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ABSTRACT 
Air pollutants, such as ozone (O3) and diesel exhaust particles are associated with adverse 
heath effects and elicit oxidative stress in the lung. Antioxidants within the respiratory 
tract lining fluid (RTLF) protect the underlying tissue from oxidative injury. 
Supplementation with vitamins has been shown to modulate the acute ozone-induced 
effects, but the mechanisms behind this have not been fully clarified.  
The aim of this thesis was to investigate the airway responses to diesel exhaust and ozone 
exposure in healthy humans, with the emphasis on inflammatory and antioxidant 
responses. Furthermore, to study whether oral supplementation with vitamin C could 
increase ascorbate concentration in the RTLF and whether vitamin supplementation 
could modulate the negative effects induced by ozone exposure.  
Diesel exhaust (100 µg/m3 PM10 for 2 h), evaluated 18 hours post exposure, induced a 
neutrophilic airway inflammation and an increase in bronchoalveolar (BAL) urate and 
reduced glutathione. During O3 exposure (0.2 ppm for 2 h), significant losses of nasal 
RTLF urate and ascorbate concentrations were observed. Six hours post exposure, a 
neutrophilic inflammation was evident in the bronchial wash (BW), together with 
enhanced concentrations of urate and total glutathione. In the bronchoalveolar lavage 
(BAL), where vitamin C, urate and glutathione concentrations were augmented, no 
inflammatory response was seen. A significant loss of glutathione and cysteine was 
detected in BAL-leukocytes suggesting that the increase in RTLF glutathione may arise 
from alveolar macrophages.  
Following supplementation with increasing doses of vitamin C (60 - 1,000 mg/day, for 14 
days), evaluated 24 hours after the last dose, ascorbate concentrations were unchanged in 
the nasal RTLF, despite elevated concentrations in plasma and urine. In contrast, 
following a single dose of 1 g of vitamin C, vitamin C concentrations increased 
significantly in both plasma and nasal lavage two hours post supplementation, before 
returning to baseline levels at 24 hours. Notably, dehydroascorbate (DHA) accounted for 
the largest part of RTLF vitamin C and a number of control experiments were performed 
to ensure the authenticity of this finding. 
Healthy O3 responders were exposed to O3 (0.2 ppm for 2 h) and air, following seven 
days of supplementation with vitamin C and E or placebo. No protective effect on lung 
function or airway inflammation was observed following supplementation. BW and BAL-
DHA were enhanced after O3, with further increases following supplementation.  
In conclusion, oxidative air pollutants induce airway inflammation, as well as a broad 
spectrum of antioxidant adaptations, which could ultimately limit the airway inflammatory 
responses. Oral vitamin supplementation was shown to augment RTLF-vitamin C 
concentrations, but it did not provide protection from the ozone-induced airway 
responses following a single insult of ozone. The finding of high concentrations of DHA 
in the RTLF could indicate that DHA represents an important transport form of vitamin 
C onto the surface of the lung.  
Key words: air pollution, ozone, diesel exhaust, airway inflammation, antioxidants, 
vitamin C, dehydroascorbate, vitamin supplementation. 
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SVENSK SAMMANFATTNING 
Luftföroreningar, såsom ozon och dieselavgaser, är associerade med en ökad 
sjuklighet i både lung- och hjärtkärlsjukdomar. Exponering för dessa oxidativa 
luftföroreningar leder till luftvägsinflammation, men påverkar också 
antioxidantförsvaret. Luftvägarnas slemhinna täcks av ett tunt vätskelager, på 
engelska kallad ’respiratory tract lining fluid’ – RTLF, som innehåller en mängd 
antioxidanter. RTLF utgör den första försvarslinjen gentemot luftföroreningar i 
inandningsluften genom att skydda det underliggande epitelet från oxidativ skada. 
Tillförsel av vitaminer har visats kunna skydda mot ozonutlöst 
lungfunktionsnedsättning, men mekanismerna bakom detta är inte helt klarlagda. 
Syftet med denna avhandling var att undersöka hur exponering för dieselavgaser 
och ozon påverkar luftvägarna hos friska personer, med avseende på inflammation 
och förändringar i luftvägarnas antioxidanter. Syftet var även att studera huruvida 
tillförsel av vitamin C kunde öka halten vitamin C i RTLF och om denna ökning i 
så fall kunde förebygga de negativa effekterna av ozonexponering.  
Exponeringarna utfördes i exponeringskammare. Effekterna av dieselavgaser 
respektive ozon jämfördes med effekter efter luftexponering med hjälp av 
bronkoskopi (biopsier och bronksköljningar), nässköljning, urin- och blodprover 
samt lungfunktionstester.  
Arton timmar efter exponering för dieselavgaser (100 µg/m3 PM10 i 2 timmar) fann 
man en neutrofildominerad luftvägsinflammation i lungvävnaden och i sköljvätska 
från de bronkiella luftvägarna (BW). I de alveolära luftvägarna noterades ingen 
inflammatorisk cellökning däremot sågs en ökning av antioxidanterna urat och 
glutation.  
Under pågående ozonexponering (0.2 ppm i 2 timmar) minskade mängden urat och 
askorbat i näsans RTLF. Sex timmar efter avslutad exponering sågs en 
neutrofildominerad inflammation i BW samt en ökning av mängden urat och 
glutation. I de alveolära luftvägarna noterades utöver en ökning av urat och 
glutation även en ökad mängd vitamin C. I motsats till de bronkiella luftvägarna 
sågs alveolärt ingen inflammatorisk cellökning. Antioxidantanalyser utfördes även 
på celler från BW och BAL-vätskan. Efter ozonexponering sågs en minskning av 
glutation och cystein från BAL-cellerna, vilket tyder på att ökningen av glutation i 
RTLF skulle kunna härröra från alveolära makrofager. Efter exponering för ozon 
sågs även en ökning av vitamin C i slemhinnebiopsier, sannolikt på grund av en 
ökad infiltration av inflammatoriska celler i luftvägsslemhinnan.  
I en placebokontrollerad studie gavs friska försökspersoner ökande doser vitamin C 
(60 – 1000 mg/dag i 14 dagar). Blod- och urinprover samt nässköljning utfördes 24 
timmar efter sista dosen. Trots ökade halter vitamin C i blod och urin sågs ingen 
motsvarande ökning i nässköljvätskan. Ytterligare en studie utfördes, där en dos 
vitamin C (1000 mg)/placebo gavs, och upprepade prover togs under första dygnet. 
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Två till fyra timmar efter vitaminintag sågs en ökning av vitamin C parallellt i både 
nässköljvätska och plasma. Tjugofyra timmar efter vitaminintag hade 
koncentrationerna av vitamin C återgått till ursprungsnivåer.  
Friska försökspersoner supplementerades med 500 mg vitamin C och 100 mg 
vitamin E alternativt placebo under sju dagar för att därefter exponeras för ozon 
(0.2 ppm i 2 timmar). Ozonexponeringen i sig ökade halterna vitamin C och 
vitamin E i bronksköljvätskan och tillförsel av vitamin C sågs en ytterligare ökning 
vitamin C koncentrationen i BAL. Trots detta kunde den akuta ozonutlösta 
lungfunktionsnedsättningen och luftvägsinflammationen inte förhindras av 
vitamintillförseln. Höga halter av oxiderat vitamin C, dehydroaskorbat (DHA), 
uppmättes i RTLF. Kontrollexperiment kunde verifiera fyndens riktighet.  
Sammanfattningsvis har studierna i denna avhandling bidragit till att öka kunskapen 
kring hur oxidativa luftföroreningar påverkar de mänskliga luftvägarna. Studierna 
visar att oxidativa luftföroreningar ger upphov till en neutrofil luftvägsinflammation 
men även till en ökning av en mängd skyddande antioxidanter i RTLF. Tillförsel av 
vitaminer kan ytterligare öka halterna vitamin C i luftvägarna, men trots detta sågs 
ingen skyddande effekt mot en enstaka exponering för ozon. RTLF innehåller höga 
halter oxiderat vitamin C, dehydroaskorbat, som i andra delar av kroppen har visats 
vara en viktig transportform för vitamin C. Dessa fynd skulle tala för att så är fallet 
även för transport av vitamin C till luftvägarna.  
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SELECTED ABBREVIATIONS 
AA  Ascorbic acid / Ascorbate (vitamin C) 
AA1 Antibody against Tryptase, used as a marker for mast cells. 

α-toc Alpha tocopherol (vitamin E) 
BAL Bronchoalveolar lavage  
BHT Butylated hydroxytoluene – synthetic antioxidant 
BW Bronchial wash 
CD3+ Lymphocyte surface antigen for T-cells 
CD4+ Lymphocyte surface antigen for T-helper cells 
CD8+ Lymphocyte surface antigen for T- suppressor cell 
CD25+ Surface antigen for the IL-2 receptor, activated T-cells 
CD68+ Surface antigen for macrophages 
CO, CO2 Carbon monoxide, carbon dioxide 
DHA Dehydroascorbate 
DE Diesel exhaust 
DEPs Diesel exhaust particles 
DES Desferoxamine mesylate  
DTNB Dithiobisnitro-benzoic acid  
DTT Dithiothreitol  
EC-SOD Extracellular superoxide dismutase or SOD3. 
EG2 Eosinophil marker, the antibody is directed towards the 

Eosinophilic cat ion protein (ECP) 
EPO Eosinophil peroxidase 
E-selectin Adhesion molecule on the vascular endothelium. 
FEV1 Forced Expiratory Volume in one second 
FVC Forced Vital Capacity 
GC-MS Gas Chromatography Mass Spectroscopy 
GLUT Glucose transporters 
GMA Glycolmethacrylate 
GM-CSF Granulocyte/macrophage colony stimulating factor 
GPx Glutathione peroxidase 
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GSH Reduced Glutathione 
GSSG Glutathione Disulphide  
HPLC  High Performance Liquid Chromatography  
ICAM-1 Intercellular adhesion molecule-1 
IQR Interquartile Range 
LDH Lactate Dehydrogenase 
LOP Lipid ozonation products 
MDA Malondialdehyde  

μM  micromole per litre, μmol/l 
MPA Metaphosphoric acid 
MPO Myeloperoxidase 
MPPD Multiple-path particle dosimetry 
NL Nasal lavage 

NFκB Nuclear factor kappa B 
NO, NOx Nitric oxide, Oxides of nitrogen  
O3 Ozone 
PM10 Particulate matter with a 50% cut-off aerodynamic diameter of less 

than 10 μm. 
ROS  Reactive Oxygen Species 
RTLF  Respiratory Tract Lining Fluid  
SRaw  Specific airway resistance 
SVCT Sodium-dependent vitamin C transporters  
UA  Uric Acid / Urate 
VE  Volume of gas expired 
VCAM-1 Vascular cell adhesion molecule-1 
VOC Volatile organic compounds 



 

 11 

ORIGINAL PAPERS 
This thesis is based on the following papers, which will be referred to in the text by 
their Roman numerals.  
 
 
I. Behndig AF, Mudway IS, Brown JL, Stenfors N, Helleday R, Duggan ST, Wilson 

SJ, Boman C, Cassee FR, Frew AJ, Kelly FJ, Sandström T, Blomberg A. 
Airway antioxidant and inflammatory responses to diesel exhaust exposure in humans.  
Eur Respir J. 2006 Feb; 27(2):359-65 

 
II. Behndig AF, Blomberg A, Helleday R, Duggan ST, Kelly FJ, Mudway IS. 

Adaptive antioxidant responses at the air lung interface in healthy humans following ozone 
exposure. 
Submitted 

 
III. Behndig AF, Mudway IS, Helleday R, Blomberg A, Kelly FJ. 

Ascorbate and dehydroascorbate in nasal lining fluid following vitamin C supplementation. 
Submitted 

 
IV. Mudway IS, Behndig AF, Helleday R, Pourazar J, Frew AJ, Kelly FJ, Blomberg A. 

Vitamin supplementation does not protect against symptoms in ozone-responsive subjects. 
Free Radic Biol Med.xx (2005) xxx-xxx, in press 

  
V. Mudway IS, Behndig AF, Duggan ST, Blomberg A, Kelly FJ. 

Identification of dehydroascorbate in human nasal secretions. 
Submitted 

 
 
 
 
 



 

 12 

INTRODUCTION 

1. AIR POLLUTION 
Outdoor air pollutants arise from many sources and include both gaseous and 
particulate matter (PM) pollution. Pollutants can be either primary, emitted directly 
through exhaust pipes (PM, NOx and SO2), or secondary pollutants, formed from 
primary pollutants in the atmosphere in the co-presence of sunlight, moisture or 
both (O3 and SO2). The principal origin of these pollutants is the combustion of 
fossil fuels, mainly traffic related.  

Epidemiological and field studies clearly link air pollution to increases in 
cardiovascular and respiratory mortality [64, 205], hospital admissions for 
respiratory and cardiovascular diseases [13], cardiovascular diseases [63, 66, 81, 
172], lung diseases in children [40, 162], exacerbations of asthma [65, 80, 169]and 
chronic bronchitis [222].  

Population studies of mortality suggest that the exposure-response relationship 
for PM-pollution exposure is almost linear, with no safe threshold. This is the case 
for both short-term [56] and long-term exposure [178]. Studies have identified fine 
particulate matter (<2.5 μm) as being largely responsible for the observed health 
effects [64, 177, 178]. Suggested mechanistic pathways include pulmonary and 
systemic oxidative stress and inflammation, the enhanced initiation and progression 
of atherosclerosis and a change in cardiac autonomic function [38, 179]. Air 
pollution is just one of many risk factors for pulmonary and cardiovascular disease, 
but it is one that can be modified.  

Ozone 

A. Sources 

Ozone (O3) is a tri-atomic pale-blue gas which possesses both protective qualities 
and risk factors for human health. Most of the ozone is found in the stratosphere, 
10 km above the earth, where it plays an important role in preventing harmful 
ultraviolet radiation from reaching the surface of the earth.  

The harmful ozone is a secondary pollutant formed in the troposphere (ground 
level to 10 km) through a series of sunlight-driven complex photochemical 
reactions of atmospheric oxygen with oxides of nitrogen (NOx) and volatile organic 
compounds (VOC), arising largely from mobile and stationary combustion 
sources[2, 11].  

VOC + NOx + sunlight = O3 
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During the summer, air pollutant episodes occur, due to ozone formation in 
areas with a large traffic burden. Since ozone can be transported within the air, 
rural concentrations may exceed urban levels. Ozone levels peak in the afternoon 
and ground concentrations in stagnant air may exceed 0.2 ppm [208]. In large cities 
like Mexico City, mean one-hour concentrations of 0.12 ppm have been reported 
[196].  

B. Exposure limits 

Several guidelines and standards exist for ozone. The WHO eight-hour value for 
ozone is 0.06 ppm [39] and the same is proposed in EU countries for 2010. The 
current eight-hour National Ambient Air Quality ozone standard is 0.08 ppm (157 
μg/m3) averaged over eight hours, not to be exceeded more than three times 
annually. Ozone levels are usually given as parts per million (ppm), parts per billion 
(ppb) or μg/m3, where 0.1 ppm = 100 ppb = 196 μg/m3.  

C. Toxicology 

Ozone is a powerful oxidant and imposes an oxidative burden on the lung in two 
ways, firstly, due to its direct oxidising effects and, secondly, by engendering 
inflammation. Ozone cannot diffuse across the RTLF and interact directly with the 
underlying epithelium [126, 182]. This is due to its relative insolubility and high 
chemical reactivity with a broad spectrum of substrates present in the RTLF. 
Instead, its toxicity is caused by secondary oxidation products formed either by the 
direct ozonation of RTLF lipids or the indirect action of radical intermediates 
[186]. The polyunsaturated fatty acids (PUFAs) in the lung cells become 
peroxidated, thus producing cyclo-oxygenase, a product of arachidonic acid, which 
in turn stimulates neural receptors in the upper airway, leading to acute pulmonary 
function decrements [93]. These lipid ozonation products (LOP) could also trigger 
the underlying cells to elaborate inflammatory signals [108], resulting in airway 
neutrophilia and tissue injury [116, 159]. 

