). DCFH-DA is a non-fluorescent compound that is freely taken up by cells and 

hydrolysed by esterase that removes the DA group. DCFH is then oxidised to 

fluorescent dichlorofluorescin (DCF) by cellular oxidants, thereby indicating the level 

of intracellular ROS. It is often used to detect “cellular peroxides” but it reacts only 

slowly with H2O2 and lipid peroxides while being more sensitive to hydroxyl radicals 

and peroxynitrite [113]. The method is not specific but it can be used as an assay to 

measure generalised oxidative stress rather than any specific ROS. This method was 

used in Paper VI where an increase in intracellular ROS was shown after human lung 

epithelial cells were exposed to subway particles. Other studies have shown increased 

levels of ROS after exposure to e.g. diesel exhaust particles and motorcycle exhaust 

particles [115,116]. 

 

Instead of measuring the radicals directly, or indirectly with fluorescent probes, it is 

more common to analyse biological markers of oxidative stress. Lipids can be 

oxidised and products of lipid peroxidation can be measured. Malondialdehyde 
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(MDA) has been used as a marker of oxidative stress in exhaled breath condensate, 

bronchoalveolar lavage and plasma [117]. An old and very commonly used test for 

analysis of MDA is the thiobarbituric acid (TBA) test. The test material is heated with 

TBA under acidic conditions and the formation of a pink colour is measured. Since 

most TBA-reactive material in human body fluids is not related to lipid peroxidation, 

this test should not be used in vivo [113]. However, MDA can be analysed reliably 

using other techniques such as as gas chromatography with mass spectrometry 

detection (GC-MS) [113]. An association between personal exposure to PM2.5 and 

MDA in plasma for women, but not men, has been shown [118].  

 

Another, and probably the best available, biomarker of lipid peroxidation is analysis 

of isoprostanes. These are specific end products of the peroxidation of 

polyunsaturated fatty acids and most work has been done on the F2-isoprostanes 

arising from arachidonic acid [119]. Isoprostanes can also be analysed in plasma and 

urine using MS-based techniques and increased levels of isoprostanes have been 

observed in many animal and human conditions associated with oxidative stress 

[57,119].  

 

Proteins are also oxidised by ROS and the most common marker for protein oxidation 

is carbonyl compounds. Carbonyls can be measured spectrophotometrically and by 

ELISA techniques, and the levels in tissue and plasma have shown to be elevated in 

many human diseases with a link to oxidative stress [57]. An association between 

personal exposure to carbon black and a marker for protein oxidation (plasma 

proteins, PLAAS) has been reported [118]. 

 

Other markers of oxidative stress that have been used when studying effects of 

particles are the induction of the enzyme HO-1 [65,120], which responds to oxidative 

stress, as well as a decline in the ratio of oxidised and reduced glutathione 

(GSH/GSSG) [120].  
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7.2 Analysis of 8-oxodG 

The most commonly measured oxidative DNA lesion is 8-oxodG and the technique 

often used to measure it is high performance liquid chromatography (HPLC) with on 

line electrochemical (EC) detection. During EC-detection, a potential is applied 

causing oxidation (or reduction) of the compound of interest and the subsequent 

current being measured is proportional to the concentration of the compound. The 

non-modified nucleoside dG is often analysed using UV on-line detection and the 

result is presented e.g. as 8-oxodG/106 dG (Figure 11).  

Figure 11. HPLC-chromatogram showing analysis of 8-oxodG with electrochemical 

detection (upper) and analysis of dG using UV-detection (lower). 

 

It is possible to analyse 8-oxodG with other methods such as GC-MS and LC-MS, or 

by using postlabelling such as 32P-HPLC. It is known that all methods mentioned can 

give artefacts in the workup procedure [121,122]. When DNA is extracted from cells, 

the in vivo protecting enzymes and antioxidants are no longer present to handle the 

ROS. The chromatide structure is also destroyed, making DNA more vulnerable to 

damage. Previous results from our lab suggest that there are several ways to limit 

artificial oxidation of DNA during DNA extraction and preparation [121,123,124]. 

These measures include: 
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a) Removal of transition metals and reducing agents. This can be done by 

treating buffers with chelex and by adding the iron chelator desferal during 

sample preparation since biological samples contain iron. 

b) Oxidation of transition metals and reducing agents. The electron acceptor 

called TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) may be used to oxidise 

transition metals and reducing agents to prevent them from reducing peroxides 

causing oxidation of dG. 

c) Removal of peroxides from solutions, which can be done by using catalase 

that removes H2O2. 

d) Reduction of temperature. Low temperatures slow down reactions and a cold 

workup procedure has been developed showing low levels of 8-oxodG in 

lymphocytes/monocytes from healthy men [123].  

 

8-oxodG is often analysed in white blood cells such as lymphocytes, but it is also 

possible to analyse in urine. In principle, it is assumed that urinary secretion of 8-

oxodG or 8-oxoguanine reflects the formation rate of oxidative damage, whereas 

analysis in white blood cells reflects a balance between damage and repair [62]. As 

previously discussed the repair product from OGG1 is the base 8-oxoguanine, but 8-

oxodG, which often is analysed, may result from other repair pathways e.g. from 

MTH1. Questions have been raised whether the diet can affect the levels of these 

oxidation products although this is likely not the case [125]. 

 

Regarding occupational exposure and oxidative modifications to DNA, urinary 

excretion of 8-oxodG was investigated in 57 non-smoking bus drivers in Denmark. 

The excretion of 8-oxodG was significantly higher in bus drivers from the central 

areas of Copenhagen compared with suburban/rural areas [126]. Interestingly, another 

study from Denmark investigated non-occupationally exposed persons and oxidative 

DNA damage [127]. Personal exposure to PM2.5 and black smoke was analysed four 

times in 50 students living in Copenhagen. The levels of 8-oxodG in lymphocytes and 

urine were analysed as well as other markers for DNA damage using the Comet assay 

(see next section). The concentration of 8-oxodG in lymphocytes was associated with 

personal exposure to PM2.5. No other significant associations were found.  
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In a study in Mexico City, 8-oxodG in nasal biopsies from children was analysed 

using an immunohistochemical method [128]. Increased levels compared to 8-oxodG 

in 12 controls living in less polluted towns was found. 

 

7.3 The Comet assay 

A completely different method is the single-cell gel electrophoresis (SCGE) or the 

”Comet assay” that is used to measure DNA damage on single cells. It was first 

developed in 1984 to analyse strand breaks [129] but has later been modified to 

enable analysis of single strand breaks (SSB) and alkali labile sites (ALS) under 

alkaline (pH>13) conditions [130]. In short, cells are embedded in agarose gel on a 

microscope slide whereafter cells are lysed and exposed to alkali to obtain single 

stranded DNA. Electrophoresis is then performed under alkaline conditions and the 

slides are neutralised and fixed in methanol. After that, DNA is stained with e.g. 

ethidium bromide and the comets are examined by computerised image analysis. The 

electric current pulls DNA from the nucleus towards the anode, which results in a 

picture that looks like a comet with a head and a tail (Figure 12). The more strand 

breaks that are present in DNA, the more DNA will be present in the tail. By 

modifying the Comet assay it is also possible to measure oxidative DNA damage. 