D. Health effects 

Acute responses 

Short-term acute effects include respiratory symptoms, decrements in lung 
function, increased airway responsiveness and airway injury and inflammation [2, 3, 
154].  

The first observations of the negative effects of ozone on lung function were 
made in the late 1950s, when welders exposed to high concentrations of O3 
experienced shortness of breath, pain on deep inspiration, cough and a reduction in 
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lung volume parameters (FVC and FEV1) [48]. Since then, many epidemiological 
and field studies have described the various health outcomes: increased daily 
mortality [224]; impaired lung function [119, 173, 196]; inflammatory changes and 
epithelial injury in recreational runners [118] and cyclists [37] and increased hospital 
admissions for pre-existing respiratory disease [225, 226]. The response to ozone 
depends on the ozone concentration, exposure time and degree of exercise.  

Lung function studies 

Ozone elicits an immediate impairment in lung function (FEV1, FVC) and an 
increase in airway resistance (SRaw), which returns to pre-exposure values after six 
to 24 hours [9, 145, 209]. There is a relatively simple sigmoid relationship between 
ozone dose and lung function [144, 146, 147]. After repeated exposure to ozone, 
lung function responses are accommodated, whereas airway inflammation is 
persistent [106]. Ozone can also increase airway responsiveness [76]. Asthmatic 
children with a genetic deficiency of glutathione S-transferase M1 (GSTM1 null 
genotype) have been shown to be more susceptible to ozone and a genetic 
susceptibility to O3 has therefore been suggested [197]. 

Both the inflammatory and lung function responses to ozone differ between 
individuals [21, 147, 156, 228]. A subgroup of 10-15% of the population is 
suggested to be more sensitive to O3 – “O3-responders” – defined as individuals 
responding to ozone with a fall in FEV1 of > 15% [76, 143]. A high degree of 
reproducibility for as long as ten months has been shown [143]. Younger 
individuals show the largest decrements in lung function and also a much greater 
variation in response to repeated exposure. A yearly loss of responsiveness to 
ozone (0.2% to 0.7%/year in FEV1) has been reported [94].  

Airway inflammation 

A simple linear relationship has been shown to exist between ozone dose and 
airway neutrophilia [155]. Importantly, a simple relationship does not exist between 
lung function decrements and epithelial injury or airway inflammation [29].  

Time-course studies of ozone-induced airway inflammation reveal a rapid 
increase in airway neutrophils, peaking at three to six hours post exposure [58, 123, 
155, 209]. The inflammatory effects of O3 inhalation include neutrophil infiltration 
and an upregulation of adhesion molecules in the airway mucosa [9, 21, 220], 
increased neutrophil numbers and levels of inflammatory mediators (e.g. cytokines) 
in the airway lavage [21, 59, 124, 214], as well as enhanced epithelial and vascular 
permeability [112, 124]. 

To evaluate the airway inflammatory responses following environmentally 
relevant concentrations of ozone, healthy humans were exposed to 0.12 ppm and 
0.2 ppm of ozone respectively for two hours. One and a half hours after exposure 
to the lower concentration, an upregulation of the adhesion molecule P-selectin 
was found in the vascular endothelium [125], without any signs of cellular 
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inflammation in the airway mucosa. After 0.2 ppm, an upregulation of P-selectin 
and ICAM-1 was detected, as well as increased numbers of mast cells in the 
submucosa [29]. Six hours after an identical exposure, neutrophil numbers were 
enhanced in the bronchial tissue, along with the persistent upregulation of P-
selectin and ICAM-1 and a persistent increase in mast cell numbers [220].  

Responses to chronic exposure 

Ozone causes cellular injury and necrosis after short-term exposure, but the areas 
become tolerant to further injury after long-term exposure, which results in 
epithelial hyperplasia and metaplasia [24] [176, 210]. Chronic exposure to ozone has 
also been shown to increase glutathione and the activity of glutathione-dependent 
enzymes in both BAL fluid cells [31] and in lung tissue [176].  

E. Antioxidant responses to ozone  

Healthy subjects 

Ozone induces oxidative stress in the airways [186]. Antioxidant supplementation 
has also been shown to ameliorate ozone-induced lung function decrements [85, 
196].  

In a previous study, healthy subjects exposed to ozone, 0.2 ppm for two hours, 
evaluated 1.5 h post exposure, responded with the consumption of nasal-RTLF 
urate [153]. In the bronchial wash (BW) and BAL fluid, an increase in GSH was 
detected [29]. There was, however, no correlation between O3-induced lung 
function decrements and early antioxidant and inflammatory changes [29]. Reduced 
airway glutathione has also been shown to be increased after both single and 
repeated exposure to ozone [106]. Six hours after an identical exposure, the 
ascorbate concentrations in bronchial wash and BAL fluid were reduced, together 
with an increase in oxidised glutathione (GSSG) [156]. 

Asthmatics 

Compared with healthy subjects, asthmatics have reduced concentrations of 
ascorbate in their airways, along with an increase in GSSG, indicating ongoing 
oxidative stress in asthmatic airways [115]. When exposing asthmatics to 0.2 ppm 
of ozone for two hours, it was found that, although asthmatics had lower 
concentrations of ascorbate in both bronchial wash and BAL at baseline, the 
immediate lung function decrements and the magnitude of neutrophilia at six hours 
did not differ between the two groups. No ozone-induced changes in airway 
antioxidants were found in the asthmatics [156].  
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F. Ozone and antioxidant supplementation 

A number of studies have been carried out to evaluate whether supplementation 
with antioxidants might offer some protection from the negative effects of air 
pollution. These can be divided into field studies [41, 61, 82, 84, 85, 196, 198]and 
controlled chamber exposure studies[49, 86, 206, 230], see Table 4.  

Field studies 

There is evidence that vitamin supplementation can modify the acute respiratory 
effects of ozone. The effects of vitamin supplementation on ambient ozone-
induced lung function responses were evaluated in three field studies. Street 
workers in Mexico City[196] and cyclists in the Netherlands[82, 85] were 
supplemented with 650 mg of vitamin C, 75 mg of vitamin E and 15 mg of β-
carotene daily for 10 weeks. Two of the studies were placebo controlled. The mean 
one-hour maximum ozone concentration in the Mexico City study was 0.123 ppm, 
while, in the Netherlands studies, the eight-hour mean ozone concentration were 
0.04 and 0.05 ppm respectively. All three studies report a protective effect on lung 
function following supplementation (Table 4). Mexican children with moderate to 
severe asthma were supplemented with 250 mg of vitamin C and 50 mg of vitamin 
E daily for 12 weeks. During the study, the ozone levels were 0.1 ppm (mean one-
hour maximum) and 24-h average PM10 levels were 57 μg/m3. Supplementation 
was shown to have a protective effect on lung function (FEF25-75 and PEF) [198]. In 
the same study population, nasal lavage (NL) was analysed for IL-6, IL-8, UA and 
GSx. Without supplement, ozone induced an increase in NL-IL-6, which was 
abolished in children receiving supplements, suggesting some protective effect also 
on the ozone-induced inflammatory response [215].  

Controlled supplementation studies  

There are also a number of controlled chamber studies of the acute effects of 
ozone following supplementation, with more ambiguous results[49, 86, 206, 230], 
see Table 4. The most recent controlled chamber study is the one by Samet and 
colleagues, in which healthy subjects were first placed on a diet low in vitamin C 
for three weeks. After supplementation with 250 mg of vitamin C for two weeks, 
they were exposed to ozone (0.4 ppm for two hours). Lung function tests and 
bronchoscopy were performed within one hour after the exposure. A protective 
effect by vitamin supplementation was noted on lung function but not on airway  
inflammation [199]. 



 

 

Table 4. Effects of antioxidant supplementation on air pollution induced responses 
Chamber studies Design Subjects Exposure Supplements Outcome Beneficial 

association 
Hackney – 1981 [86] DB 

 
34 young healthy 
adults 

0.5 ppm O3, 2h, + exercise Vit E 800 IU/d 
10 weeks 

Symptoms, LF NO 

 DB 
 

22 young healthy 
adults 

0.5 ppm O3, 2h + exercise Vit E 1600 IU 
12 weeks 

Symptoms, LF NO 

Chatham – 1987[49]  DB, cross over 14 healthy adults 0.3 ppm O3, 2h + exercise Vit C 1 g + Vit E 0.8 g/d 
2 weeks ? 

LF YES 

Trenga – 2001 [230] DB cross over 17 adult asthmatics 0.12 ppm O3, 45min + exercise Vit C 500mg + Vit E 400 IE BHR with sulfur 
dioxide 

YES 

Samet - 2001[206] DB 31 healthy vitamin C 
depleted 

0.4 ppm O3, 2h + exercise Vit C 250mg + Vit E 50IU + 
vegetable cocktail/ d 

FEV1, FVC YES 

    2 weeks Infl. in BAL NO 
 

Field studies Design Subjects Exposure Supplements Outcome Beneficial 
association 

Bucca – 1992 [41] DB, cross over 20 healthy 

police officers 

2h traffic directing in winter Vit C 2000 mg once PEF YES 

Grievink – 1998 [82] Control group 26 cyclists Mean O3 0.05 ppm + exercise Vit C 650mg + Vit E 75 mg, β-
carotene 15 mg/d 

FEV1, FVC 
PEF 

YES 
NO 

    15 weeks   
Romieu – 1998 [196] DB, cross over 47 street workers Mean O3 0.12 ppm + exercise Vit C 650mg + Vit E 75mg 

β-carotene 15 mg/d, 
11 weeks 

FEV1, FVC 
FEF25-75 

YES 
YES 

Grievink – 1999 [85] DB 38 cyclists Mean O3 0.04 ppm + exercise Vit C 500mg + Vit E 100mg / d, 
10 weeks 

LF 
PEF 

YES 
NO 

       
Grievink – 1999 [84] Panel study 227 subjects chronic 

resp. symptoms 
Mean PM10 32-44 μg/m3 Serum β-carotene 

Diet vit C, β-carotene 
PEF YES 

Trend 
Romieu – 2002 [198] DB 158 children with 

asthma 
Mean 1h max O3 0.1ppm 
Mean PM10 24h 57 μg/m3 

Vit C 250mg + Vit E 50mg/d, 12 
weeks 

FEV1, PEF 
FEF 25-75 

YES 
YES 

     NL IL-6 YES 
Modified from Grievink -2000[83]. DB = double blind placebo controlled. LF = lung function, BHR = bronchial hyperreactivity, FEV1 = forced expiratory 
volume in one second, FVC = forced vital capacity, PEF = peak expiratory flow, FEF 25-75 = forced expiratory flow at 25-75% of vital capacity, NL = nasal 
lavage.
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Particulate matter 

A. Sources 

Particulate matter (PM) pollution, designated as ambient PM, can be classified into 
different size categories. Coarse PM (aerodynamic diameter 2.5 - 10 μm) is derived 
from soil, road dust (e.g. brake and tyre dust) or the aggregation of smaller 
combustion particles. Fine (<2.5 μm) and ultrafine PM (<0.1 μm) are primarily 
formed during the combustion of fossil-fuel products such as diesel oil. Most 
inhaled particles with an aerodynamic diameter of more than 5 μm are deposited in 
the upper airways, whereas smaller particles are deposited in the smaller airways 
and in the alveoli.  

B. Exposure limits 

The US Environmental Protection Agency air quality standard for PM10 is 150 
μg/m3 as the highest acceptable mean value for 24 h and 50 μg/m3 as the 
maximum acceptable mean value for twelve months. The corresponding standards 
for PM2.5 are 65 μg/m3 and 15 μg/m3 respectively, (www.epa.gov/air/criteria.html). 

C. Toxicology  

Diesel exhaust particles (DEP) are a major component of particulate air pollution. 
DEP have a complex structure characterized by a carbonaceous core with adsorbed 
organic compounds like polyaromatic hydrocarbons (PAH) [34], quinones [211] 
and metals [154]. The small size of the DEPs (∼0.1 µm) [213] allows them to 
penetrate deeply into the respiratory tract and reach the lung alveoli’s. DEP are 
capable of inducing oxidative stress in vivo, largely related to their content of redox-
active metals [14, 157], quinones [250] and PAH [130, 250].  

The main effect observed in healthy human volunteers exposed to DEP is an 
inflammation characterized by an increase of inflammatory cells and chemokines 
[164, 180, 199, 200, 203, 204]. An increase in immunoglobulin E levels in nasal 
lavages following combined exposure to DEP and allergen has also been shown, 
suggesting a connection between air pollution and increasing allergen-induced 
respiratory disease [60].  

Macrophages and epithelial cells are suggested to be the main effectors of the 
inflammatory response, releasing pro-inflammatory cytokines involved in the 
recruitment of inflammatory cells [26, 32]. Lymphocytes may also be involved[203]. 
In healthy humans exposed to DE, an upregulation of the nuclear translocation of 
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NFκB and AP-1 has been shown in the bronchial epithelium, together with an 
increase in upstream MAPKs [181]. This demonstrates that DE activates redox-
sensitive transcription factors, which trigger the increased synthesis of pro-
inflammatory cytokines, consistent with in vitro findings [17, 25, 33, 34, 91, 131]. 
The treatment of epithelial cells and macrophages with antioxidants has been 
shown to reduce DEP-induced cytokine production by down-regulating the 
activation of these signalling pathways [91, 111, 223]. Following exposure to DEP, 
an upregulation of endogenous antioxidant defences, such as reduced glutathione[5, 
157], haeme-oxygenase-1 [131], catalase, metallothionein [251] and glutathione 
reductase [5], has been demonstrated [251] (Figure 1). 

D. Health effects 

Epidemiological studies demonstrate that short-term increases in ambient particle 
concentrations cause increased hospital admission [12] and deaths from respiratory 
and cardiovascular disorders [64, 207]. In urban areas, motor vehicles contribute to 
between 25 and 35% of total PM2.5 [51, 103]. There is also evidence that children 
living near busy roads have an increased prevalence of chronic respiratory 
symptoms [42, 102, 235].  

Acute responses 

Human exposure chamber studies with diesel exhaust (DE) have shown that DE 
induces airway inflammation [164, 180, 199, 200, 203, 204] and enhances airway 
responsiveness in asthmatic subjects [165].  

Following exposure to DE (PM10 300 μg/m3 for 1 h), evaluated six hours post 
exposure with bronchoscopy, healthy subjects responded with an increase in 
neutrophils, B-lymphocytes, methyl-histamine and fibronectin in bronchial airway 
lavages. No neutrophilic response was detected in the alveolar airways. In the 
bronchial tissue, an increase in the numbers of neutrophils, mast cells and T-
lymphocytes was seen, together with the upregulation of the vascular endothelial 
adhesion molecules (ICAM-1 and VCAM-1), as well as the enhanced expression of 
IL-6, IL-8, Gro-a and IL-13 in the bronchial epithelium[180, 203, 204]. Increased 
numbers of neutrophils and platelets were also observed in peripheral blood [203]. 
DE was also shown to upregulate redox-sensitive transcription factors (AP-1, 
NFκB and JNK + p38MAPKs) [181]. When exposed to a lower concentration of 
DE (PM10 100 μg/m3 for 2 h), healthy subjects responded with an increase in IL-6, 
IL-8 and in the percentage of neutrophils in the bronchial wash an increase in BAL 
lymphocytes and the upregulation of P-selectin and VCAM-1 in the bronchial 
tissue six hours post exposure [219].  