DNA is then treated with endonuclease III that nicks the DNA at sites of oxidised 

pyrimidines, or with formamidopyrimidine glycosylase (FPG) that recognises e.g. 8-

oxodG and FAPydG (ring-opened 8-oxodG), thereby increasing the number of DNA 

breaks. The difference in tail intensity before and after treatment with the enzymes 

gives a measure of the oxidised damage on DNA.  
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Figure 12. Description of the different steps in the Comet assay. 

 

During the last decade, the Comet assay has been used to investigate the level of 

DNA damage in biomonitoring studies, and several occupational exposures have 

shown increased levels in lymphocytes [131]. The Comet assay is first of all an 

exposure biomarker giving information of the biological effective dose [132]. A large 

Japanese study, investigating 208 rodent carcinogens and non-carcinogens in mice 

and rats, does however suggest that the Comet assay is a good screen-test for in vivo 

genotoxicity [133]. The Comet assay has not yet been validated as a biomarker for 

cancer risk in a prospective cohort-study such as the association between chromosome 

aberration and cancer incidence [134]. The Comet assay has several advantages for 

use in biomonitoring studies, such as the possibility to use material from different 

tissues e.g. nasal and buccal cells [135]. 

 

There are several studies from different countries that, by using the Comet assay, have 

shown an association between DNA damage and air pollution. For example, one 

study investigated 139 volunteers, both children and adults living in Mexico City or in 
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a low-polluted coastal town. Young males that newly arrived to Mexico City were 

also included. In the city the levels of ozone, particles, aldehydes, metals, and 

nitrogen oxides are high. Using the Comet assay for analysis of DNA SSBs, a 

significant difference in the numbers of DNA-damaged nasal cells was found between 

controls and exposed subjects, both in children (p<0.00001) and in adults (p<0.01). 

Further, SSBs in newly arrived persons quickly increased [136]. However, there are 

also other studies from e.g. Greece [137] and the Czech Republic [138] that did not 

find any significant differences in SB in blood cells between people living in high-

polluted and low-polluted area, respectively.  

 

Interestingly, exposure to ultrafine particles (UFPs) and markers of DNA damage and 

oxidative stress has recently been analysed using the Comet assay. In a study from 

Benin four groups of each 30 subjects were compared. The groups were chosen in 

order to create a strong exposure gradient, e.g. rural and suburban residents, residents 

along busy streets and taxi drivers. A clear dose-response relationship between levels 

of UFPs and SSB as well as FPG sites in lymphocytes was shown [139]. Another 

study investigated personal exposure to UFPs and SSB as well as FPG sites in the 

lymphocytes of 15 healthy non-smoking subjects [140]. Exposure contrasts of outdoor 

pollution were achieved by bicycling in traffic 5 days (mean time 93 min) and in the 

laboratory for 1 day. Cumulated outdoor and cumulated indoor exposures to UFPs 

were each independent significant predictors of the level of DNA oxidation but not of 

strand breaks. Ambient PM10 and other pollutants were not correlated to DNA 

damage [140]. 

 

7.4 32P-postlabelling for adduct analysis 

DNA adducts can be measured by several different techniques. One of the most 

common when analysing bulky DNA adducts is 32P-postlabelling. The technique 

includes four steps: 1) enzymatic digestion of DNA, 2) enrichment of the adducted 

nucleotides, 3) labelling of the nucleotide-adducts with the radioactive isotope 32P, 

and 4) chromatographic separation followed by detection of 32P-decay. The labelled 

nucleotides can be separated either by TLC (thin-layer chromatography), or by HPLC 

with on line detection of radioactivity [141]. However, 32P-HPLC has shown several 

advantages compared to 32P-TLC when analysing complex mixtures of DNA adducts 
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[142]. 32P-postlabelling has been used to show increased DNA damage in people 

exposed to occupational and environmental air pollution [83,143]. 

 

7.5 The work of ESCODD 

A meeting with participants involved in measuring oxidative damage to DNA was 

held at the Rowett Research Institute in Aberdeen, Scotland in 1997, and as a result 

ESCODD (The European Standards Committee on Oxidative Damage on DNA) was 

established. The aims were to critically examine different approaches to measure 

DNA oxidation, to identify sources of error during analysis of 8-oxodG, to produce 

standard and validated protocols and to reach consensus on the likely level of 

oxidative damage in normal cellular DNA. In total 28 labs (including our lab) in 

Europe have been involved in different interlaboratory studies, including analysis of 

oligonucleotides with defined amounts of 8-oxodG, calf thymus DNA and HeLa cells 

with experimentally induced 8-oxodG and analysis of oxidative DNA damage in pig 

liver [144-147]. The last round aimed at validating methods for use in human 

population studies (the results from that study will be discussed in next section).  

 

The conclusions from the ESCODD project include [148]: 

a) The HPLC-EC method is capable of analysing 8-oxodG introduced 

experimentally in calf thymus DNA or HeLa cells. Using this method, a dose-

response curve was detected and the slopes were similar among different 

laboratories. There was however no consensus on the background level. 

b) In contrast, the GC-MS failed to detect a dose-response of induced 8-oxodG 

and should not be regarded as a reliable method for analysis of low levels of 

damage. 

c) The methods using the FPG-enzyme (mainly Comet assay) seem less prone to 

artificial oxidation, and the background levels detected are much lower than 

those gained using chromatographic methods. These methods can be used 

quantitatively, but relies on careful calibration using irradiation. 

d) The backgound level of DNA oxidation in normal human cells is likely around 

0.3-4.2 8-oxodG per million dG. 
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7.6 Discussion of results I 

In this thesis, Paper I and II deal specifically with questions on how to analyse 

oxidative DNA damage. In Paper I, which was part of ESCODD, the aim was to 

compare the methods HPLC-EC and FPG/Comet assay with respect to analysis of 

oxidative DNA damage in HeLa cells (control cells) as well as in lymphocytes. The 

aim was also to look for differences in background levels of oxidative DNA damage 

in lymphocytes collected from healthy males in the different participating countries.  

 

The median value for the lymphocytes for HPLC-methods was 4.24 8-oxodG/106 dG 

(range 0.20-6.64) and the median for Comet assay was 0.34 FPG sites/106 dG (range 

0.15-0.55). The median value for the Comet assay was thus 12 times lower. It seems 

like the levels of oxidative DNA damage in lymphocytes differed among the different 

countries. However, the damage in the HeLa cells also differed, so the question is 

whether the difference is mostly related to the methods used. At least for the Comet 

assay it appears that the level reported for HeLa cells and the mean level reported for 

lymphocytes correlate, i.e. a lower level for HeLa cells corresponds to lower levels 

reported for the lymphocytes (Figure 13).  

 

Six laboratories measured oxidative DNA damage using both HPLC and Comet 

assay, but only one lab found a correlation between the values. The question is thus 

whether these two approaches measure the same type of damage. For the HeLa cells it 

may be that the median value among the different laboratories using the Comet assay 

represents the best estimate, and for the HPLC method, the lowest level may 

represents the most true value (since artifical oxidation is the likely cause of variation) 

[148]. If this is true it means that the results from our lab (Sweden) represent good 

estimates of the true value (Figure 13). 
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Figure 13. The levels of 8-oxodG and FPG sites in male lymphocytes as well as in 

HeLa cells reported from different countries involved in ESCODD. The values shown 

in the figure are presented in increasing order with respect to the value from the 

lymphocytes. 

 

Paper II is a deepened study based on Paper I concerning the results from our lab. We 

collected lymphocytes from yet another 33 males (49 in total) and also from females 

(50 in total). We found that the background levels were low; the mean level for HPLC 

HPLC 

Comet 
assay 
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was 0.92 8-oxodG/106 dG and for the Comet assay 0.24 FPG sites/106 dG. We thus 

reported a difference of a factor 3.9 compared to 12 of the median levels in the 

ESCODD study. Even though the levels were more similar, which may be a result of 

much less artificial oxidation using the HPLC method, we could still not find a 

correlation between the two methods. The most likely reason is that the FPG enzyme 

in addition to 8-oxodG also recognises ring-opened purines [149]. In addition there 

are also studies reporting that FPG recognises 5-hydroxycytocine [150] as well as 

alkylation damage [151].  

 

We also investigated (Paper II) whether there was a difference between males and 

females. We did not find a difference for oxidative DNA damage, either when using 

HPLC-EC or Comet assay. However, when analysing strand breaks and alkali labile 

sites (i.e. using the Comet assay without FPG enzyme) we found that males had 

significantly higher levels than females (Table 4). Other studies have also reported 

higher levels of DNA damage, in males compared to females, using the Comet assay 

[152,153]. We found also a weak but statistically significant correlation between fruit 

intake and decrease in DNA damage among females (p<0.01) as well as an 

association between increase in body mass index and increase in FPG sites, also 

among women (p<0.05).  

 

Table 4. Effect of gender on DNA damage in lymphocytes. 

Parameter Female (n = 50) Male (n = 49) 

(SSB +ALS)/106 dG 0.36 ± 0.07*** 0.42 ± 0.08 

Tail DNA (%) 6.67 ± 1.30*** 7.90 ± 1.44 

Olive tail moment (a.u.) 1.43 ± 0.28*** 1.75 ± 0.54 

Tail length (µm) 34.6 ± 4.3** 38.2 ± 8.3 

Net FPG/106 dG 0.23 ± 0.07 0.25 ± 0.08 

8-oxodG/106 dG 0.93 ± 0.38 0.91 ± 0.45 

*** p<0.001 compared to males 
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So can these methods be regarded as good markers for oxidative stress? Obviously the 

results from ESCODD have shown that it depends on the skilfulness of the laboratory 

performing the analysis. However, both methods were able to detect a dose-response 

relationship when oxidative DNA damage was induced in cells (although the levels 

induced for Comet assay was lower than for HPLC) indicating that they are good 

markers. A study investigating oxidative stress in mouse lung after irradiation of the 

thorax showed a dose dependent increase in FPG sensitive sites, but the 8-oxodG 

level measured using HPLC was not increased [154]. The Comet assay seem more 

suitable for analysing low levels of oxidative DNA damage. In my view, the Comet 

assay using FPG may be more promising for future biomonitoring studies, because it 

sensitive, requires little biological material and is less prone to artificial oxidation. 
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8. Particularly harmful particles 
 
This chapter deals with questions regarding which type of particles that may be most 

harmful. First, the dependence on size and chemical composition is described, 

followed by a discussion of the toxicity of particles from different sources. The 

chapter will focus on the particle sources used in this thesis, namely particles 

collected in a street and in a subway, as well as particles generated by tire-road wear 

and by combustion of wood and pellet. 

 

8.1 The importance of size and chemical composition 

Even though particles have been clearly associated with adverse health effects, the 

relationship between specific physiochemical properties of PM and the effects 

remains largely unresolved [32]. As has been discussed earlier, the toxicity of a 

particle may be due to the particle’s presence on biological tissue causing an 

inflammatory response, to its chemical constituents, or most likely a combination of 

these. In the following section the importance of size and chemical composition will 

be discussed. 

 

8.1.1 Particle size 

The importance of size per se as a modulating factor for toxicity has been shown in 

several in vitro and animal studies using model particles such as carbon black and 

titanium dioxide particles [93,155]. These studies generally show that smaller 

particles are more toxic. However, for “real” ambient particles the size modes are not 

independent of chemical composition, i.e. specific size modes tend to contain 

different amounts of specific chemical components.  

 

Epidemiological studies investigating the relative importance of different size 

fractions of particles indicate that finer particles have a greater association with 

mortality [50,52,156], implying that smaller particles are more hazardous. However, 

one can hypothesise that one explanation may be that personal exposure to PM2.5 is 

more easily estimated by fixed monitoring sites, compared to coarse particles, and 

that this may be a reason for the stronger association. There is often a rather good 

correlation between PM10 and PM2.5, simply because PM2.5 is included in PM10 

and often also is a large fraction of PM10 [157], sometimes making it difficult to 
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distinguish between the two fractions. In contrast, there is often much less correlation 

between PM2.5 and coarse particles (i.e. PM2.5-10). Brunekreef and Forsberg 

recently compiled data regarding the epidemiological evidence of health effects of 

coarse particles [157]. They concluded that even though the association to mortality 

was stronger for fine particles, short-term health effects such as COPD, asthma and 

respiratory admissions showed a stronger, or as strong, effect as fine PM. Further, 

there is also support for an association between coarse particles and cardiovascular 

admissions. There are many in vitro studies showing a higher inflammatory effect of 

coarse particles and one reason is the endotoxin associated with this size fraction, see 

Table 5. 

 

Few epidemiological studies have been made on health effects caused by ultrafine 

particles, and most have been done on short-term effects on various respiratory 

symptoms. Some of these studies indicate a slightly stronger effect of ultrafine PM 

compared to larger ones, but other studies report the opposite [158-160]. Further, only 

a few studies have evaluated the effects of ultrafine particles on cardiovascular health 

[161]. The exposure assessment for ultrafine particles is complex due to e.g. spatial 

variability and indoor sources [162]. As will be discussed in section 8.2.1 there are 

several studies showing health effects associated to living close to a road. This may at 

least partly be due to ultrafine particles. 

 

There are several suggestions to why ultrafine particles may be more harmful. One is, 

as previously discussed, their large surface area. Another reason is that especially 

ultrafine particles have been shown to impair phagocytosis of microorganisms by 

macrophages. A recent study by Lundborg and co-workers showed that exposure of 

human alveolar macrophages to aggregates of ultrafine particles, in concentrations 

relevant to human exposures, caused significant impairment of phagocytosis of silica 

particles and microorganisms [163]. They concluded that the effects may contribute to 

increased susceptibility to infections and result in exacerbation of asthma and COPD. 

 

In summary, epidemiological data investigating the exposure to ultrafine particles are 

so far scarce, but it may be that these particles, as well as fine particles, have a 

stronger effect on mortality compared to coarse particles, whereas the latter mainly 

cause short-term respiratory effects. 
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8.1.2 Chemical composition  

The chemical composition seems to be important for the toxicity of particles. As 

already has been mentioned, coarse particles have in many studies shown to cause 

more induction of inflammatory cytokines. This may at least partly be due to 

endotoxin content. Bacterial endotoxins (lipopolysaccharides), as well as other agents 

from microbes, have shown to be important causative agents for occupational 

respiratory diseases where workers are exposed to organic dusts (e.g. paper factories 

and recycling plants) [164]. Except for several in vitro studies (Table 5), there are also 

animal studies suggesting a role of endotoxin.