Asthmatics were exposed to DE at a PM10 concentration of 300 μg/m3 for one 
hour. Six hours after exposure, DE induced an increase in sputum IL-6 but no 
neutrophilia. Lung function tests performed before and immediately after exposure 
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revealed an increase in airway resistance but no decrease in FEV1 or FVC. 
Importantly, DE-induced a doubling of airway responsiveness 24 hours post 
exposure [165]. Atopic asthmatics exposed to DE (PM10 100 μg/m3) for two hours, 
evaluated with bronchoscopy, showed no airway inflammatory response six hours 
post exposure. Although several inflammatory and regulatory cytokines were 
assessed, the only response was an increase in bronchial epithelial IL-10 expression 
[219].  

Responses to chronic exposure 

Long-term, repeated exposure increases the cumulative risk of chronic pulmonary 
and cardiovascular disease and death in both children and adults[38, 96-98, 178, 
179]. In the Children’s Health Study, it was shown that air pollution was 
significantly associated with deficits in lung development [78]. Air pollutants are 
also an important factor for worsening asthma, but they have also be suggested to 
play a role in the development of the disease [229].   

E. Antioxidant responses to diesel exhaust exposure 

Healthy subjects were exposed to diesel exhaust (PM10 300 μg/m3) for one hour. 
Ascorbate, urate and reduced glutathione concentrations were determined in nasal, 
bronchial and bronchoalveolar lavage. The nasal-lavage AA concentration 
increased 10-fold during DE exposure, but it returned to basal levels 5.5 hours post 
exposure, whilst UA and GSH did not change following diesel exhaust exposure. 
Diesel exhaust exposure did not influence plasma, bronchial wash or BAL 
antioxidant concentrations and no changes in MDA or protein carbonyl 
concentrations were found [30].  

When healthy subjects were exposed to diesel exhaust at a PM10 concentration of 
100 μg/m3 for two hours, evaluated six hours after the exposure, no depletion of 
antioxidants in nasal, bronchial or bronchoalveolar lavage was found. Instead, an 
increase in GSH concentrations was observed in both nasal and bronchial airways 
[157].  

F. Field studies of diesel exhaust particles and supplementation 

Only one small study investigating the possible modulation of the acute effects of 
ambient winter air pollution on lung function by supplemental vitamin C (2 g) has 
been performed. A small protective effect on PEF was noted [41], (Table 4).  
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2. OXIDATIVE STRESS 
Oxygen is an absolute requirement for life, as it provides adequate energy 
production, but it can also be highly toxic. Oxygen exerts its toxic properties 
primarily through the direct or indirect formation of free radicals, defined as “any 
species capable of independent existence that contains one or more unpaired 
electrons”, (denoted by .). Free radicals are often highly reactive and therefore short 
lived and destructive to their surroundings. In addition to true free radicals, other 
molecular species exhibiting an intermediate to high reactivity and toxicity (often 
via secondary radical reactions) but without being defined as free radicals, are also 
formed from oxygen. The term “reactive oxygen species” (ROS) is commonly used 
to include these molecular species as well (Table 1).  

Oxidative stress is defined as “a disturbance in the pro-oxidant-antioxidant 
balance in favour of the former, leading to potential damage” [216]. Oxidative 
stress can be direct, i.e. mediated through oxidative gases such as ozone (O3) and 
nitrogen dioxide (NO2) [183], or indirect, as a consequence of airway inflammation, 
in which inflammatory cells increase the formation and release of reactive oxygen 
species [16].  

In vivo, the potentially damaging effect of free radicals is opposed by a network 
of antioxidants. When these antioxidants are overwhelmed, oxidative damage can 
occur to proteins, lipids, carbohydrates and nucleic acids. 

 
Table 1:  Reactive oxygen and nitrogen species 

Radicals  Non-radicals  

Superoxide  O2
-.   Hydrogen peroxide H2O2 

Hydroxyl .OH Hypochlorous acid HOCl 
Peroxyl R-O2 Ozone  O3 
Alkoxyl R-O. Singlet oxygens  1O2 
Hydroperoxyl HO2

. Peroxynitrite ONOO- 
Nitric oxide  NO.   
Nitric dioxide  NO2

.   

 
The oxidative stress hypothesis postulates that free radicals play an important 

role in the etiology of many clinical conditions, such as asthma [23], adult 
respiratory distress syndrome (ARDS) [135], cystic fibrosis [53] and chronic 
obstructive pulmonary disease (COPD) [137]. 
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Reactive oxygen and nitrogen species  

Reactive oxygen species (ROS) 

Under normal conditions, molecular oxygen (O2) is present as a di-radical, with two 
unpaired electrons. Oxygen is not highly reactive, because these two electrons have 
parallel spins. O2 can be reduced to H2O by a series of reduction reactions, 
requiring four electrons in total (Reaction 5). These reactions result in the 
formation of ROS; superoxide (O2

-.) (Reaction 1), hydrogen peroxide (H2O2) 
(Reaction 2) and hydroxyl radical (.OH) (Reaction 3). Among these radicals, .OH 
is the most reactive and short lived and will react only at the site of its generation. 
Hydroxyl radicals can also be formed non-enzymatically in the presence of Fe 2+, 
the so called Fenton reaction (Reaction 6), or through the Haber-Weiss reaction 
(Reaction 7). 
 
 O2 + e- → O2

-.   (1) 
 O2

-.  + e- + 2H+ → H2O2 (SOD)  (2) 
 H2O2 + e-→ OH- + .OH (3) 
 .OH+ e- + H+ → H2O (4) 
 
 Overall reaction O2 + 4H+ + 4e- → 2H2O  (5) 
 
 Fe2+ + H2O2 → Fe3+ + .OH + OH- (6)  Fenton 
 H2O2 + O2

-.   → .OH + OH- + O2 (7)  Haber-Weiss 
 

Biological systems are continuously exposed to oxidants, which can be generated 
either endogenously, by metabolic reactions (e.g. from electron leakage onto 
molecular oxygen in the mitochondrial electron transport chain during respiration 
or during the activation of phagocytes), or exogenously (e.g. air pollutants or 
cigarette smoke).  

In neutrophils (in the phagosomes), hydrogen peroxide and chloride ions form 
the potent oxidant hypochlorous acid, a reaction catalysed by myeloperoxidase 
(MPO). In eosinophils, the formation of hypobromous acid (HOBr) is catalysed by 
eosinophil peroxidase (EPO). The oxidant burden from eosinophils is much higher 
compared with that from neutrophils, as eosinophils generate far more O2

-. and 
H2O2 .[138].  

Superoxide radicals can be converted to hydrogen peroxide either by 
spontaneous dismutation or, more rapidly, through enzyme catalysed dismutation 
by superoxide dismutase (SOD), which catalyses the dismutation of superoxide to 
hydrogen peroxide (Reaction 8). Hydrogen peroxide can then be further reduced 
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to water, catalysed by catalase and glutathione peroxidase (GPx) (Reactions 9 and 
10). GPx is also important in reducing cellular peroxides, such as lipid peroxide 
(Reaction 11).  
  
 O2

-.  + O2
-. + 2H+ → O2 + H2O2  (SOD)  (8) 

 2H2O2 → 2 H2O + O2  (catalase)  (9) 
 H2O2 + 2 GSH  → GSSG + 2H2O  (GPx) (10) 
 LOOH + 2 SH → LOH + GSSG  (GPx) (11) 
 

Reactive nitrogen species (RNS) 

Nitric oxide (NO.) can be both part of the host defence system and at the same 
time a free radical, since it has an unpaired electron. It participates in a wide range 
of physiological processes, such as vasodilatation, bronchodilatation, 
neurotransmission and antimicrobial defence. NO. is generated by the enzymatic 
oxidation of the amino acid L-arginine by three isoforms of nitric oxide synthase 
(NOS-1 = nNOS, NOS-2 = iNOS and NOS-3=eNOS). NOS-1 and NOS-3 are 
constitutively expressed primarily in endothelial cells, whilst NOS-2 is induced by 
inflammatory reactions and is also named after this, inducible NOS, iNOS ([10]. 
NO. can be measured in exhaled air and an increase reflects the induction of 
NOS-2 in both activated lung epithelial cells and inflammatory-immune cells [244].  

NO. also reacts with superoxide radicals and forms the potent oxidant 
peroxynitrite (ONOO-) (Reaction 12) or other oxidants such as NO2, NOx and 
.OH [232]. An increase in nitrotyrosine provides indirect evidence of the 
production of peroxynitrite, even though MPO and EPO have also been shown to 
be involved in the biological formation of nitrotyrosine [72].  
 
 NO. + O2

-.  → ONOO- (12) 

Redox-sensitive signalling pathways  
Oxidative stress has been proposed to drive the up-regulation of pro-inflammatory 
cytokines through the activation of nuclear factor kappa B (NFκB), activator 
protein-1 (AP-1) and upstream mitogen-activated protein kinases (MAPKs) [34, 
223].  

NFκB and AP-1 

Once inflammatory cells are recruited to the airspace, they may become activated 
and undergo the respiratory burst to generate ROS. The activation of epithelial cells 
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and resident macrophages, and the recruitment and activation of neutrophils, 
eosinophils, monocytes and lymphocytes, are characteristic of lung inflammation. 
Transcription factors, such as NFκB and activator protein 1 (AP-1), and upstream 
mitogen-activated protein kinases (MAPK)s have been shown to be redox sensitive 
[101, 191] and promote the upregulation of a number of pro-inflammatory 
cytokines, such IL-1β, TNF-α and IL-6, the chemokines, IL-8 and 
granulocyte/macrophage colony stimulating factor (GM-CSF), and the adhesion 
molecules, E-selectin, vascular cell adhesion molecule-1 (VCAM-1) and intercellular 
adhesion molecule-1 (ICAM-1) [4, 36, 237].  

In a macrophage cell line, the response to diesel exhaust particles (DEP) was 
investigated using proteomics. With increasing doses of DEP, a progressive decline 
in the cellular GSH/GSSG ratio was demonstrated, parallel to an increase in newly 
expressed proteins, representing both pro-inflammatory components (e.g. 
p38MAPK and Rel A) and antioxidant enzymes (e.g. heme oxygenase-1 and 
catalase). At a low extract dose, with a minimal decline in the GSH/GSSG ratio, 
antioxidant enzymes were increased, while, at higher doses and incremental levels 
of oxidative stress, pro-inflammatory components increased (Figure 1) [131],[251].  

MAP kinases 

The MAPK pathways form a group of three main pathways, including ERK 1 and 
2, as well as two stress-activated protein kinases, designated JNK and p38MAPK. It 
is suggested that p38MAPK is involved in regulating cytokine expression by 
phosphorylation and nuclear translocation. p38MAPK plays a central role in a wide 
range of inflammatory responses in many different cells, such as neutrophils and 
other leukocytes [161]. 
 
 

 
 

Figure 1: 
Hypothesized graded cellular 
response to oxidative stress 
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3. BIOMARKERS OF OXIDATIVE STRESS 
Directly measuring oxidants is often difficult, as oxidants are highly reactive and 
short lived. Oxidative stress is therefore measured in the form of by-products of 
lipid peroxidation, protein or DNA-oxidation products, as antioxidant enzyme 
activity or as changes in the status of antioxidant compounds. The effect of 
antioxidant supplementation can also be used as a marker of oxidative stress. Some 
of the markers that are used for evaluating oxidative stress in the lung are listed 
here. Measurements have been made in bronchial lavage, bronchial tissue and non-
invasively in breath condensate.  

A. Lipid peroxidation 

Unsaturated aldehydes 

Malondialdehyde (MDA) 

Malondialdehyde (MDA) has been used as a marker of oxidative stress in exhaled 
breath condensate, bronchoalveolar lavage (BAL) and plasma [189]. Subjects with 
cystic fibrosis were shown to have higher plasma concentrations of MDA during 
exacerbations [148]. Serum MDA has been shown to increase following 
occupational exposure to diesel exhaust [8]. MDA was not increased in BAL-fluid 
following a controlled exposure to diesel exhaust [30]. 

4-hydroxy-2-nonenal (4HNE): 

This is a toxic aldehyde formed during oxidant-induced lipid peroxidation. HNE 
reacts primarily with cysteine, lysine and histidine groups, altering the protein 
function and forming protein adducts [89]. 4HNE has been shown to be elevated 
in lung tissue and in breath condensate in COPD, for example [187, 193]. It has 
also been shown to increase following ozone exposure evaluated in BAL [89].  

F2-isoprostanes 

Free radicals can attack polyunsaturated fatty acids in the cell membrane, leading to 
lipid peroxidation. The peroxidation of membrane lipids leads to the production of 
isoprostanes, a prostaglandin-like compound. 8-iso-prostaglandin (PG) F2α has 
been measured in plasma, breath condensate, urine and BAL and has been shown 
to increase in asthma [71, 151, 248] and in COPD [188]. F2-isoprostanes have been 
shown to increase in EBC following ozone exposure [151]. In vitro models have 
shown that isoprostanes induce smooth muscle constriction, airway hyper-
responsiveness, airway obstruction, plasma exudation and vascular constriction 
[249].  
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B. Protein oxidation 

Protein carbonyls 

When ROS attacks proteins, carbonyl groups are formed. Protein carbonyls have 
been used as a marker of oxidative stress in both plasma [148] and BAL fluid [212].  

Amino acid side group oxidations 

Nitrotyrosine 

Peroxynitrite is a potent oxidant that can react with many biomolecules [184]. 
Reaction with the amino acid L-tyrosine yields 3-nitrotyrosine. Increased 
concentrations of nitrotyrosine are indirect evidence of peroxynitrite production. 
However, MPO and EPO can also increase nitrotyrosine [35]. Nitrotyrosine has 
been measured in breath condensate [117] and lung tissue using 
immunohistochemistry[35]. 

Ortho-tyrosine 

This is a marker of OH-radical attack [136] and has been analysed in 
bronchoalveolar lavage following ozone exposure [106].  

C. Nucleic acid oxidation 

8-hydroxy-deoxyguanosine 

Urinary 8-hydroxy-deoxyguanosine (8-OHdG) excretion can be used as a marker 
of DNA oxidation [167]. 8-hydroxy guanosine has been analysed in lung tissue 
using immunohistochemistry [35]. 

8-oxo-7,8-dihydroguanine (8-oxoGua) 

Is one of the most commonly measured markers of oxidative DNA damage. [52]. 
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4. ADHESION MOLECULES & CELL RECRUITMENT 
Neutrophil migration from the circulation to the tissue in response to an 
inflammatory stimulus is highly regulated. This cellular recruitment requires 
neutrophil adhesion to the vascular endothelial cells, transmigration across the 
endothelium and migration through the extracellular matrix toward the site of 
injury. The adhesion molecules can be subdivided into three families: 1) the 
immunoglobulin (Ig) supergene family; 2) the selectins and 3) the integrins. The 
members of the immunoglobulin group, for example, ICAM-1 and VCAM-1, act as 
cell-cell adhesion molecules and are especially important in leukocyte-endothelial 
cell interactions [175]. The selectins, E-selectin (CD62E), L-selectin (CD62L) and 
P-selectin (CD62P), act in cell-cell interactions and appear to be crucial for the 
initial binding of leukocytes to endothelial cells in inflammatory responses. The 
integrins are a family of transmembrane glucoproteins and function in both cell-cell 
and cell-substratum adhesion[46, 75, 88, 175]. 