  

Table 5. Effects on cytokine induction by PM in cell studies as dependent on size and 

chemical composition. 

Particles Effect and 
cells 

Results Comment Reference 

Urban UF, 
PM0.1-2.5 
and PM2.5-
10 

IL-6 
Human AM 

Coarse PM induced > 

10-fold higher levels IL-
6 compared to fine PM. 

Effects likely due 
to endotoxin 

Becker et al 
2003 [165] 

Ambient 
urban 
PM10 

IL-6 and TNF", 

human and rat 
AM 

Strong effect on 
cytokine response in 
both cell types. 

Effects likely due 
to endotoxin 
rather than iron 

Becker et al 
1996 [69] 

Urban 
PM10 and 
PM2.5 

IL-6, TNF", 

cytotoxicity, 
monocytic cell 
line 

PM10 was most potent 
cytokine inducer, PM2.5 
was more cytotoxic 

Effects of PM10 
likely due to 
endotoxin, PM2.5 
likely due to 
metals 

Osornio-
Vargas et al 
2003 [166] 

Residual oil 
fly ash 
(ROFA) 

IL-6, IL-8, 

TNF". Human 

bronchial 
epithel 

All three cytokines were 
increased. Metal 
chelator inhibited the 
effect. 

Effects likely due 
to metals 

Carter et al 
1997 [70] 

Coal Fly 
Ash, PM1, 
PM2,5 and 
PM2.5-10 

IL-8, 
A549 cell line 

PM1 induced most 
increase. Metal chelator 
inhibited the effect. 

Effects likely due 
to bioavailable 
iron 

Smith et al 
2000 [167] 

Mineral 
PM10 

IL-6, IL-8,  
A549 cell line 

All different mineral PM 
caused cytokine release 

Effects NOT 
correlated to total 
or soluble iron nor 
ROS generation 

Orevik et al 
2006 [168] 

Fine and 
coarse 
winter PM 

TNF" 

RAW 264.7 
cells 

Fine fraction most 
potent 

Organic 
compounds on 
the surface more 
important than 
endotoxin 

Pozzi et al 
2005 [169] 

 

Schins et al investigated the inflammatory effects of coarse and fine PM from both a 

rural and an industrial location in Germany using bronchoalveolar lavage of rat lungs 
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18 h after instillation with PM [170]. The coarse, but not fine PM samples, induced an 

inflammatory reaction in the lungs and it was suggested that this at least partly was 

due to endotoxins. 

 

Metals have already been discussed as likely causative agents for induction of 

oxidative stress and have also been shown to be important for inflammatory effects in 

cellular studies (Table 5). In vitro studies have also shown that metals are important 

for DNA damage caused by particles (Table 6). A one-year closure of a steel mill in 

Utah Valley offered an opportunity to assess the effects of metal-rich particles 

generated from the mill. The labour strike-driven closure of the mill led to substantial 

improvements in air quality lasting up to reopening of the mill. Pope and co-workers 

investigated health consequences of the reduction of particles and found e.g. changes 

in school absence, bronchitis and asthma admissions for children and in daily 

mortality [171]. Further, Ghio and Devlin investigated whether the toxic effects of the 

particles were dependent on if they were collected when the mill was operating, or 

when it was closed. Healthy persons were exposed to water extracts from the particles 

and several endpoints reflecting inflammation were analysed. It was clear that those 

individuals who were exposed to extracts from the particles that were collected when 

the steel mill was open had a significant increase in both lung inflammation and 

injury when compared to those persons exposed to equal mass of PM extract from 

particles collected while the mill was closed [172]. 

 

A particle-type that very much has put light on the role of metals for the toxicity of 

particles is “residual oil fly ash”, ROFA. The inorganic residue that remains after 

incomplete combustion of carbon-material is termed “fly ash”. Metals such as iron, 

vanadium, and nickel are present in high concentrations as water-soluble salts in oil 

fly ash. Especially high concentrations of vanadium occur in the heavy oils that are 

left after the more volatile fractions such as petrol and diesel oil have been distilled 

(hence the term “residual oil” fly ash) [173], and vanadium has been used as a marker 

for oil fly ash in ambient PM. As reviewed by Ghio et al [173], ROFA is remarkable 

in the capacity to cause injury in different experimental systems. A majority of the in 

vitro and animal studies performed using ROFA supports the hypothesis that 

transition metals, especially vanadium, participate in Fenton-reactions to produce 

ROS. The role of vanadium in ambient particle samples is more uncertain since the 
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amount often is very small. Interestingly however, Sørensen and co-workers recently 

found an association between the level of vanadium, as well as chromium, in PM2.5 

and 8-oxodG in lymphocytes [80]. 

 

Table 6. Effects on DNA damage by PM in cellular studies as dependent on size and 

chemical composition. 

Particles 
 

Effect and cells Results Comment Reference 

Fine and 
coarse urban 
PM 

Strand breaks,  
A549 cell line 

Finest particles (ca 
PM0.65) induced 
most damage 

Both organic and 
inorganic 
compounds 
contributed 

Healy et al 
2005 [174] 

Organic 
extract from 
PM2.5 and 
PM10 

Strand breaks 
and mutations, 
Human 
leukocytes 

PM2.5 showed 
most DNA damage 

Genotoxic 
response highly 
rependent on 
solvent used 

Buschini et 

al 2001 [175] 

PM2.5 and 
PM2.5-10 

8-oxodG, 
A549 cell line 

Both fractions 
caused 8-oxodG 
and OH-radical 
formation 

Not only metals 
could explain  
8-oxodG and OH-
radical formation 

Shi et al 
2003 [176] 

PM10 and its 
water 
extracts 

Strand breaks, 
A549 cell line 

DNA damage 
caused both by PM 
and its water 
extract 

Both soluble 
metals and the 
insoluble particle 
core contribute to 
genotoxicity 

Knaapen et 

al 2002 [177] 

From various 
sources, 
including 
ROFA 

8-oxodG, 
dG, CT DNA and 
BEAS cells 

Much variation 
between the 
particles, ROFA 
most potent 

Water-soluble 
metals mediate 
oxidation 

Prahalad et 

al 2001 [76] 

Urban TSP, 
PM10 and 
PM2.5 

Mutagenicity, 
DNA adducts and 
oxidative DNA 
damage, 
naked DNA and 
TA98 cells 

Total PAH 
correlated to DNA 
damage, DNA 
reactivity and 
mutagenicity higher 
in PM10 and 
PM2.5 

Traffic intensity 
was not a 
predictor of the 
toxic effects 

De Kok et al 
2005 [178] 

Water and 
organic 
extract from 
PM2.5 and 
PM10 

Strand breaks, 
A549 cell line 

 Extract from 
PM2.5 more 
potent, both water 
and organic extract 
induced damage 

Constituents of 
the water soluble 
PM extract are 
more likely to 
induce damage 

Gutierrez-
Castillo et al 
2006 [136] 

Organic 
extract from 
PM10 and 
PM2.5 from 
different 
locations 

Sister chromatid 
exchanges, 
BEAS 2B cells 

All extracts caused 
genotoxicity but 
PM2.5 was more 
potent 

PM from urban 
and industry area 
more potent than 
rural 

Horberg et al 
1998 [179] 

 

 

Zinc has also been reported to be the toxic factor in atmospheric particles. This was 

suggested in a study in which particles collected in Ottawa, Canada with a rather high 

content of soluble zinc, were instilled into mice lungs [180]. Moreover, oil 
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combustion emission particles containing zinc also caused a dose-dependent 

inflammation when instilled in rats and the effects were reproduced by instillation of 

ZnSO4 [181]. 

 

As has been discussed in Chapter 6, at least the soluble metal fraction seems very 

important for the ability of particles to cause DNA damage and oxidative stress. In 

Table 6, some studies investigating the effects of size or chemical composition of PM 

in relation to DNA damage are listed. 

 

8.2 Toxicity of particles from different sources 

The following section will focus on the sources of the particles rather than on the size 

and composition. 

 
8.2.1 Particles from traffic and local combustion 

Epidemiological studies suggest that traffic-related pollution and hence particles 

related to traffic are of high concern. There are several studies suggesting that living 

close to a major road is a risk especially for cardiopulmonary mortality. Hoek et al 

[182] found an almost double RR (RR=1.95) of death in cardiopulmonary diseases 

when living near a busy street (within 100 m off a freeway or 50 m off a major urban 

street). Gehring et al found similar results when analysing the association between 

living within 50 m radius of a major road and cardiopulmonary mortality among 

women (RR=1.70) [183]. Living close to roads may involve a combination of risk 

factors, in addition to air pollution also noise. It can also be a proxy for low 

socioeconomic status, which has been shown to be a risk factor [183]. Living close to 

roads has also been shown to be a risk factor for respiratory effects in children. One 

large British study investigating traffic within 150 m of children’s homes found a 

gradient in the risk of wheezing illness that increased with shorter distance to a main 

road [184].  Similarly, a recent study from Califonia, USA, showed that residence 

within 75 m of a major road was associated with increased risk of asthma in children 

[185]. The higher risk decreased to background rates at 150-200 m from the road. 

 

Pentinnen and co-workers recently suggested that negative respiratory effects in adult 

asthmatics by PM2.5 mainly are mediated by particles from local combustion sources 

[186]. Laden et al related PM2.5 to different sources by analysing elemental 
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composition. They found that mainly combustion particles from mobile and coal 

combustion sources correlated to mortality [187]. Also Pope and co-workers 

concluded in a study that stagnant air pollution episodes with higher concentrations of 

primary and secondary combustion-source particles were more associated with 

elevated mortality, than were episodes with relatively higher concentrations of coarse 

crustal-derived particles [188]. 

 
8.2.2 Soil and sand particles 

Particles from soil and sand contribute mainly to an increase in coarse particles and 

levels can be high during high wind speed. A few studies have linked daily mortality 

to episodes of exposure to coarse particles. Schwartz et al found no evidence that 

mortality was elevated on dust storm days [189]. Two studies carried out in Asia 

reported that dust storms were weakly associated with risk of death from 

cardiovascular and respiratory causes, although the associations were not statistically 

significant [190,191]. Hospital admissions for cardiovascular disease have also shown 

a non-significant increase during dust storms [192]. Using elemental analysis for 

source tracing, two time-series studies found that soil dust showed no significant 

correlation to mortality [187,193]. Another study found no association between 

emergency department visits for asthma and crustal particles [194]. 

 
8.3 Discussion of results II 

In this part the discussion regarding toxicity of particles from different sources will 

continue but with a focus on PM studied in this thesis, i.e. particles collected from an 

urban street, or a subway, and particles generated by tire-road wear and formed during 

combustion of wood and pellets. The effects are summarised in Figure 22, page 75. 

 
8.3.1 Street particles 

The street particles used in this thesis were collected from Hornsgatan, which is one 

of the most busy and polluted streets in Stockholm. Hornsgatan is a street canyon, 24 

m wide with four lanes surrounded by 24 m high houses on both sides. The traffic 

volume is about 35,500 vehicles per day during weekdays [195]. The PM10 levels in 

the street are high, especially during the spring, and current EU limit values are 

exceeded. The annual mean level 2005 was 42 µg/m3 (40 µg/m3 limit value) and the 

24 h mean limit value, 50 µg/m3, was exceeded 80 times (35 times is the maximum 
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allowed). The highest 24 h mean value during 2005 was 245 µg/m3 [21]. The main 

source to PM10 is tire-road wear. The particle number concentrations in the street are 

also high, around 60-70,000 cm-3, which is high also in comparison with those in 

other European streets documented in the literature [195]. The dominant source to 

these small particles is traffic exhaust. 

 

In the studies on the toxicity of the street particles, we found that these particles 

caused DNA damage in cultured human lung cells. The ability to damage DNA was 

lower compared to particles from the subway (Papers IV and V). It is possible that the 

most toxic street particles (i.e. exhaust particles) were not removed from the filters 

properly or were chemically modified to become non-toxic. However, diesel exhaust 

particles did not show higher genotoxicity than the street particles at 40 µg/m3 (data 

not shown). 

 

Regarding the ability to cause oxidative damage, the street particles did oxidise the 

free DNA nucleoside 2’-deoxyguanosine (dG) in solution (i.e. a cell-free experiment, 

Paper IV). Their oxidising potency was lower than that of the subway particles, but 

higher than tire-road wear particles (Figure 15). Almost all oxidising substances were 

found in the water-extract of the street particles, indicating the importance of water-

soluble transition metals or polar quinones. However, when cells were incubated with 
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street particles and oxidation of DNA was analysed as formation of 8-oxodG, no 

higher levels than the control were detected. Increased levels of intracellular ROS 

were not detected either (Paper VI). The reason for the lack of oxidative stress in the 

cellular experiments is likely due to: 

a) the presence of antioxidant protection and DNA repair in the cultured lung 

cells or, 

b) a rather low oxidising capacity of the street particles, not possible to detect 

with the methods used. 

Somewhat similar to the street particles, a sample of urban dust particles, (SRM 1649) 

was also used in Paper III in this thesis. This sample was collected over a 1-year-

period, from 1975 to 1976, in Washington DC, USA (obtained from the National 

Institute of Standards and Technology, USA). The water extract from this sample also 

caused dG oxidation but most DNA-adduct forming PAHs were found in the DMSO 

extract (Paper III). These results suggest that both DNA adduct-forming PAHs and 

oxidising substances are important for the induction of DNA strand breaks. In 

addition, the insoluble particle-core also caused DNA damage. This may be due to 

that: 

a) the particle core contains substances, such as insoluble metals, that produce 

ROS and/or  

b) the particle core when ingested by cells causes mechanical damage to 

organelles such as the mitochondria that may lead to DNA damage.  

In Paper VI we showed that street particles had the ability to cause mitochondrial 

depolarisation. Among the particles tested, the ability was highest for the diesel 

Figure 15. Oxidation of 

dG in solution by particles 

from different sources. All 

values were significantly 

higher than the control. 
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particles. This may be due to the high amount of PAHs that is expected to be present 

at the surface of diesel particles, as has been suggested in other studies [96,196]. 