The process by which leukocytes are recruited from the vascular lumen into the 
tissue appears to require a cascade of at least three sequential adhesion molecule 
events: 1) rolling of circulating leukocytes-loose adhesion; 2) activation-firm 
adherence and 3) migration [75, 158]. Evidence from both in vitro and in vivo studies 
indicates that selectins are involved in leukocyte rolling and in the early stages of 
leukocyte recruitment at sites of inflammation. E-selectin and P-selectin are 
constitutively expressed on endothelial cells, whereas L-selectin is constitutively 
expressed on neutrophils, monocytes and many lymphocytes [142, 150]. P-selectin 
is stored in endothelium-specific storage granules called Weibel-Palade bodies and 
is redistributed to the cell surfaces of endothelial cells within minutes after 
stimulation[29, 92]. In contrast, when an increase in the expression of E-selectin is 
induced by endotoxin or inflammatory cytokines, it is dependent on biosynthesis 
with maximum surface expression four to six hours after stimulation [46]. The 
second step involves the transient activation of the integrin of the leukocyte and 
the firm attachment of the leukocyte to the endothelial cell. This phase involves the 
endothelial adhesion molecule ICAM-1 and CD11a/CD18 and CD11b/CD18 on 
the leukocytes. The stimulation of leukocytes by chemokines (e.g. IL-8) and 
cytokines (e.g. GM-CSF, IL-5) is required to activate the binding of these integrins 
to ICAM-1. Transmigration is also promoted by chemokines and cytokines such as 
IL-1 and TNF-α . It is believed that VCAM-1 is involved in the transmigration of 
eosinophils and that IL-1, IL-4 and TNF-α increase this transmigration [46].  
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5. RESPIRATORY TRACT LINING FLUID 
The respiratory epithelium is covered by a thin layer of fluid, the respiratory tract 
lining fluid (RTLF) (Figure 2), which is more important than previously 
understood. The RTLF of the proximal airways and the alveolar airways differ both 
in thickness and in constitution. Proximal RTLF can be 1-10 μm thick [69, 245] 
and contains mucus, whereas distal RTLF is only 0.2-0.5 μm thick and contains 
higher concentrations of surfactant [90, 245]. The proximal RTLF consists of a 
two-layer structure, a lower aqueous sol phase, which contains a number of low 
molecular weight antioxidants, (Table 2) [45, 156, 233], and an upper mucus gel 
phase which is composed of mucin glucoproteins, which also have antioxidant 
functions [69, 245]. Micro-organisms and large particles can be trapped in the 
mucus phase, transported by mucociliary action to the pharynx and swallowed. The 
RTLF has a rapid turnover rate, which could imply that the RTLF is important as a 
transport medium for different compounds in the lung. 
 
Table 2: 
RTLF-Antioxidants 
Metal-binding proteins Antioxidant enzymes Low molecular weight AO 

Caeruloplasmin Glutathione peroxidase Ascorbate  
Transferrin EC-SOD Urate 
Lactoferrin  L-Cysteine 
  Reduced glutathione 
  α-Tocopherol 
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Figure 2. Schematic picture of interactions within the RTLF. (By courtesy of Dr IS Mudway) 
 
a) The RTLF is exposed to exogenous oxidative stress such as 
O3/NO2/particulates. The antioxidants act as sacrificial substrates scavenging O3 
and NO2 and thereby preventing the oxidation of macromolecules such as lipids, 
proteins and carbohydrates.  
b) When the antioxidant defences are overwhelmed by the oxidative burden, the 
oxidation of biomolecules may occur, generating secondary oxidation products, 
which may damage the underlying epithelium.  
c) Exposure to oxidative air pollutants results in airway inflammation, with 
activated neutrophils moving into the RTLF, providing an additional source of 
reactive oxygen species.  
d) In response to the increased oxidative burden, an adaptive movement of 
antioxidants into the RTLF occurs.  
e) Vitamins C and E have to be provided in the diet. 
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6. ANTIOXIDANT DEFENCES 
The definition of an antioxidant is “Any substance that, when present at a low 
concentration compared with those of an oxidisable substrate, significantly delays 
or prevents the oxidation of that substrate” [87]. This can be achieved by (1) 
proteins that minimise the availability of pro-oxidants, such as iron ions, copper 
ions and haem (metal-binding proteins), (2) agents that catalytically remove ROS 
(antioxidant enzymes) and (3) low-molecular-weight agents that scavenge ROS and 
RNS.  

The RTLF, which covers the respiratory epithelium, contains the copper-binding 
caeruloplasmin and the iron-binding transferrin and lactoferrin. Respiratory 
epithelial cells synthesise and secrete antioxidant enzymes, such as extra-cellular 
superoxide dismutase (EC-SOD) [47, 221] and glutathione peroxidase (GPx) [15]. 
Further, the RTLF contains a range of low-molecular-weight antioxidants: 
ascorbate (AA), urate (UA), reduced glutathione (GSH), L-cysteine (L-cys) and α-
tocopherol (α-toc) [45, 55, 114, 156, 233]. In the nasal airways, urate is the most 
prevalent antioxidant [170]. RTLF-glutathione concentrations are higher compared 
with plasma, whereas RTLF-vitamin C concentrations are at the same level as in 
plasma or even higher (Table 3) [154].  
 
Table 3:  
Approximate values of antioxidant concentrations in plasma and RTLF 

Antioxidants Plasma  Nasal 
RTLF 

 Bronchoalveolar 
RTLF 

 

Vitamin C  50 - 100 μM 10 - 50 μM 50 - 200 μM
Uric acid  100 - 500 μM 100-400 μM 150 - 330 μM
α−Tocopherol  5 - 25 μM < 5 nM 100 - 500 nM
Glutathione  -  5 - 10 μM 70 - 225 μM
Total – SH  450 - 800 μM -  -  

Plasma and RTLF values are derived from Mudway 2000 [154] and van der Vliet 1999 [233]. 
Concentrations are corrected for dilution. 

A. Vitamin C  

Introduction  

More seamen died from scurvy than in battles before the importance of vitamin C 
was acknowledged, but it was not until 1928 that ascorbate was first isolated by Dr 
Albert Szent-Györgyi. Most species synthesise ascorbate (AA) from glucose, but 
humans, primates and guinea pigs have lost the enzyme (L-gulono-γ-lactone 
oxidase) that catalyses the final step in the biosynthesis of ascorbate. Ascorbate 
plays a part in many biological processes, including collagen and hormone 
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synthesis, haemostasis and free radical scavenging [134, 160]. Several studies 
suggest that vitamin C and, to a lesser extent, other antioxidants have a protective 
effect against lung disease [195].  

Biochemistry 

In most literature, ascorbic acid (C6H8O6) and ascorbate are used interchangeably, 
but at physiological pH (7.4), 99.95% of the ascorbic acid, AscH2, is present as 
AscH- (ascorbate). Only in solutions with pH < 4.1 is AscH2 present. Total vitamin 
C includes both the reduced (ascorbate) and the oxidised (dehydroascorbate) forms 
of vitamin C.  

When ascorbic acid or ascorbate is oxidised, the loss of one electron results in 
the semidehydroascorbate (SDA) or ascorbyl radical, which is relatively unreactive. 
Loss of a second electron yields dehydroascorbic acid (DHA). Both DHA and 
SDA can be regenerated to ascorbate at the expense of GSH or NADH [140, 241, 
247], but DHA can also undergo irreversible oxidation to oxalic or threonic acid. 
“DHA reductase” purified from human neutrophils has been found to be identical 
with glutaredoxin [238]. Ascorbate is an excellent antioxidant due to its ability to 
function as an electron donor. Ascorbate will directly scavenge O2

-., HOCl and 
H2O2 and react directly with O3 and NO2. Ascorbate is also important in the 
regeneration of the membrane-bound α-tocopherol radical [6]. Aqueous solutions 
of ascorbate are stable at pH 7.4, unless transition metal ions, which catalyse rapid 
ascorbate oxidation and promote .OH formation (Fenton reaction), are present 
[87]. 

Sources and regulation  

Vitamin C is a water-soluble essential dietary nutrient. Mammalian cells accumulate 
ascorbate from tissue fluids against a concentration gradient. To achieve this, the 
cells have specific mechanisms of transport to supply cells with vitamin C. These 
mechanisms are complicated and as yet not fully characterised.  

The uptake of vitamin C from the small intestine is mediated through sodium-
dependent vitamin C transporters (SVCT1 and SVCT2) (Figure 3) [133, 194, 246]. 
The airway epithelium has been shown to express both SVCT1 and 2 [231]. 
Vitamin C can be taken up into the cells as both AA and DHA, where, under 
situations of oxidative stress, the DHA transport is 10 to 20 times faster. The DHA 
is transported via bidirectional glucose transporters (GLUT1 and GLUT3) [201]. 
To date, little evidence exists for the presence of facilitated glucose transporters in 
the respiratory epithelium. The way vitamin C is transported out of the cells is 
unclear, but volume-sensitive channels have been suggested [77, 246].  
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Activated neutrophils can accumulate ascorbate via the mechanism of ascorbate 
recycling [239]. The activated neutrophil produces diffusible oxidants that oxidise 
extra-cellular ascorbate to DHA [236]. DHA is transported into the cell by GLUT-
1 and GLUT-3 transporters. Intracellularly, DHA is rapidly reduced back to AA 
[168] through GSH, NADPH or NADH [141]. This uptake mechanism can 
increase ascorbate > 10-fold within minutes [240]. Intra-cellular AA is then 
available to provide protection from diffusible oxidants. The influence of glucose 
on DHA uptake varies between cell types and high concentrations of glucose can 
block the influx of DHA [133, 242].  

Concentrations and pharmacology  

Vitamin C concentrations in plasma are high, but they are even higher in the brain, 
the eye and the lung [87]. In epithelial and resident inflammatory cells in the lung, 
cellular ascorbate concentrations are in the 1 - 5 mM range, with no detectable 
DHA [128]. Plasma concentrations are in the 50 - 100 μM range, again with no 
measurable DHA content. Concentrations in RTLF have been difficult to define 
due to the dilution of RTLF during sampling. However, the RTLF concentrations 
are approximately 50 - 200 μM and are thus higher compared with concentrations 
in plasma. A dose of 200 mg/d is sufficient to saturate cells and body fluids with 
ascorbate [128]. The percentage of ascorbic acid within the RTLF vitamin C pool is 
approximately 40% in the nasal RTLF, 20-25% in the bronchial wash and 30-40% 
in the bronchoalveolar lavage pool. 

The recommended daily intake (RDI) of vitamin C is 75 mg in women and 90 
mg in men [128, 129]. Doses of > 400 mg/day have no evident value. Doses above 
1,000 mg/day can induce gastrointestinal symptoms, as well as urate and oxalate 
secretion in the urine. 

Figure 3: 
Vitamin C transport.  
(A) Sodium-ascorbate 
cotransport which 
mediates uptake of 
ascorbate. (B) DHA 
transport in and out of 
the cell by glucose 
transporters.  
 
By courtesy of Dr Ian Mudway 
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B. Vitamin E  

Introduction 

Normal lung function is linked to the presence of alveolar surfactant in sufficient 
quantities and composition. A major part of the surfactant is made up of lipids i.e. 
polyunsaturated fatty acids. Vitamin E has been suggested to play an important role 
in the protection of the surfactant lipids from oxidation and subsequent lung injury, 
due to its ability to terminate lipid oxidation. [95, 99]. 

Biochemistry 

Vitamin E covers eight different forms that are produced by plants alone: α-, β-, γ- 
and δ-tocopherol and α-, β-, γ- and δ-tocotrienol [109]. α-tocopherol is the most 
abundant form in plasma. Polyunsaturated fatty acids (LH) with multiple double 
bonds are particularly vulnerable to oxidation by ROS (R.). The lipid radical that is 
formed (L.) will combine with O2 to form a lipid peroxyl radical (LOO.), which 
“steals” a hydrogen atom from an adjacent fatty acid, creating a new radical (L.), 
and so forth, in a propagation chain reaction.  
 
  LH + R. → L. + RH 
  L. + O2 → LOO. 
  LOO. + LH → LOOH + L.  
 

Vitamin E can scavenge peroxyl radicals and terminate the peroxidation chain, 
since the α-tocopherol radical that is formed (α−toc.) is less reactive and will not 
abstract hydrogen atoms from fatty acids [6].  
 
  LOO. + α−toc → LOOH + α−toc. 
 

Sources and regulation 

Vitamin E is a lipid-soluble essential dietary nutrient, which tends to concentrate in 
the cell membranes. All forms of vitamin E are taken up by intestinal cells and 
released into the circulation with chylomicrons. In subjects with normal 
concentrations of vitamin E, the concentration cannot be increased > 2-3-fold, 
irrespective of the amount or duration of supplementation [62, 105]. Alveolar type 
II cells play a central role in the biosynthesis of surfactant lipids and have been 
shown to co-secrete α-tocopherol together with surfactant [122]. Lipoproteins are 
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transport vehicles for plasma vitamin E and HDL is suggested to be the primary 
source of vitamin E for type II cells.  

Concentrations and pharmacology  

Commercially available vitamin E consists of a mixture of naturally occurring 
tocopherols and tocotrienols. RDI 15-20 mg/d. Plasma concentrations are 5-25 
μM with low concentrations (50 – 500 nM) in the RTLF [154].  

C. Urate 

Introduction  

Urate is an important antioxidant in the RTLF, especially in the upper respiratory 
tract, where it is co-secreted with mucus by submucosal nasal glands after uptake 
from plasma [170, 171]. Urate can function as a scavenger of ozone. Increased 
levels of urate in the RTLF have been reported in asthmatics and have been 
suggested as a compensatory mechanism for the loss of other components from 
the antioxidant network, such as ascorbate [156]. 

Biochemistry 

Urate is the end product of purine metabolism, in which xanthine oxidase catalyses 
the oxidation of hypoxanthine and xanthine, yielding urate and superoxide. In 
solutions, urate has no significant toxicity; only when it crystallises in tissue does 
urate have deleterious effects [87]. Urate is a powerful scavenger of peroxyl (RO2.) 
and .OH radicals but not neutrophil-derived oxidants. Urate may also react directly 
with O3 and NO2 [87, 153].  

Sources and regulation 

The principal source of uric acid in the RTLF is the plasma pool. Uric acid is taken 
up, concentrated and secreted by nasal glands. The secretion of uric acid is 
increased by cholinergic stimulation and correlates closely with the secretion of 
lactoferrin [171]. 

Concentrations  

There are similar urate concentrations in both plasma and the RTLF (250 - 500 
μM), with men having higher concentrations than women.  
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D. Glutathione and glutathione-dependent enzymes 

Introduction 

Glutathione is a vital antioxidant in the lungs, particularly when it comes to 
protecting the airway epithelium from oxidative/free radicals, such as particulates, 
and cigarette-smoke-mediated injury and inflammation [132]. Alterations in the 
alveolar and lung GSH metabolism are recognised as a central feature in many 
inflammatory lung diseases, with decreased levels of RTLF-GSH in idiopatic 
pulmonary fibrosis [44] and acute respiratory distress syndrome [43] and increased 
levels of total glutathione, including the oxidised form, glutathionedisulphide 
(GSSG), in asthmatics [115, 217] and in chronic smokers [152]. Elevated 
concentrations of RTLF GSH have also been shown following exposure to 
oxidative gases [29, 106, 114] and PM challenge [157]. 

Biochemistry 

Glutathione is a tripeptide (L-γ-glutamyl-L-cysteinyl-glycin) with a thiol group 
(sulphydryl-SH), which plays an important part in both the intra- and extra-cellular 
antioxidant defence in the lungs [45, 192]. Glutathione can directly scavenge HOCl, 
ONOO- and .OH and will also react directly with O3 and NO2. Total glutathione 
(GSx) includes both reduced glutathione (GSH) and oxidised glutathione (GSSG) 
[87]. The ratio of GSH/GSSG is usually very high and is maintained by the 
constant regeneration of GSH by glutathione reductase (GR), catalysing the 
reaction GSSG + NADPH + H+ → 2 GSH + NADP+. A reduced GSH/GSSG 
ratio has often been used as a marker of oxidative stress. The selenium-containing 
glutathione peroxidase (GPx) consists of four protein subunits and is dependent on 
GSH when it comes to detoxifying peroxides (ROOH) and preventing lipid 
peroxidation.  

Sources and regulation 

Alveolar macrophages and type II cells in the lung are probable sources of GSH. 
Several cell types, such as alveolar macrophages, lymphocytes and fibroblasts, are 
known to export reduced glutathione and cellular secretion is thus believed to be 
involved [22, 149]. In animal models, the lung cystic fibrosis transmembrane 
conductance regulator protein (CFTR) has been suggested as one factor that 
modulates GSH efflux in response to extracellular stress [57]. The synthesised GSH 
is transported to the RTLF through a bidirectional membrane transport system 
[234], where it augments the antioxidant defence in the RTLF as a response to 
oxidative stress. The rate-limiting enzyme in GSH synthesis is γ-glutamylcysteine 
syntethase (γ-GCS), which is partly regulated by the transcription factor AP-1.  
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Concentrations 

GSH concentrations in plasma are very low, approximately 2 - 6 μM, with RTLF 
concentrations more than 100 times greater (50 - 225 μM) [45, 154].  

E. Extracellular superoxide dismutase (EC-SOD) 

Introduction  

SOD is the main enzymatic system for O2
-. scavenging and it is present in all higher 

organisms and most aerobic bacteria [120].  

Biochemistry 

Superoxide dismutases (SOD) generally catalyse the reaction  
 

  2 O2
-.  + 2 H+ → O2 + H2O2. 

 
Three different SODs have been identified; the cytosolic copper-zinc-containing 

SOD (SOD-1), which is present in all eukaryotic cells, the mitochondrial 
manganese-containing SOD (SOD-2) and the extracellular SOD (EC-SOD or 
SOD3).  

F. Metal-binding proteins 
One important feature of the antioxidant systems is to prevent the occurrence of 
oxidation. Free metal ions, such as iron and copper, are potent pro-oxidants. The 
copper-binding caeruloplasmin and the iron-binding transferrin in the plasma and 
lactoferrin found in the saliva have the ability to bind iron and copper very tightly 
[18], thereby preventing oxidation from occurring [67]. 
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AIMS 
The overall aim of this thesis was: 

 To investigate the airway responses to diesel exhaust and ozone 
exposure in healthy humans, with the emphasis on inflammatory and 
antioxidant responses.  

The specific aims were: 
 To investigate whether diesel exhaust would elicit a graded response 

to  oxidative stress, with protective responses at low doses and 
inflammation  and injury only occurring at high particle concentrations 
following different doses of particulate matter  

 To study the ozone-induced responses in the airways, with the 
emphasis on the antioxidant responses in several compartments in the 
airways 

 To investigate whether ascorbate concentrations in the respiratory 
tract lining fluid could be augmented through oral supplementation 

 To evaluate whether oral supplementation with vitamin C and vitamin 
E could modify the ozone-induced responses 

 To validate the finding of high concentrations of dehydroascorbate in 
the  respiratory tract lining fluid. 
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SUBJECTS AND METHODS 

STUDY DESIGN 

Study I 
Our research group has previously exposed healthy subjects to a high dose of DE 
(300 mg/m3 for one hour), which resulted in airway inflammatory responses and 
signs of tissue injury. In vitro studies of DEP have suggested a graded response to 
oxidative stress, with protective responses at low doses and inflammation and 
injury only occurring at high particle concentrations (see Figure 1). Study I was 
performed to examine whether similar responses would occur in vivo. The aim was 
also to investigate how antioxidant responses related to the development of airway 
inflammation at different levels of the respiratory tract, where particle dose varies 
markedly. Subjects were exposed to filtered air and diesel exhaust (PM10 100 
μg/m3) for two hours on two separate occasions. Eighteen hours post exposure, a 
bronchoscopy was performed with the sampling of airway lavages, while 
endobronchial mucosal biopsies were taken to assess airway inflammation and 
antioxidant responses.  

Study II  
Previous studies have shown an ozone-induced depletion of RTLF antioxidants, 
followed by the mobilisation of reduced glutathione and urate into the RTLF. The 
aims of this study were (i) to examine the relationship between RTLF antioxidant 
responses to O3, and those occurring in the airway leukocytes and the bronchial 
mucosa and (ii) to investigate whether the antioxidant responses were related to the 
acute inflammatory responses. Subjects were exposed to filtered air and ozone (0.2 
ppm) for two hours on two separate occasions. A bronchoscopy with bronchial 
wash, BAL and endobronchial biopsy sampling was performed six hours post 
exposure to determine inflammatory and antioxidant responses. In addition, nasal 
lavage (NL) and plasma samples were obtained pre, one hour into, immediately 
post and six hours post exposure, for antioxidant determination.   

Study III  
This study was designed to investigate whether oral supplementation with vitamin 
C could boost ascorbate concentrations in nasal RTLF. Sixty-two subjects were 
pre-screened and 24 individuals with plasma ascorbate concentrations below 50 
μM were identified. These subjects underwent supplementation with increasing 
doses of vitamin C (60, 125, 250, 500 and 1,000 mg/day for 14 days) alternated 
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with equivalent periods of placebo treatment. Plasma, urine and NL were obtained 
24 hours after the end of each supplementation/placebo period, for ascorbate 
measurements. To determine daily nutritional intake, a nutritional questionnaire 
was used. In addition, the acute uptake of a single dose of vitamin C (1,000 mg) 
was examined in thirteen healthy subjects. Plasma and NL were collected at 0 h, 1h, 
2 h, 4 h and 24 h following the ingestion of vitamin C or placebo.  

Study IV 
The aim of Study IV was to evaluate whether vitamin supplementation could 
provide protection from ozone-induced responses. Fourteen ozone-responsive 
subjects were randomly exposed to both air and ozone (0.2 ppm for two hours) 
after either seven days of supplementation with vitamin C (500 mg/day) and E 
(100 mg/day) or placebo. Lung function was assessed pre and immediately post 
exposure and blood samples were taken at set intervals. Inflammatory, tissue injury 
and antioxidant responses were examined in lavage fluid obtained by bronchoscopy 
six hours post exposure.  

Study V  
This study was designed to evaluate whether the high concentrations of DHA 
detected in RTLF in Studies II, III and IV represented a true finding or were a 
consequence of poor sample handling or excessive storage.   

 

CHAMBER EXPOSURE 

Diesel exhaust set-up in Study I 
DE was generated using an idling Volvo diesel engine (Volvo TD45, 4.5L, four 
cylinders, 680 rpm, model 1991). Over 90% of the exhaust was led away and the 
remaining part was diluted with filtered air and fed into the exposure chamber at a 
steady-state concentration. The volunteers initially entered an atrium and closed the 
external door before being admitted to the exposure room, through a second door. 
During the exposure, air was sampled in the breathing zone of the subjects and was 
continuously monitored for carbon monoxide (CO), nitrogen monoxide (NO), 
nitrogen dioxide (NO2), oxides of nitrogen (NOx) and total gaseous hydrocarbons.  
The steady-state concentration of PM10, gases and semi-volatiles during the diesel 
exposure was 100 ± 4.9 μg/m3 (PM10), 10.4 ± 1.7 ppm (CO), 1.3 ± 0.04 ppm (NO), 
0.4 ± 0.02 ppm (NO2), 1.8 ± 0.03 ppm (NOx) and 1.3 ± 0.49 ppm (total gaseous 
hydrocarbons - C3H8-equ), expressed as the mean and standard deviations. The PM 
mass in the exposure chamber was dominated by fine particles (<1 μm). The mass 
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median particle diameter for the PM was 0.18 μm. Sixty four % of the PM weight 
consisted of carbonaceous material with the major part (94.5%) present as organic 
carbon and only 5.5% as elemental carbon. Of the organic carbon, only 0.06% was 
present as PAH.  

Ozone exposure set-up in Studies II and IV 
The ozone exposure chamber was made of aluminium with a volume of 14.1 m3. 
Windows and a communication system enabled the operator to maintain contact 
with the study subject. During exposure, ambient air was continuously drawn 
through the chamber at a ventilation rate of 15 m3/h, which maintained a 
temperature of 20°C and a relative humidity level of 50% [29]. Before entering the 
chamber, the air was treated by a computer-regulated climate unite. Negative 
pressure inside the chamber was obtained by ventilating fans and preventing 
leakage from the chamber to the external environment. Ozone was generated using 
a 500 M Fischer ozone generator (Fischer Labor und Verfahrens-Technik-Gmbtt, 
Germany). The concentration of O3 within the chamber was continuously 
monitored, using a photometric ozone analyzer (Dasibi model 1108, Dasibi 
Environmental Corp., California, USA). 

 

LUNG FUNCTION MEASUREMENTS 
Dynamic spirometry, including forced expiratory volume in one second (FEV1) and 
forced vital capacity (FVC), was performed at inclusion to all studies. In Study IV, 
lung function measurements were performed pre and immediately post air and 
ozone exposure (Vitalograph-COMPACT; Vitalograph Ltd., Buckingham, UK). All 
the measurements were performed in triplicate in accordance with the 
recommendations of the American Thoracic Society [1]. 

 

SAMPLING METHODS 

Peripheral blood samples 
In Studies II - IV, 10 ml of peripheral blood was collected in heparinised tubes and 
immediately transferred onto ice. These tubes were then centrifuged at 3,000 rpm 
for 10 minutes (4oC). Some aliquots of plasma were pre-treated for vitamin C 
analyses by adding 50 μl of 50% metaphosphoric acid (MPA) to 450 μl of the 
resultant plasma and they were then centrifuged at 13,000 rpm for five minutes to 
remove protein. Prior to storage, the exogenous antioxidants, desferoxamine 
mesylate (DES, final concentration 25 μM) and butylated hydroxytoluene (BHT, 
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final concentration 25 μM), were added. All the samples were transferred to a -80oC 
freezer within 30 minutes of blood collection, until required for analysis. 

Urine collection 
Urine was only collected in Study III. All the subjects provided a first morning void 
urine sample pre supplementation and on days 8 and 15 of each stage of the 
supplementation protocol. A 10 ml aliquot was taken and frozen at -80oC for 
antioxidant analyses.  

Nasal lavage  
Nasal lavage samples were collected in Studies II and III using the metered nasal 
spray method [153]. Briefly, 5 ml of 0.9% saline were sprayed into each nostril 
(total volume of 10 ml) and the recovered material was transferred into a sterile 
plastic receptacle. The container was then immediately placed on ice and the 
recovered aspirate was filtered through a sterile 100 μm pore nylon filter, to 
remove mucus aggregates before centrifugation at 400 g for 15 min (4oC) to isolate 
the cell free fraction. Nasal lavage samples were acidified with 5% MPA as 
described for the blood samples and the de-proteinated supernatant was stored at -
80oC prior to analysis. The pH of the saline used for the lavage procedure was 5.4.  

Bronchoscopy  
Premedication with atropine (1 mg) was given subcutaneously 30 minutes prior to 
bronchoscopy. Lidocaine was used for topical anaesthesia of the airways. A flexible 
bronchoscope (Olympus BF IT200, Tokyo, Japan) was inserted through the mouth 
with the subject in the supine position (Figure 4).  

Bronchial biopsies were taken with fenestrated forceps (Olympus FB-21) either 
from the anterior aspect of the main carina and the subcarinae of the 2nd, 3rd and 4th 
generation airways on the right side or from the posterior aspect of the main carina 
and the corresponding subcarinae on the left side. Biopsies for 
immunohistochemistry were placed in ice-cooled acetone containing the protease 
inhibitors phenylmethylsulphonyl fluoride (2 mM9 and iodoacetamide (20 mM) for 
fixation over night. They were then treated as outlined under Endobronchial 
biopsies (page 44). Biopsies for antioxidant determination were collected and 
stored initially in liquid nitrogen, before short-term storage at -70°C prior to 
extraction, without any MPA being added.  

After biopsies were taken, bronchial washes (BW, 2x20 ml) NaCl and 
bronchoalveolar lavages (BAL, 3x60 ml) were carried out in the contralateral lung, 
in the middle lobe or the lingula. The aspirates recovered from the first and second 
20 ml instillations of the bronchial wash and the pooled BAL were collected in 
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separate siliconised containers and immediately placed on ice. The first portion 
(BW I) was used for inflammatory markers and the second (BW II) for antioxidant 
determinations. All the lavage samples were filtered through nylon (pore diameter 
100 μm) and centrifuged at 400 x g for 15 minutes to extract cellular components. 
The supernatants were separated from the cell pellet and stored at -80°C. Lavage 
fluid (900 μl) for AA/UA determination was treated immediately after the removal 
of cells with ice-cold 16% metaphosphoric acid (MPA) (100 μl), prepared in high 
performance liquid chromatography (HPLC) grade water. The sample was then 
briefly vortexed prior to centrifugation at 13,000 rpm, for five minutes (4°C). This 
supernatant was immediately transferred to a second tube and snap-frozen prior to 
storage at -80°. In addition, samples for ascorbate, total vitamin C and 
malondialdehyde (MDA) determinations were pretreated with the metal chelator 
DES (desferoxamine mesylate) and the synthetic antioxidant BHT (butylated 
hydroxytoluene) both at 2 mM, 5μl of each to 490 μl of lavage, prior to storage. 
The remaining lavage was untreated but immediately transferred in appropriate 
aliquots to a -80°C freezer for storage.  
 

 
Figure 4: Bronchoscopy (Photo Ester Roos-Engstrand) 
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ANALYSES IN AIRWAY LAVAGES 

Inflammatory cells 
The chilled lavage fluid was filtered through a nylon filter (pore diameter 100 μm, 
Syntab Product AB, Malmö, Sweden) and centrifuged at 400 g for 15 min. The cell 
pellets were re-suspended in PBS to a concentration of 106 cells/ml. The total 
number of cells in the lavage fluid was counted in a Bürker chamber. 
Cytocentrifuged specimens with 5 x 104 non-epithelial cells per slide were prepared 
using a Cytospin 3® (Shandon Southern Instruments Inc., Sewikly, PA, USA) 1,000 
rpm (96 g) for five minutes. Cell differential counts were made on slides stained 
according to May-Grünwald Giemsa and 400 cells per slide were counted. Mast 
cells were counted on at least 10 visual fields at 160 x magnification on slides 
stained with acid toluidine blue and counterstained with Mayer’s acid haematoxylin. 
Cell differential counts were determined in both bronchial wash I and BAL. 

Cytokines and chemokines 
The bronchial wash and BAL supernatants were analysed for their content of 
interleukin-6 (IL-6), IL-8 and myeloperoxidase (MPO). IL-6 and IL-8 were 
measured using commercially available ELISA kits (R&D Systems, Inc., MN). 
MPO was analysed using an MPO radio-immunoassay (Pharmacia AB, Uppsala, 
Sweden). 

IL-6 is a pro-inflammatory cytokine, involved in the acute-phase response to 
inflammation [121]. Interleukin-6 (IL-6) is a pleiotropic cytokine produced by 
numerous types of immune and non-immune cell and is involved in many 
pathophysiological mechanisms in humans. Studies that have evaluated the 24-hour 
secretory pattern of IL-6 in healthy young adults suggest that IL-6 is secreted in a 
biphasic circadian pattern with two nadirs at about 8 am and 9 pm and two zeniths 
at about 7 pm and 5 am[243].  

IL-8 is a chemotactic factor and activator of neutrophils [127]. The IL-8 gene 
can be activated by oxidative stress, such as ozone [104].  

MPO is found in the primary granules of neutrophils [166]. MPO is released 
from activated neutrophils and is therefore regarded as a marker of neutrophil 
activation.  

Tissue damage markers 
Total protein and albumin was analysed in bronchial wash and BAL supernatants as 
an indicator of increased alveolo-capillary permeability. Lactate dehydrogenase and 
DNA were measured as indicators of cell injury.  
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Albumin concentrations were measured using a commercial kit (Boehringer-
Mannheim, Germany).  

Total protein determinations were made using the bicinchoninic acid (BCA) 
method [218].  

LDH was determined using a commercially available RIA kit from Kabi 
Pharmacia Diagnostics (Uppsala, Sweden). 

DNA concentrations were determined using bisbenzimadazole (Hoechst 33258, 
Sigma, Poole, UK), according to an established protocol [68]. 