 

In contrast to the rather low genotoxicity of the street particles, the induction of 

inflammatory cytokine secretion by human macrophages was by far highest from the 

street particles when compared to all other particle-samples (Figure 16, Paper V). As 

pointed out in different studies and previously discussed, one reason for cytokine 

release is the content of endotoxins. As reported by Lindbom et al in another study 

done on street, subway and tire-road wear particles, the only particle-type that 

contained endotoxin was the street particles [197] (collected at the same time and 

location as the street particles in our study). However, treatment with the endotoxin 

inhibitor polymyxin B led only to a small, not statistically significant, reduction of 

cytokine secretion indicating that endotoxins only partly were responsible for the 

effect. The “pure” tire-road wear particles caused cytokine release in the mentioned 

study by Lindbom et al as well as in our study (Paper V). This indicates that the 

ability to induce inflammatory cytokine release by the street particles may be due to 

the content of particles from road-wear (as will be discussed more in section 8.2.3) 

and endotoxins. The role of exhaust-related particles could not be excluded, but diesel 

particles did not show as high cytokine induction as the street particles in the study by 

Lindbom and co-workers [197]. 

 

 

Figure 16. TNF! levels (times increase compared to blank filter) in the medium of 

human macrophages exposed to 100 µg/ml particles for 18 h. 

*** 

** * 
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8.3.2 Subway particles 

The subway particles were collected from an underground platform in the Stockholm 

subway station “Mariatorget”. The levels of PM10 and PM2.5 at the station are very 

high as has been reported by Johansson et al [198] and as shown in Figure 17. The 

levels during workdays between 7 am and 7 pm are in the range of 5-20 times higher 

in the subway when compared to the busy street “Hornsgatan” [199]. In contrast, the 

number of particles is several times higher at street level compared to in the subway. 

 

 

Figure 17. The mass of particles (PM2.5 and PM10) and the number of particles (10 

nm-6 µm) in the street and the subway. The measurements were made in September 

2004 during approximately 20 days (mass) or four days (number) by The City of 

Stockholm Environment and Health Administration [199].  

 

When cultured human lung cells were exposed to subway particles we found that they 

caused DNA damage in a dose-dependent manner (Figure 14, Paper IV). The 

genotoxic potency of the subway particles was considerable higher (in the range 2-8 

times) compared with a variety of particles from different sources (Paper IV and V).  

 

The subway particles also produced ROS and caused oxidative stress as detected by: 

a) oxidation of dG in solution (Paper IV) 

b) formation of 8-oxodG in cultured human lung cells (Paper IV) and  

c) increased levels of intracellular ROS (Paper VI). 
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Why do subway particles cause DNA strand breaks and oxidative stress? In the dG-

experiment we found that treating the particles with the metal chelator desferoxamine 

substantially could reduce the oxidation. Further, almost nothing of the oxidising 

capacity could be attributed to water-soluble substances since the water extract 

contributed to a very low increase in oxidation (Paper IV). This led to the conclusion 

that the oxidation, and likely also the formation of DNA strand breaks, was due to 

redox-active solid metals. Chemical analysis of the particles showed that they to a 

large degree consisted of iron, mainly in the form of magnetite Fe3O4. Stockholm 

Transport (SL) has also reported high iron levels in Stockholm subway particles (see 

Table 7). Furthermore, high iron-content in subway particles has been reported from 

London [200], New York [201] and Rome [202]. The study from Rome concluded 

that when passing from outside to inside the subway, the concentration in the air 

becomes approximately 12 times greater for iron, 17 times greater for manganese and 

7 times greater for copper. In addition, spending time in the subway was shown to be 

a predictor for personal exposure to manganese in London [203] and Toronto [204]. 

 

Table 7. Comparison of the elemental content in subway particles [18] and in street 

particles, calculated from [199]. 

Element Subway 

(mg/g particles) 
Street 

(mg/g particles) 
Subway/Street 

Fe        435 12.9 34 

Cu 14.7   0.5 29 

Al 10.9 11.9 0.9 

Mn   3.9   0.2 20 

Ti   1.4   0.7 2 

Ni   0.7     0.03 23 

Zn   0.5   0.4 1.3 

Ca 29.8   5.1 5.8 

Si * 35.8  

• The level is not presented due to high Si level in control. 

 

If the genotoxicity of the subway particles is due to their reactive surface, the most 

effective way to damage DNA is to be in close proximity to DNA and there generate 

#OH. It is not known whether the subway particles can be translocated to the nucleus 
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but since most particles are large in comparison to ultrafine particles, this seems 

rather unlikely.  

 

Another possibility is that the particles attach to or enter the cell and generate e.g. 

hydrogen peroxide that can move to the nucleus and react with Fe2+ present at DNA 

and thereby generate #OH causing DNA damage. The particles may also, once inside 

the cell, cause mechanical damage to organelles such as the mitochondria, with 

leakage of ROS as a consequence. In Paper VI, damage to the mitochondria caused by 

subway particles was shown. 

 

Yet another possibility is that iron gets mobilised in the cell by low-molecular weight 

chelators such as citrate. Chao et al found that when A549 cells were treated with 

asbestos fibres, iron was mobilised intracellular and the mobilisation resulted in 

cytotoxicity. The rate of mobilisation in the cells was comparable to the rate of 

mobilisation by citrate in vitro at pH 7 [205]. Furthermore, mobilisation of iron from 

urban particles seems to be higher in the presence of ascorbate [206]. Aust et al have 

recently concluded that mobilisation of iron in 50 mM NaCl and 1 mM citrate at pH 

7.5 most closely resembles the conditions under which intracellular mobilisation 

occurs [207]. Particles had to be endocytosed by A549 cells before bioavailable iron 

was observed to be released, likely because the concentration of chelators is much 

higher inside the cell than outside [207].  

 

The possible mechanisms for genotoxicity of subway particles are summarised in 

Figure 18. In vivo it is possible that iron gets mobilised from subway particles by 

ascorbate in the lung lining fluid or by other chelators after phagocytosis. The 

phagocytosis of particles with subsequent iron mobilisation thus constitutes an 

uncontrolled entry of iron into the cells, since the iron has not been available for 

storage in the protein transferrin.  



 69 

 

Figure 18. Suggested mechanisms for the genotoxicity of subway particles. 1) The 

particles may form hydrogen peroxide outside the cell or 2) inside the cell, which may 

diffuse into the nucleus and form "OH when interacting with Fe2+ in close proximity 

to DNA. 3) Particles may also cause damage to organelles such as the mitochondria 

leading to ROS release. Alternatively 4), particles may translocate to the nucleus 

where their reactive surface may form "OH close to DNA. Yet another possibility 5) is 

that iron in the particles get mobilised by intracellular chelators such as citrate. 

 

The species responsible for the effect of subway particles remain rather unclear. 

Magnetite exhibits Fe2+ and may therefore participate in Fenton-type reactions. 