 

IMMUNOHISTOCHEMISTRY 

Endobronchial biopsies 
Endomucosal biopsies were placed in ice-cooled acetone containing the protease 
inhibitors phenylmethylsulphonyl fluoride (2 mM9 and iodoacetamide (20 mM). 
The biopsy specimens were further processed into glycolmethacrylate (GMA) resin. 
The GMA blocks were then stored in airtight containers at -20oC until they were 
used for immunostaining. First, sections from each block were stained with 
toluidine blue, in order to estimate the quality of the submucosa and epithelium of 
the biopsy specimens. Sections from the GMA block with the best morphology 
were cut and stained with monoclonal antibodies (mAbs). Briefly, 2-μm thick 
sections were cut and floated onto ammonia water (1:500), picked onto 0.01% 
poly-L-lysin glass slides and allowed to dry at room temperature for one hour. The 
sections were treated with block endogenous peroxide. Non-specific antibody 
binding was blocked using a solution containing 0.1% sodium azide and 0.3% 
hydrogen peroxide and the section was washed three times in tris-buffered saline 
(TBS) adjusted to pH 7.6. Undiluted blocking medium, consisting of Dulbecco’s 
minimal essential medium (DMEM) containing 10% foetal calf serum and 1% 
bovine serum albumin (BSA), was applied for 30 min and then drained off. Mouse 
mAbs were added to the sections and incubated overnight at room temperature. 
After rinsing in tris-buffered saline (TBS), biotinylated rabbit anti-mouse IgG 
F(ab’)2 (Dako Glostrup, Denmark) was applied for two hours. This was followed 
by washes in TBS and streptavidin-biotin-horseradish peroxidase complex (Dako) 
was then added for another two hours. Finally, after rinsing in TBS, positive 
immunoreactions for cell markers and adhesion molecules were developed using 
aminoethyl carbazole in acetate buffer (pH 5.2) and hydrogen peroxide to yield a 
red colour. Sections analysed for cytokine expression in the bronchial epithelium 
were developed using 3,3’-diaminobenzidine tetrahydrochloride (DAB) as a 
substrate to yield a brown colour. All sections were counterstained with Mayer’s 
haematoxylin. Sections where the primary antibody was omitted served as negative 
controls. Stained inflammatory cells; macrophages (CD68+), neutrophils (NE 
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elastase), mast cells (AA1), eosinophils (EG2), lymphocyte subset (CD3+, CD4+ 
and CD8+) and activated T-lymphocytes (IL-2 receptor,CD25+) were counted in 
the epithelium and submucosa, excluding glands, blood vessels and smooth muscle. 
The counts were expressed as cells/mm in the epithelium and cells/mm2 in the 
submucosa and counted using a light microscope. The length of the epithelium and 
the area of the submucosa were calculated using a computer-assisted image analyser 
(Zeiss KS400 software, Image Associates, Bicester, UK).  

Endothelial adhesion molecules (P-selectin, E-selectin, VCAM-1 and ICAM-1) 
in the vessels were quantified by expressing the number of vessels stained with 
specific mAb as a percentage of the total number of blood vessels stained with the 
pan-endothelial mAb EN4 in adjacent 2-μm sections. 

 

ANTIOXIDANT ANALYSES 

Vitamin C and urate 
Ascorbate and urate concentrations were determined simultaneously [100] using 
reverse phase high performance liquid chromatography (HPLC) with 
electrochemical detection (ECD) (810 mV, 0.2 μAmp sensitivity for plasma, 100 
nAmp sensitivity for lavage fluid samples and 2.0 μAmp for urine). The detection 
limits for ascorbate and urate were 10 nM and 5 nM respectively. Samples for 
AA/UA determination were unacidified but pre-treated with DES and BHT. These 
samples were slowly thawed on ice (protected from light throughout) prior to 
acidification (450 μl sample) with 50 μl of ice-cold metaphosphoric acid (MPA, 
50% w/v). For lipid extraction, 200 μl of heptane was then added to the samples, 
prior to vigorous mixing for 40 seconds. The samples were then centrifuged at 
13,000 rpm for five minutes at 4°C and the lower layer was then transferred to a 
1ml amber HPLC vial. Twenty μl aliquots of each sample were then injected for 
analysis using a Gilson model 231 auto-sampler onto a 10 x 300 mm, 5 μm C18 
column, eluted with a mobile phase 0.2 mM K2HPO4-H3PO4, containing 0.25 mM 
octanesulfonic acid (pH 2.1) at a flow rate of 1.8 ml/min. An EG&E amperometric 
electrochemical detector (Jones Chromatography, Hengoed, Wales) was used for 
detection, with E set at 810 mV, a time constant of five seconds, cathodic output 
and a sensitivity of 100 nA (for lavage fluid). Sample concentrations were 
determined against a standard curve of ascorbic acid (0 - 25 μM) and uric acid (0-50 
μM) prepared in 5% MPA.  

Determination of the total vitamin C pool in both plasma and lavage fluid 
samples was achieved by incubating unacidified and DES + BHT treated samples 
with dithiothreitol (DTT) at a final concentration of 0.2% (one hour at +26°C), 
prior to sample acidification and lipid extraction, based on a method of Esteve et al 
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[74]. The concentration of dehydroascorbate (DHA) in samples was calculated by 
subtracting the ascorbate concentration from the determined total vitamin C pool.  

For the antioxidant analysis on bronchial wash and BAL-fluid cell pellets, 
samples were thawed on ice and then treated with 200 μl of chilled heptane. The 
sample tubes were then vortexed hard for one minute prior to a 15-minute 
extraction on ice. The samples were then centrifuged for five minutes at 15,000 
rpm (4oC) and the resultant de-proteinated and lipid-extracted supernatants were 
analysed for ascorbate, urate, cysteine and glutathione using HPLC with 
electrochemical detection (810 mV, 50 nAmp) as described above.  

To analyse the antioxidant content of non-acidified biopsy samples, 900 μl of 
chilled PBS was added to the biopsies and the sample was sonicated, using a probe 
sonicator for five seconds at an amplitude of 15 microns. At this time, a 20 μl 
aliquot of each sample was removed for the determination of total protein using 
the bicinchoninic acid method [218] and 100 μl of 50% MPA was added to the 
remaining volume. The samples were then extracted on ice for 15 minutes, after 
which they were treated in an identical fashion to the cell pellets. 

Glutathione 
Total glutathione (GSx), reduced glutathione (GSH) and oxidised glutathione 
(GSSG) were determined spectrophotometrically according to the method of Baker 
et al. [19], based on the GSSG-reductase – dithiobisnitro-benzoic acid (DTNB) 
recycling assay. The detection limits for reduced glutathione and disulphide 
glutathione were 25 and 10 nM respectively. For this analysis, non-acidified samples 
were used. 

Briefly, standards containing 0 - 165 pmol/50 μl GSSG, equivalent to 0 - 330 
pmol/50 μl GSx, were prepared in 150 mM NaCl, 1 mM EDTA, pH 7.5. To fully 
reduce the sample for the analysis of total glutathione, 50 μl of standard and sample 
were transferred to microtitre plate wells and 100 μl of a reaction mixture of PO4 
buffer, DTNB and the enzymes NADPH and glutathione reductase (GR) was 
added to each well, to give a final concentration in each well of 0.15 mM DTNB, 
0.2 mM NADPH and 1 U of GR. Immediately after the addition of the reaction 
mixture, the microtitre plate was transferred to a plate reader (EL 340, Biokinetics 
Reader) for analysis. The rate of TNB formation was then followed by the rate of 
change in absorbance at 405 nm, over a two-minute period at 30°C. To determine 
the concentration of GSSG, 5 μl of undiluted 2-vinyl pyridine (Aldrich Chemical 
Co, Poole, Dorset, UK) was added to 130 μl of the samples and standards, 
vortexed for five seconds and then incubated at room temperature for one hour. 
Samples and standards were then plated out, then the reaction mixture was added 
and samples were run as outlined above. The GSH pool was determined by the 
subtraction of the GSSG (x2) from the total GSx concentration [156].  
  GSH = GSx – 2 x GSSG 
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Vitamin E 

High Performance Liquid Chromatography (HPLC) 

The non-acidified plasma samples in Studies III and IV were analysed for α- and γ-
tocopherol using reverse phase HPLC with detection at A292nm, according to the 
method of Bieri et al. [28]. Measurements of α-tocopherol concentrations in lavage 
fluid required a pre-concentration step. To achieve this, 3 ml of untreated lavage 
fluid was placed in 5-ml HPLC vials containing 100 µl of an internal standard, 
tocopherol acetate (2.75 mM), to lyophilise the samples. The sample was then 
reconstituted in 400 μl of ultra-pure HPLC water by vigorous mixing, followed by 
the addition of 2 μl of hexane. This sample was then mixed for two minutes, after 
which the sample was centrifuged at 3,000 rpm for five minutes (4°C). The upper 
hexane layer was then decanted and dried down under a steam of nitrogen gas 
while on ice. Finally, immediately before analysis, the samples were reconstituted 
into 200 μl of methanol with vigorous mixing, prior to reverse phase HPLC [10 cm 
ApexII ODS 5 μm column and 3 cm APEX BIO 300 (2.1 mm ID) precolumn, 
eluted with a mobile phase of 98% methanol/2% HPLC water at a flow rate of 1 
ml/min] with UV detection at 292 nm. Concentrations were determined with 
reference to a standard curve containing an appropriate concentration of the 
internal standard. Losses due to the lypholisation extraction procedures were 
corrected by comparisons with the internal standard. 

Gas Chromatography Mass Spectroscopy (GC-MS)  

The alpha-tocopherol concentrations in lavage fluid samples in Studies IV and II 
and the cell pellet samples in Study II were determined using GC-MS in the 
selected ion mode. Briefly, 0.75 μl of lavage fluid was spiked with 10 µl of a d9-α- 
tocopherol internal standard (from a 1 μM stock solution) + 100 μL of 10 mM 
BHT in methanol + 5 ml of hexane: methyl-tert-butylether (99:1). This mixture was 
then taken through the standard vitamin E extraction protocol and the hexane layer 
was subsequently evaporated to dryness under nitrogen. The dried down extract 
was then re-suspended in 200 μl of anhydrous pyridine + 50 μl of N,O-bis 
(trimethylsilyl) trifluoroacetimide with 1% trimethylchlorosilane by vigorous mixing 
ready for the silylation procedure. The sample was then flushed with nitrogen prior 
to incubation at 65oC for one hour. After this incubation period, the sample was 
dried down under nitrogen prior to a final re-suspension in 100 μl of GC-MS grade 
octane ready for injection onto the GC-MS. The α-tocopherol disilyl ester was 
quantified by GC-MS using a Hewlett-Packard 6990 GC coupled to a Hewlett-
Packard 5973 Mass Selective Detector. The carrier gas was helium and compound 
separation was achieved using a HP-1 cross-linked methylsioxane column (25 m x 
I.D 0.2 mm and film thickness 0.33 µm). The oven temperature was set at 50°C for 
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two minutes, followed by a ramp of 50°C/min to 240°C, and this was held for four 
minutes before a further increase of 25°C/min to 285°C, which was maintained for 
six minutes. The injection volume was 1 µl (splitless mode), the transfer line 
temperature was 290°C and the MS source temperature was 230°C. Concentrations 
of d0 α-tocopherol were calculated from the peak area relative to that of the 
corresponding d9 α-tocopherol standard [156]. 

EC-SOD 
Human EC-SOD was quantified using double antibody sandwich ELISA. 
Microtitre plates (Nunclon; Nunc, Roskilde, Denmark) were coated with 100 
μl/well of a solution containing 16 μg/ml of polyclonal rabbit anti-EC-SOD IgG 
antibodies in 50 mM Na2CO3, pH 9.6. After two hours of incubation, the wells 
were washed and then blocked overnight with 300 μl of blocking buffer. For 
analysis, 50-μL samples, diluted if necessary with blocking buffer, were added to 
each well and incubated for two hours. The wells were then washed with blocking 
buffer, whereupon 50 μl of 3 μg/ml monoclonal anti-EC-SOD antibody B6,H6 
dissolved in blocking buffer was added. After two hours, the wells were washed 
with blocking buffer followed by the addition of 50 μl of peroxidase-conjugated 
rabbit anti-mouse IgG (DAKOPATTS, Copenhagen, Denmark) dissolved in 
blocking buffer. After a further two hours, the wells were washed and then 
developed for 10 minutes with 100 μl 3.7 mM O-phenylenediamine and 0.4 mM 
H2O2 in 100 mM Na citrate, pH 5.0. After the addition of 100 μl of 0.5 M H2SO4, 
the absorbance at 492 nm was determined in an ELISA processor II (Hoechst 
Behring, Marburg, Germany). The assay was standardised with human umbilical 
cord EC-SOD C. The detection limit for EC-SOD was approximately 0.25 ng/ml 
[110, 139, 227]. 

 

BIOMARKERS OF OXIDATIVE STRESS 

Malondialdehyde  
Malondialdehyde (MDA), a marker of lipid peroxidation, was determined with 
HPLC, based on the method developed by Chirico [50]. Three ml of BHT/DES-
treated lavage fluid was thawed, treated with a further 10 μl of 0.2% BHT and then 
concentrated by freeze-drying. The resultant sample was then reconstituted in 350 
μl of HPLC water. To this, 50 μl of 25% H3PO4 was added, mixed and allowed to 
stand at room temperature for 10 min. 100 μl of 0.67% thiobarbituric acid were 
then added to the acidified sample, which was mixed and incubated for 20 min at 
95°C. After cooling, aliquots of 20 μl were analysed with HPLC. 
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STATISTICS 
All the statistical analyses were performed using the Unistat® (Unistat Ltd., 
London, UK) and SPSS® (SPSS inc., Chicago, USA) statistical packages on a 
Windows-based PC platform. Lung function and plasma parameters were normally 
distributed and expressed as the mean with standard deviation. Lavage fluid 
parameters were not normally distributed and were therefore expressed as the 
median with 25th and 75th percentiles. A p-value of < 0.05 was considered 
significant. 

Study I 
The data were not normally distributed and were therefore given as the medians 
with 25th and 75th percentiles. Comparisons between post-air and diesel values were 
made using the non-parametric Wilcoxon Signed Rank Test. Correlations between 
diesel-induced responses were performed using Spearman’s Rank Order 
Correlation.  

Study II  
The data were not normally distributed and were therefore given as the medians 
with 25th and 75th percentiles. The data obtained from NL were taken at multiple 
time points and were compared using the non-parametric Quade Two-Way 
ANOVA with factors for time and exposure. All the paired data, post-air vs post-
ozone, were compared using the Wilcoxon Signed Rank Test. Correlations were 
performed using Spearman’s Rank Order Correlation.  

Study III  
Plasma, urine and NL antioxidant concentrations were summarised throughout as 
means with standard deviations. In the initial vitamin C dosing study, comparisons 
of plasma means were performed using a One-Way ANOVA with the Student-
Newman-Keuls Test used post hoc. Nasal lavage and urine parameters were not 
normally distributed (Shapiro-Wilk Normality Test) and group comparisons were 
therefore performed using the Kruskal-Wallis One-Way ANOVA with post-hoc 
analysis using either the Mann-Whitney U or Wilcoxon Signed Ranks Test for 
unpaired and paired comparisons respectively. The p-values from these tests were 
corrected for multiple comparisons using the Bonferroni correction.  

In the acute uptake study, comparisons of the plasma data were performed using 
a Repeated Measure Two-Way ANOVA with post-hoc analysis using the Student-
Newman-Keuls Test. The nasal lavage data set was analysed using the Quade Two-
Way ANOVA. Correlation analyses were performed using the Pearson Correlation 
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Test, where the data were normally distributed, or Spearman’s Rank Order 
Correlation, if one of the data sets was non-parametric.  