However, other studies have not shown much oxidation caused by magnetite [208] 

nor much Fe mobilisation [207], but yet some radical release [209]. The ability of 

magnetite particles and subway particles, respectively, to cause DNA damage was 

compared. The magnetite particles were genotoxic but caused an increase in DNA 

damage of about 50% compared to blank. In contrast, the subway particles caused 

160% increase (Figure 19, unpublished data). The subway particles also contain 

copper and zinc, which may be one explanation to their higher genotoxic potency. 

The mechanisms behind the genotoxicity of the subway particles need further 

investigations.  
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Figure 19. DNA damage in A549 cells following exposure to subway particles or iron 

oxide particles (40 µg/cm2) for 4 h. 

 

Few other studies have investigated the toxicity of subway particles. Seaton and co-

workers reported that particles from the London underground caused more DNA 

damage and higher release of IL-8 when compared to urban PM2.5 [210]. This was in 

contrast to our study (Paper V) in which the subway particles did not cause release of 

IL-6 or IL-8 and only slight increase in TNF". However, the particles did cause 

cytotoxic effects to the macrophages at that concentration and time used [197]. Seaton 

et al used A549 cells with exposure for 8 h compared to 18 h in our study. 

Interestingly, when the epithelial cells BEAS-2B were exposed to particles and TNF" 

was analysed, the subway particles caused higher cytokine release than road-wear and 

street particles [197]. 

 

The occupational group being most exposed to subway particles is those employed to 

clean the platforms etc. In a recent study it was shown that the mean exposures during 

a workday were 79.4 µg/m3 and 256.2 µg/m3 for PM2.5 and PM10, respectively 

[211]. How much does a commuter get exposed to? Assuming an inhalation rate of 15 

l /min (in rest) and a particle concentration in the subway of 300 µg/m3 of PM10, 

spending 60 minutes in the subway each day leads to a 270 µg exposure per day. 

During a day (12 h) a person spending time only in the “urban background” with a 
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PM10 concentration of about 25 µg/m3 is exposed to the same amount (270 µg). 

Thus, for a person normally not highly exposed to particles, spending 60 minutes in 

the subway can actually double the exposure to PM10 during a day.  

 

8.3.3 Tire-road wear particles 

One of the main reasons for why Stockholm and many other towns in Sweden do not 

meet the EU-limit value for PM10 is the release of tire-road wear particles. The 

combination of sanding the roads in winter and the use of studded tires substantially 

increases the wear of the road surface leading to generation of mainly coarse particles.  

Studded tires grind the sand particles and erode the road surface. The particles are 

comprised of road-wear materials mainly from stone minerals. The road-wear is 

highly dependent on the pavement material and the tires used (i.e. studded tires or not, 

see Figure 20), as well as the speed of the vehicle. Also ultrafine particles seem to be 

generated at the tire-road interface although only corresponding to estimated 0,1-1% 

of the tail-pipe emissions [212].  

 

Figure 20. The PM10 concentration in the test hall when investigating the PM 

formation with different pavements and tires using a road simulator. Figure made 

based on Swedish Road and Transport Institute report 520 [213]. 
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For this thesis, particles collected using a road simulator at the Swedish Road and 

Transport Institute (Linköping, Sweden) was used and it was thus possible to 

investigate the effects of tire-road wear particles without involvement of combustion 

particles. It was shown that these particles caused some oxidation of dG (Figure 15) 

but, similar to the street particles, no increase in 8-oxodG after exposure of A549 cells 

was detected (data not shown). A significant increase in DNA damage analysed using 

the Comet assay was detected, with no difference between particles collected when 

running studded tires on ABT (asphalt concrete) pavement and on ABS pavement 

(stone mastic asphalt) with crossed stone material (Paper V). Particles collected when 

running friction tires on an ABS pavement with sand caused the highest levels  

(Figure 21). 

 

 

 

Figure 21. The increase in DNA damage (using the Comet assay) when compared to 

blank caused by particles formed when running studded tires or friction tires on ABT 

or ABS pavement. All particles are collected as PM10 if nothing else is indicated. 

Star (*) indicates a significant higher level than two of the other particle-types. 

 
We also showed cytokine induction by the different particles from tire-road wear 

(Paper V). The effects were even more obvious in a similar study done by Lindbom 

and co-workers, in which tire-road wear particles showed the highest, or as high as, 

the effects from street particles [197]. The authors concluded that the results indicated 

Crossed stone material 
was added 

Sand was 
added 

  * 
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that particles generated by tire-road wear contribute largely to the cytokine releasing 

ability of particles from traffic intensive areas. They also concluded that the pavement 

used seemed important for the effects since the granite pavement showed higher 

levels than the quartzite pavement. 

 
Are tire-road wear particles more or less toxic than particles from other sources? A 

Finnish study suggests that re-suspended road dust has less effect on respiratory 

health in asthmatics compared to combustion-related PM [158]. However, an in vitro 

study from Finland showed that spring-time PM10, which is mostly derived from re-

suspension of road dust, induced inflammatory cytokines more than winter-time 

PM10, mostly derived from long-range transport and local combustion sources [214]. 

Further, Hetland and co-workers have showed that mineral-rich road particles may be 

equally or more potent to induce cytokines than ambient particles of various sizes 

[215]. In conclusion, there are too few epidemiological studies performed to assess 

the relative toxicity of tire-road wear particles, but in vitro studies indeed do suggest 

that these particles are potent cytokine inducers. 

 
8.3.4 Wood and pellet combustion particles 

In Sweden and other countries with cold winter climate, domestic use of wood stoves 

and fireplaces for heating as well as for pleasure is common, and wood combustion 

particles are thus a major local PM-source in many towns [19]. In addition, 

governments in different countries promote shifting towards renewable fuel 

consumption to decease dependency of fossil fuel. People may thus be exposed to 

wood dust particles both outdoors and indoors. There are two major sources of 

particles from small-scale biomass combustion [216]:  

a) particles from incomplete combustion, including soot and organic particles 

and,  

b) particles from the inorganic material in the fuel-ash.  

 

Unsatisfactory combustion conditions form particles mostly consisting of organic 

material i.e. organic carbon, whereas at higher temperatures, the particles contain less 

carbon and larger fractions of potassium (K), chlorine (Cl) and sulphur (S). 

Residential combustion of biomass is carried out in simple wood stoves as well as in 

more controlled combustion devices such as pellet burners and modern wood boilers 
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[216]. The emissions of particles and other pollutants vary over a wide range 

depending on the combustion technique used. Johansson et al compared different 

types of wood and pellet combustion boilers and concluded that the mass 

concentration of PM was 180 times larger in the worst old-type case compared to the 

best modern one [217]. The emissions of particles from the old-type boiler from 

which particles were collected and used in this thesis, was almost ten times higher 

than the emissions from the pellet burner (Paper V). 

 

Further, data from Johansson et al show that the emission of PAHs is much higher 

from the old type wood boilers compared to modern wood and pellet boilers/burners 

[217]. This led to the hypothesis that particles from old type wood boilers may be 

more genotoxic. However, our study did not show the expected results (Paper V). All 

three types of particles showed similar genotoxic potency and only the particles from 

the modern wood boiler showed a slight increase in IL-8 release. The particles from 

the old-type wood boiler were consequently not more genotoxic nor more potent to 

induce inflammatory cytokines. We speculated that this might be due to their content 

of metoxyphenols that may serve as antioxidants [218]. Our studies thus showed that 

more effective combustion of wood led to less emission of particles, but that those 

emitted did not show less toxicity. 