Study IV 
The lavage fluid parameters were not normally distributed (Shapiro-Wilk Normality 
Test) and they were therefore expressed as the medians with 25th and 75th 
percentiles. Bronchial wash and BAL fluid responses across the air and ozone 
exposure (placebo + vitamin) were compared using the non-parametric Quade 
Two-way ANOVA with post-hoc analysis using the Wilcoxon Signed Ranks Test. All 
the correlation analyses of lavage fluid antioxidant concentrations and responses 
were performed using Spearman’s Rank Order Correlation. The plasma and lung 
function data were normally distributed and they are therefore summarised 
throughout as the means with standard deviations. Analyses of these data sets were 
performed using a Repeated Measures Two-Way ANOVA with factors for the 
sampling interval and the exposure condition, with post-hoc analyses using Student’s 
Paired T-test.  

Study V 
Plasma ascorbate concentrations were normally distributed and summarised as 
mean with standard deviations. Nasal lavage and urinary ascorbate and DHA were 
not normally distributed, (Shapiro-Wilks normality test) and were therefore 
summarised throughout as medians with interquartile range. Comparisons between 
concentrations of AA, DHA and vitamin C in the reductant and lavage fraction 
groups were therefore performed using the Kruskal Wallis One-Way ANOVA with 
post hoc testing performed using Turkey’s HSD test. In the experiment comparing 
samples treated with various preservative prior to storage concentrations were 
compared using the Wilcoxon Signed Ranks Test. Correlation analyses were 
performed using the Pearson Correlation Test where the data were normally 
distributed; otherwise the Spearman’s Rank Order Correlation was used.  
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RESULTS 

Study I 
Fifteen healthy subjects were exposed to DE (100 μg/m3) for two hours with 
intermittent exercise. Bronchoscopy was performed 18 hours after exposure and 
airway inflammatory and antioxidant responses were determined.  

Inflammatory and tissue injury responses 

DE exposure resulted in a significant increase in neutrophil numbers in both the 
BW (bronchial wash) (p=0.02) and the submucosa (SM) (p=0.01), as well as a small 
increase in SM mast cell numbers (p=0.02). These responses were accompanied by 
an increase in BW IL-6 (p=0.06), IL-8 (p=0.01) and MPO (p=0.03). A positive 
correlation was observed between the magnitude of the BW-MPO and BW-IL-8 
responses (Rs=0.74, p=0.002). No changes were detected in the expression of the 
adhesion molecules P-selectin, E-selectin, ICAM-1 and VCAM-1 following DE 
exposure. No inflammatory changes were detected in the BAL fluid 18 hours after 
DE exposure. Tissue injury markers did not change following DE exposure in 
either BW or BAL-fluid samples (Tables 5 and 6).  

Antioxidant responses 

DE exposure induced significant increases in both urate (p=0.03) and reduced 
glutathione (p=0.04) in the BAL, whereas no change in vitamin C (AA and DHA) 
was observed. In the BW, antioxidants remained unaltered (Table 7).    

Study II  
Fourteen healthy subjects were exposed to filtered air and ozone (0.2 ppm) for two 
hours on two separate occasions. Bronchoscopy with bronchial wash, BAL and 
biopsy sampling was performed six hours post exposure for the determination of 
inflammatory and antioxidant responses. In addition, nasal lavage and plasma 
samples were obtained pre exposure, one hour into exposure, immediately post 
exposure and six hours post exposure, for antioxidant determination.   

Inflammatory responses 

A significant increase in neutrophil numbers was observed in the BW following 
ozone (p<0.05), with a trend suggesting a corresponding decrease in the 
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macrophage population (p=0.09). No inflammatory changes were detected in the 
BAL fluid (Table 5). 

Antioxidant responses in NL, BW and BAL fluid  

Exposure to O3 resulted in the significant consumption of both urate and ascorbate 
in the NL fluid. Following ozone exposure, there was a significant increase in BW 
urate (p=0.001), total glutathione (p=0.02) and total vitamin C (0.02) 
concentrations. In the BAL fluid, the concentrations of urate (p=0.001), total 
vitamin C (p=0.004), glutathione disulphide (p=0.05), α-tocopherol (p=0.07) and 
EC-SOD (p=0.06) were all augmented following ozone exposure (Table 7).  

Antioxidant responses in BW and BAL leukocytes 

In leukocytes obtained from the BW, no evidence of antioxidant losses was found 
following ozone. In contrast, there was a significant loss of both reduced 
glutathione (p=0.02) and L-cysteine (p=0.003) in leukocytes obtained from BAL 
fluid. The ozone-induced GSH and cysteine responses were strongly associated 
(Rs=0.68, p<0.01). No changes in ascorbate or α-tocopherol following ozone 
exposure were found in this compartment. Urate was not detected in BW or BAL 
cells (Table 7).  

Antioxidant responses in bronchial biopsies 

Bronchial mucosal biopsies were analysed for their content of ascorbate, urate, L-
cysteine and glutathione. A significant increase in ascorbate concentration (p=0.03) 
was observed following ozone (Table 7).    

Study III 

The incremental dosing study 

Twenty-four healthy subjects with plasma AA < 50 μM were supplemented with 
increasing doses of vitamin C (60, 125, 250, 500 and 1,000 mg/day for 14 days) 
alternated with placebo treatment. Plasma, urine and nasal lavage were obtained 24 
hours after each supplementation/placebo period. Mean plasma AA concentrations 
were 36.8 ± 9.5 μM. Nutritional questionnaires revealed a mean intake of vitamin C 
of 66.5 ± 40.1 mg/day with a positive correlation (r=0.45, p<0.001) between 
calculated intake and measured plasma AA concentration. An incremental increase 
in plasma AA concentrations with increasing vitamin C intake was observed and 
became significant at a dose of 250 mg/day. At this dose and above, there was an 
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increase in excreted ascorbate in urine. 500 mg and 1,000 mg of vitamin C resulted 
in the same plasma ascorbate concentration and there was no evidence of an 
increase in the rate of ascorbate excretion in urine between the 500 and 1,000 
mg/day vitamin C supplemental doses. Nasal lavage fluid AA concentrations, 
measured 24 hours after the last dose, remained unaltered following all 
supplementation regimens. There were no associations between nasal lavage and 
plasma ascorbate concentrations under any of the placebo or supplementation 
conditions.  

The acute uptake study 

In the acute ascorbate uptake study, thirteen healthy subjects were given a single 
dose of 1,000 mg of vitamin C or placebo. Mean plasma ascorbate before 
supplementation was 64.5 ± 9.8 μM. Following supplementation, there was a rapid 
increase in plasma ascorbate detected one hour (p<0.01) after ingestion, peaking at 
two hours (119.5 ± 22.8 μM), before returning to pre-supplement levels at the 24-
hour time point. This increase in plasma AA concentrations was paralleled by a 
significant increase (p<0.05) in nasal RTLF concentrations (1.1 ± 0.8 μM at 0 h) 
measured at 2 h (3.5 ± 2.9 μM) and 4 h (3.6 ± 3.4 μM) post supplementation, with 
these concentrations returning to pre-supplementation levels at the 24-hour time 
point. No simple relationship was found between the increase in plasma and the 
increase in NL fluid.  

Study IV  
Ozone-responsive subjects were exposed on three separate occasions, once to 
filtered air and twice to ozone (0.2 ppm for two hours), after receiving placebo or 
antioxidant supplementation. Vitamin supplementation was given with 500 mg of 
vitamin C and 100 mg of vitamin E daily for a period of seven days prior to 
exposure. The final tablet was taken on the morning of the challenge, with the 
subject eating breakfast one hour prior to entering the exposure chamber.  

Lung function responses 

Following ozone, there was a similar decrease in FEV1 both in the placebo (-6.7 ± 
7.7%) and in the vitamin-supplemented group (-9.1 ± 7.2%). Individual responses 
observed after both ozone challenges were strongly associated (r = 0.79, p<0.001, 
using the Pearson Correlation Test) (Figure 5).  
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Figure 5: 
Lung function responses (FEV1) to filtered air and ozone challenge with and without vitamin 
supplementation. Panel A: individual responses. Panel B: absolute volume changes in FEV1.  

Inflammatory responses 

Ozone induced a pronounced neutrophil inflammation in the proximal airways of 
the same magnitude after both placebo and vitamin treatment; 3.4 (1.4 – 4.3) [O3 P] 
and 3.2 (1.8 – 7.0) [O3 V] vs 1.6 (0.7 – 2.7) μM [air] (Figure 6), accompanied by a 
decrease in BW macrophages. In the BAL samples, no increase in inflammatory 
cells was detected, but the pro-inflammatory cytokine IL-6 was upregulated 
following both ozone exposures; 3.0 (1.2 – 5.0) [O3 P] and 2.3 (1.4 – 3.0) [O3 V] vs 
1.8 (0.6 – 2.4) pg/ml [air], (p < 0.05).  

 
Figure 6: 
Panel A: Individual responses in BW neutrophils after air and ozone exposures with and without 
vitamins. Panel B shows the absolute change in neutrophils between the two ozone exposures.  
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Antioxidant responses 

Baseline plasma ascorbate concentrations were 76 ± 19 µM, ranging from 40.7 to 
114 µM. After seven days of supplementation with 500 mg of vitamin C/day, 
plasma AA concentrations increased significantly; 110.7 ± 21.8 µM, range 58 – 140 
µM. In BW and BAL, there was no change in AA concentrations after either of the 
ozone exposures or supplementation regimens. Following ozone exposure, there 
was a rapid movement of DHA into the BW and the BAL, which was significantly 
augmented in the BW by the vitamin supplementation; 0.7 (0.4 – 0.9) [O3P] and 0.9 
(0.7 – 1.3) [O3V] vs 0.6 (0.3 – 0.7) µM [air] (Figure 7).  

Baseline plasma α-tocopherol was 22.4 ± 5.7 µM. After seven days of 
supplementation with 100 mg of vitamin E/day, plasma concentrations increased 
significantly, 28.6 ± 8.1 µM (p<0.01). Following ozone, there was a non-significant 
movement of α-tocopherol into the BW and BAL compartments. In the BAL, this 
increase was significant after vitamin supplementation vs air (p<0.01) (Figure 8). 
 

 

 
Figure 7: 
Bronchial wash (A) and BAL (B) ascorbate (hatched bars) and DHA (solid bars) concentrations in 
healthy human subjects exposed to air and 0.2 ppm of ozone with and without vitamin 
supplementation.   
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Figure 8: 
Bronchial wash (A) and BAL (B) α-tocopherol concentrations following air and 0.2 ppm of ozone 
with and without vitamin supplementation.   
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Study V 
A number of control experiments were performed to ensure the authenticity of the 
DHA found in samples from the RTLF. First nasal lavage fluid was obtained from 
a healthy male, and analysed within minutes, and was found to contain high 
concentrations of DHA (Figure 9).  

 
Figure 9: 
Typical chromatograms derived from freshly prepared nasal lavage (NL)-fluid.  
 
Panel ‘A’ illustrates a set of traces at 810 mV, with thiols (GSH and L-cysteine) and 
panel ‘B’ at 400 mV, without thiols. The trace labelled ‘1’ corresponds to a standard 
containing 3.1 μM of AA and 6.2 μM of UA. Trace ‘2’ corresponds to the acidified 
(5% MPA) NL-fluid sample. 

The insert panels illustrate a magnification of the circled section of the main 
trace. ‘a’ – acidified lavage sample; ‘b’ – sample treated with ascorbate oxidase; ‘c’ – 
sample incubated at room temperature for 10 minutes, prior to sample reduction 
with 0.1% DTT; ‘d’ – sample spiked with ascorbic acid; and ‘e’ - lavage fluid 
immediately reduced with DTT, prior to sample acidification. * - marks the 
ascorbic acid peak.  
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In twelve subjects repeated nasal lavages were performed. It was found that the 
DHA levels were constant, whereas the ascorbate concentrations increased with 
repeated sampling of the nasal RTLF (Figure 10).   
 

 
 
To evaluate the stability of ascorbate and dehydroascorbate, nasal lavage fluid 
samples were spiked with ascorbate and dehydroascorbate. Samples were left at 
room-temperature and analysed every hour over a time period of four hours for 
their content of AA and DHA. The decrease in DHA was more pronounced than 
the decrease in AA, indicating that DHA is less stable than ascorbate (Figure 11).   
 

 
 

Figure 10: 
Vitamin C, ascorbate, and 
dehydroascorbate following 
repeated nasal lavage 
sampling. 

Figure 11: Lavage fluid spiked with ascorbate and DHA.  

hh
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TABLES 
Table 5:  
Summary of changes in cell numbers in biopsies, bronchial wash and BAL in 
Studies I and II. 
 
Study I 

DE (100 μg/m3, 2h) 

II 
O3 (0.2 ppm, 2h) 

Sampling time 18 h post exposure 6 h post exposure 

 Biopsies BW BAL BW BAL 

Neutrophils ↑ * ↑ * ns ↑ ** ns 

Macrophages ns ns ns (↓) ns 

Lymphocytes ns ns ns ns ns 

Mast cells ↑ * ns ns ns ns 

Eosinophils ns ns ns ns ns 
 
Statistics by Wilcoxon Signed Ranks Test. * = p < 0.05, ** = p < 0.01, ( ↓ ) = trend, BW = bronchial 
wash and BAL = bronchoalveolar lavage.  
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Table 6: 
Summary of changes in soluble mediators and tissue damage markers in 
bronchial wash and BAL fluid in Studies I and II 
 
Study I 

DE (100 μg/m3, 2h) 

II 
O3 (0.2 ppm, 2h) 

Sampling time 18 h post exposure 6 h post exposure 

 BW BAL BW BAL 

IL-6 ( ↑ ) ns ns ↑ * 

IL-8 ↑ * ns ns ns 

MPO ↑ * ns ns ns 

Total protein ns ns ns ns 

Albumin ns ns ↑ * ns 

LDH - ns ( ↑ ) ns 

DNA ns ns ns ↑ * 
 
Statistics by Wilcoxon Signed Ranks Test. * = p < 0.05, ( ↑ ) = trend, BW = bronchial wash and BAL 
= bronchoalveolar lavage.  
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Table 7: 
Summary of antioxidant responses in nasal lavage, bronchial wash, BAL, BW 
and BAL cells and in bronchial biopsies in Studies I and II.  
 
 
Study 
 

I : DE 
100 μg/m3 

2 h 

II : O3 
0.2 ppm 

2 h 
Sampling time 18 h 1-2 h 6 h 

 BW BAL NL Biopsy BW BW 
cells 

BAL BAL 
cells 

Vitamin C ns ns ↓ * - ↑ * - ↑ ** - 

Ascorbate ns ns ↓ * ↑ * ns ns ns ns 

Dehydroascorbate ns ns ns - ns - ns - 

Urate ns ↑ * ↓ * ns ↑ ** ND ↑ ** ND 

Total glutathione ns ns ns - ↑ * - ↑ * - 

GSH ns ↑ * ns ns ns ns ns ↓ * 

GSSG ns ns ns - ns - ↑ * - 

L-cysteine - - - ns - ns - ↓ ** 

α-Tocopherol ns ns - - ns ns ( ↑ ) ns 

EC-SOD ns ns - - ns - ( ↑ ) - 
 
Statistics by Wilcoxon Signed Ranks Test. * = p < 0.05, ** = p < 0.01, ( ↑ ) = trend, - = not 
determined, ND = not detectable, BW=bronchial wash and BAL = bronchoalveolar lavage, GSH = 
reduced glutathione, GSSG = oxidised glutathione, EC-SOD = extracellular superoxide dismutase.  
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DISCUSSION 
The adverse health effects of ambient air pollutants involve the generation of 
oxidative stress and inflammation, as well as adaptive antioxidant responses at the 
air-lung interface. Measuring oxidative stress in vivo is difficult, due to the presence 
of complex endogenous systems for correction and repair. In this thesis, the 
negative impact of the oxidative air pollutants ozone and diesel exhaust was 
evaluated. End-points, such as airway inflammation, markers of tissue injury and 
lung function decrements, were measured. Antioxidant determinations were 
performed to study the endogenous protection systems against oxidative stress, 
both as the consumption of antioxidants, as a marker of oxidative stress, and 
increases in RTLF antioxidants, as an adaptive protective response. It has been 
hypothesised that boosting antioxidants might increase the defence against 
oxidative air pollutants. Further, field studies have shown that supplementation 
with vitamin C and E reduces the magnitude of lung function decrements 
following ozone exposure.  