 

Are wood smoke particles less or more harmful than particles from other sources? 

Epidemiological studies indeed show effects of these particles, including an increase 

in acute respiratory effects [219]. When Boman and co-workers reviewed some 

epidemiological studies conducted in areas where wood smoke is common, they came 

to the conclusion that particles from wood smoke appeared to be at least as harmful as 

particles from other sources [220]. Furthermore, recently also Barregård and co-

workers reported effects on markers for inflammation and coagulation (and possibly 

also lipid peroxidation) when healthy humans were exposed to wood smoke in a 

chamber for 4 h [221]. There are several possible reasons for the toxicity of wood 

particles, they have, for example, a small size and contain toxic PAHs. Zinc is 

sometimes used as a marker for wood and has been suggested to be the toxic factor in 

atmospheric particles [180,181]. In a global perspective, indoor smoke from wood 

particles used during cooking is of high concern [2]. 
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Figure 22. Summary of the main particle-samples used in this thesis and their effects 

on cultured human lung cells or human macrophages. Illustration by Eszter Nagy. 

 

Wood and pellet particles 

- DNA damage (Paper V) 

- No or low induction of cytokines (Paper V) 

- Damage to mitochondria (Paper VI)  

Street particles 

- DNA damage (Paper IV and V) 

- High induction of cytokines (Paper V) 

- Damage to mitochondria (Paper VI)  

Subway particles 

- Much DNA damage (Paper IV and V) 

- Oxidation of DNA (Paper IV) 

- No or low induction of cytokines (Paper V) 

- Damage to mitochondria (Paper VI)  

- Formation of intracellular ROS (Paper VI) 

Tire-road wear particles 

- DNA damage (Paper V) 

- Induction of cytokines (Paper V) 
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9. Conclusions 
 
In the chapter “Research aim” some questions were listed that this thesis aimed to 

answer. These questions will be answered and shortly discussed in this section of the 

thesis. 

 
a) What is the backgroud level of oxidative DNA damage in healthy individuals 

measured using different approaches (HPLC and Comet assay)? (Paper I and 

II). 

 

The level in a healthy Swedish population was around 1 8-oxodG per 106 dG 

measured using HPLC-EC. The FPG sites measured using Comet assay was only 

about " of this, 0.24 FPG sites per 106 dG. These levels are low when compared to 

other published data, and the low levels using HPLC is likely due to an improved 

method. Whether the reason for Comet assay showing even less damage is due to 

some artificial oxidation with HPLC, or an underestimation of damage when using 

Comet assay is still not clear. 

 

b) Is there a correlation between these two methods? (Paper I and II). 

 

There is not a correlation between levels of 8-oxodG (HPLC) and FPG sites (Comet 

assay). It is somewhat surprising, but the FPG recognises several other types of DNA 

damage in addition to 8-oxodG, and this is likely the reason for the lack of 

correlation. 

 

c) Is the genotoxicity of ambient particles caused by the particle core or by 

substances adsorbed on the surface? (Paper III and IV) 

 

It seems like the genotoxicity of particles is caused by both soluble substances, 

mainly metals, but also DNA-reactive PAHs, and the insoluble particle-core. What 

causes the genotoxicity most likely differs between various types of particles. The 

interaction between cells and particles seems to be important for their genotoxic 

effects. 
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d) Which PM-sample of those collected from a subway station and a street, 

respectively, is most potent regarding genotoxicity and ability to induce 

oxidative stress and inflammatory mediators? (Paper IV and V). 

 

The subway particles were much more genotoxic than the street particles and showed 

also by far the highest levels of DNA damage among all particle-types tested. Their 

high iron content is likely the reason. The subway particles also caused formation of 

8-oxodG in cultured lung cells, while the street particles did not. In contrast, the street 

particles caused the highest release of inflammatory cytokines. 

 

e) Are particles emitted from modern wood and pellet boilers less genotoxic and 

potent to induce inflammatory cytokines than those emitted from an old-type 

boiler with poor combustion? (Paper IV). 

 

No, all three particle types from wood and pellet combustion showed similar 

genotoxic effects and caused only low or no increase in inflammatory mediators. 

 

f) Are tire-road wear particles, without involvement of exhaust particles, 

genotoxic and able to induce inflammatory mediators? (Paper V). 

 

Yes, tire-road wear particles are genotoxic and rather potent inducers of inflammatory 

mediators, without involvement of exhaust related particles. 

 

g) Which particle type of those tested (subway, street, tire-road wear, wood, 

pellet and diesel) is most potent regarding the ability to cause mitochondrial 

depolarisation and intracellular reactive oxygen species? (Paper VI) 

 

Diesel particles were most potent to induce mitochondrial depolarisation followed by 

particles from wood combustion and subway particles. Street particles showed low 

but statistically significant mitochondrial depolarisation whereas tire-road wear 

particles did not. In contrast, only the subway particles caused significant formation 

of intracellular ROS. 
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h) Finally, is it possible from the experiments in this study to conclude that one 

particle-type is “particularly harmful” and further, can any particle-type be 

regarded as non-toxic? 

 

In order to say which particle-type that is “particularly harmful” one need to specify 

the end-point of interest. Subway particles caused by far most DNA damage in lung 

epithelial cells, whereas street and tire-road wear particles were more potent to induce 

inflammatory mediators in macrophages. The focus in this thesis has however been 

genotoxicity and oxidative stress and regarding these effects, the subway particles 

may be regarded as “particularly harmful”. No particle-sample of those tested in this 

thesis is non-toxic. 

 
 
 

  

The subway in Stockholm, photo by Lennart Möller 
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10. Final comments 
 
The main aim of this thesis was to investigate and compare the toxicity of airborne 

particles from different sources with a focus on genotoxicity and oxidative stress. 

In my view, one of the most important findings in this thesis is the discovery of the 

high in vitro genotoxicity of subway particles. Of all particle-types tested, none has 

been as potent to cause DNA damage when analysed using the Comet assay. To see if 

exposure to these particles also cause effects on markers for genotoxicity and 

oxidative stress in humans remain to be elucidated. Fortunately, people often are 

exposed for these particles during rather short periods, only when entering the 

subway. However, the concentrations in the subway are very high and may thus 

substantially contribute to a person’s daily exposure to PM10. Today the effects of 

subway particles on human health are not known, but considering what is known 

about particles in general, and the in vitro toxicity of the subway particles, it would be 

very surprising if these particles did not show any adverse effects on humans. It may 

especially be a concern for sensitive people, such as asthmatics. 

 

Except for further investigations regarding the effects of subway particles, I also 

intend to further study the toxicity of particles with a focus on nanoparticles. Of high 

relevance is to further develop exposure systems that are more physiologically 

relevant, such as exposure in the air-liquid interface. 

 

For now, I hope that the findings in this thesis will increase the attention for subway 

particles among scientists and policy makers, as well as contribute to the discussion 

regarding the importance to reduce the concentrations. The subway is indeed 

important for achieving a sustainable transport system in large cities. This thesis may 

contribute to the discussion on how to develop new transport solutions in tunnels. 
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