Modulation of diesel exhaust-induced airway inflammatory 
responses by endogenous antioxidants in the RTLF 

Previous studies 

Airway inflammatory responses have been reported in volunteers exposed to high 
concentrations of fresh diesel exhaust (300 μg/m3 PM10, for one hour) [203] or re-
suspended diesel particles (200 μg/m3 for two hours) [163]. In both studies, early 
neutrophilia was seen four to six hours post exposure in induced sputum and 
bronchial lavage respectively. However, in the study in which alveolar lavage was 
also performed [203], a similar neutrophil response was not detected in the alveolar 
region. When responses to a lower concentration (100 μg/m3 for two hours) were 
examined six hours post exposure, the only significant changes that were detected 
were increases in bronchial airway IL-6 and IL-8 protein and the up-regulation of 
the vascular endothelial adhesion molecules P-selectin and ICAM-1 [219]. Despite 
the absence of increased airway neutrophils, these changes were interpreted as 
being indicative of an early inflammatory response. 

Antioxidant responses were also determined in these previous studies. Following 
300 μg/m3, no changes in bronchial or alveolar antioxidant concentrations were 
detected [30]. In contrast, following 100 μg/m3, a significant increase in the 
concentration of GSH in both nasal and bronchial RTLF was detected. In the 
alveolar airways, no antioxidant changes were found following diesel exhaust 
exposure [157] (Table 8).  
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Table 8: 
Antioxidant responses after diesel exhaust exposure 

 300 µg/m3 1h  
[30, 203] 

100µg/m3 2h 
[157, 219] 

100 µg/m3 2h 
[27] 

Sampling 6 h 6 h 18 h 

 Biopsy BW BAL Biopsy BW BAL Biopsy BW BAL

VCAM-1 ↑ - - ↑ - - ns - - 

IL-8 - ns ns - ↑ ns - ↑ ns 

PMN  ↑ ↑ ns ns ns ns ↑ ↑ ns 

GSH - ns ns - ↑ ns - ns ↑ 

UA - ns ns - ns ns - ns ↑ 
Data marked with grey represent historical data for comparison. VCAM-1 = vascular cell adhesion 
molecule-1, IL-8 = interleukin 8, PMN = neutrophil numbers, GSH = reduced glutathione, UA = urate.  

The hierarchical-response hypothesis  

Diesel exhaust particles are capable of inducing oxidative stress in vivo, largely as a 
result of their content of redox-active metals [14, 155] and quinones [250]. In a 
macrophage cell line, the response to diesel exhaust particles was investigated using 
proteomics, demonstrating protective antioxidant responses predominating at low 
concentrations and inflammation and injury only occurring at high particle 
concentrations [251] (Figure 1). This hypothesis was tested in Study I. 

Antioxidant and inflammatory responses following diesel exhaust exposure 

As the particulate matter (PM) in diesel exhaust is dominated by fine particles with 
a median mass diameter of 0.18 μm, the fractional particle deposition would have 
been low but similar in conducting airways and alveoli [79]. However, due to the 
large surface area of the alveoli, the particle dose per unit surface area would be 
significantly less than in bronchial airways. This gave us the opportunity to examine 
the balance between antioxidant and pro-inflammatory processes in these two 
regions exposed to different tissue doses (Figure 12). The particle deposition in the 
respiratory tract was calculated using the multiple-path particle dosimetry (MPPD) 
model [7], available at http://www.ciit.org/techtransfer/tt_technologies.asp. In the 
bronchial airways, where the particle dose was higher, inflammation was established 
(neutrophilia including the degranulation of myeloperoxidase and mastocytosis) 
eighteen hours after diesel exhaust exposure (Table 5). In contrast, in the alveolar 
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region, where the particle dose would be lower, no evidence of an increase in pro-
inflammatory cytokines or inflammatory cells was seen, but both GSH and urate 
concentrations were significantly increased (Table 7). 

 
 
These results indicate clear regional differences in the airway responses to diesel 
exhaust. Although GSH concentrations were increased in the bronchial airways six 
hours after diesel, this response was insufficient to prevent the development of 
neutrophilia and mastocytosis eighteen hours post exposure. In contrast, in the 
alveoli, where tissue particle doses were lower, no inflammation was apparent at 
either time point, while the response was characterised by protective antioxidant 
movements onto the surface of the lung. These responses lend in vivo support to 
the hierarchical-response model [251] and provide mechanistic data supporting the 
existence of a threshold for acute airway responses to diesel exhaust in humans. 

Ozone-induced antioxidant responses in the human airways 

In Study II, healthy humans were exposed to an environmentally relevant ozone 
challenge (0.2 ppm, for two hours, with moderate exercise). The aim was to 
investigate the antioxidant responses in different airway compartments; in airway 
leukocytes, in bronchial biopsies and in airway lavages.   

Under identical exposure conditions, previous studies have reported (1) The 
consumption of nasal RTLF urate during the actual exposure period, due to its 
direct oxidation by ozone, followed by its restoration 1.5 hours post exposure 
[153], (2) An early (1.5 h post exposure) increase in bronchial airway and alveolar 
lavage glutathione (GSH) concentrations [29], (3) The oxidation of this ‘additional’ 
GSH to GSSG six hours post exposure in the bronchial airway RTLF, associated 
with a loss of ascorbate [156] and coinciding with the period of maximum 
neutrophil influx into the airway lumen and submucosa [220] and (4) Glutathione 

Figure 12: 
Calculation of particle 
deposition in a MPPD 
model.  
By courtesy of Dr 
Flemming R Cassee 
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and ascorbate concentrations in both bronchial-wash and BAL-fluid samples back 
to pre-exposure levels eighteen hours post exposure, with evidence of a trend 
towards increased urate concentrations in both compartments [70], consistent with 
previous observations [123].  

Responses in the nasal airways 

During the actual ozone exposure, there was consumption of nasal-RTLF 
ascorbate and urate (Study II), which had returned to pre-exposure values at the 
six-hour post-exposure time point. This finding is consistent with the assumption 
that ozone can be scavenged by antioxidants in the nasal RTLF, thereby reducing 
the ozone dose reaching the lower airways. It also demonstrates the rapid repletion 
capacity of the nasal RTLF, which could be partly due to the extensive fenestration 
of the nasal epithelium. Consistent with previous findings, there was a decrease in 
total and reduced glutathione after both air and ozone exposures in nasal lavage 
fluid, indicating a washout of these antioxidants due to repeated lavages [153]. In 
contrast to ascorbate and urate, total glutathione was still depleted six hours post 
exposure.  

Vitamin C responses in the bronchial and alveolar airways 

Following ozone, an augmentation of ascorbate was evident both in the bronchial 
tissue and in the bronchial and alveolar RTLF. There was no evidence of a loss of 
ascorbate from airway leukocytes or from the plasma pool. The increase in tissue 
ascorbate could reflect the presence of an increased number of inflammatory cells 
within the mucosa post ozone, as has been demonstrated previously [220]. No 
simple relationship was detected between changes in the concentration of ascorbate 
in any of the investigated compartments or changes in the plasma pool, suggesting 
a more complex relationship for the transport of ascorbate between different 
compartments in the airways.  

The percentage of DHA in the bronchial and alveolar RTLF was high, 
representing 70 - 80% of the total vitamin C pool. This could imply that the 
ascorbate moving onto the surface of the lung is rapidly oxidised. The ozone-
induced neutrophilia can produce oxidants capable of oxidising extracellular 
ascorbate to DHA. DHA could then comprise a source for inflammatory cells in 
this compartment to take up DHA and convert it back to AA intracellularly [239]. 
In turn, this could increase their intracellular defence against oxidative stress. DHA 
could also represent the major transport form of vitamin C onto the surface of the 
lung. The transport of vitamin C into airway cells, the capacity of vitamin C to 
protect these cells from oxidative stress and the possibility that these cells may 
subsequently release ascorbate onto the surface of the lung upon appropriate 
stimulation need to be studied in more detail.  
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Glutathione responses in bronchial and alveolar airways  

An increase in both bronchial-wash and BAL-fluid concentrations of total 
glutathione was detected following ozone, with no losses of glutathione or L-
cysteine from the biopsy samples or from airway leukocytes from the bronchial 
wash. In contrast, there were significant losses of both glutathione and L-cysteine 
from the mixed leukocyte population sampled from the alveolar region of the lung. 
This was not due to any change in the cell populations within the total leukocyte 
population, as we saw no changes in differential cell counts in BAL following the 
ozone challenge. As alveolar macrophages constitute more than 90% of the total 
leukocyte pool and contain more than twice the intracellular content of GSH 
compared with neutrophils [174], we interpret this loss as being macrophage 
related, consistent with findings in vitro [22, 149] and in animal studies [31]. The loss 
of intracellular GSH found in the current study may explain our previous finding of 
a rapid increase in RTLF GSH early post ozone challenge [29]. To what extent this 
is a regulated export or is related to cellular injury/apoptosis remains to be clarified. 
Increased GSH concentrations in BAL fluid have also been reported in a number 
of conditions thought to be mediated by oxidative stress, including cigarette 
smoking [190], chronic obstructive pulmonary disease [190] and adult respiratory 
distress syndrome (ARDS) [43], as well as in healthy subjects following exposure to 
NO2 [113], diesel exhaust [157] and ozone [106]. 

Urate, α-tocopherol and EC-SOD in bronchial and alveolar airways  

Urate concentrations increased following ozone in both the bronchial and alveolar 
RTLF. No concomitant decrease could be detected in the bronchial tissue or in 
plasma and no urate at all was detected in airway lavage lymphocytes. Urate has 
been shown to be secreted following cholinergic stimulation, suggesting that 
glandular secretion is important. Since no tissue sample from the alveolar airway 
was available, the possibility of an export from distal airway tissue could not be 
investigated. Small increases in BAL-EC-SOD and α-tocopherol were also 
observed following ozone, consistent with previous studies [156].  

Airway inflammatory responses to ozone 

One consistent finding in human exposure studies has been that the ozone-induced 
acute neutrophilia is greatest in the bronchial airways [156], despite the higher 
tissue doses reaching the terminal bronchioles and alveoli, especially during 
moderate exercise [107]. This was also the finding in Studies II and IV, where 
pronounced neutrophilia was only observed in the bronchial airways. The 
responses in the alveolar airways were dominated by an increase in a range of 
antioxidants sufficient to prevent inflammation occurring. No simplistic association 
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was noted between the magnitude of individual neutrophilic and antioxidant 
responses.    

To summarise, an ozone-induced neutrophilic inflammation only occurred in the 
bronchial airways. In the alveolar airways, a wide spectrum of protective 
antioxidant responses that were sufficient to prevent inflammation occurring was 
observed. It is suggested that the increase in BAL GSH following ozone originates 
in the alveolar macrophages, where a significant decrease was seen. Vitamin C was 
increased in both bronchial and alveolar RTLF, together with an increase in 
ascorbate in the bronchial tissue. No simplistic relationship was found between the 
magnitudes of vitamin C responses in any of the airway compartments. The 
transport of vitamin C between different compartments in the lung is complicated 
and warrants further studies.  

Can RTLF-ascorbate concentrations be augmented through 
oral supplementation? 
Both field studies [82, 85, 196, 198, 215] and controlled chamber exposure studies 
[206, 230] have shown a protective effect by antioxidant supplementation against 
the harmful effects of ozone. However, little is known about the way this action is 
manifested. As the toxicity of ozone is modified by its interaction with antioxidants 
within the RTLF [154, 185], it has been suggested that the protective action of 
vitamin C supplementation might reflect an increase in ascorbate concentrations at 
the air-lung interface. One complicating factor is that no consistent association has 
been found between plasma and RTLF concentrations [29, 156, 157], although a 
positive correlation has been noted between nasal lavage and plasma 
concentrations acutely, following supplementation with a high dose (2 g) of vitamin 
C [211].   

Supplementation with increasing doses of vitamin C  

In Study III, we investigated whether oral supplementation with increasing doses of 
vitamin C could enhance concentrations of vitamin C in the nasal RTLF. With 
increasing doses of vitamin C supplements, plasma ascorbate concentrations 
increased up to the 500 mg/day dose. In contrast, nasal RTLF concentrations 
remained unaltered following all supplementation doses. Enhanced urinary 
secretion was observed with increasing doses of vitamin C, first apparent at the 125 
mg/day dose, well below plasma saturation levels: 59.2 ± 20.0 μM. Surprisingly, 
over the study period, a progressive rise in plasma ascorbate concentrations was 
also found in the group currently receiving placebo. We had assumed that a wash-
out period of three to four weeks would be sufficient to allow plasma ascorbate 
concentrations to return to pre-supplementation levels before switching to the next 
supplementation/placebo treatment period. However, this wash-out period was not 
long enough. One possible explanation for this observation could be that cellular 
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stores of ascorbate were augmented during the supplementation and slowly 
released ascorbate back into the circulation during the wash-out period, resulting in 
elevated plasma concentrations. In the first part of the study, all the samples were 
collected 24 hours after the final supplement. The absence of an increase in the 
RTLF ascorbate could therefore indicate either that ascorbate reaches the RTLF 
but is oxidised or that an uptake occurs into resident inflammatory or epithelial 
cells. In order to address the first issue, a second study was performed.  

Acute uptake study following a single dose of vitamin C 

Healthy subjects were given a single dose of 1,000 mg of vitamin C and the 
concentration of ascorbate and dehydroascorbate (DHA) was followed in plasma 
and in nasal RTLF over a 24-hour period. A rapid increase was detected in both 
plasma and nasal lavage fluid, with a peak two to four hours after supplementation. 
These responses were not quantitatively associated. Both the plasma and nasal 
RTLF ascorbate responses varied markedly between subjects given the same 
supplemental dose of vitamin C, indicating an intra-individual difference in the 
capacity to mobilise vitamin C to the RTLF. Consistent with the findings in the 
first part of the study, concentrations had returned to baseline levels 24 hours post 
supplementation.  

All the nasal RTLF samples were also analysed for their content of DHA. At 
baseline, approximately 50% of total vitamin C was represented as DHA. However, 
following supplementation, no change in DHA concentrations was detected at any 
of the time points that were sampled. These results indicate that ascorbate is not 
lost due to oxidation. It is more likely that the ascorbate is taken up by cells at the 
air-lung interface. 

To summarise; oral supplementation with vitamin C can augment the ascorbate 
concentration in nasal RTLF. The question of whether this applies to the 
bronchoalveolar regions of the lung has to be addressed in a study sampling the 
bronchial and alveolar airways. There is no simple relationship between the 
magnitude of changes in plasma and nasal lining fluid. There is also an inter-
individual difference in the capacity to mobilise vitamin C to the surface of the 
airways. This could be of importance for an individual’s susceptibility to air 
pollution. 
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Does vitamin supplementation provide protection from ozone-
induced effects? 

Subjects and methods 

In Study IV, ozone-responsive subjects were pre-selected based on the magnitude 
of their O3-induced FEV1 decrement, in order to study a healthy yet ozone-
sensitive population. The mean time between the pre-screen O3 exposure and the 
first of the two O3 exposures in the main study was 18 ± 14 weeks (min. 3, max. 
52). It was notable that no association was detected between decrements in FEV1 at 
pre-screen compared with either of the ozone exposures in the main study. In 
contrast, FEV1 decrements after ozone-placebo and ozone-vitamin were highly 
associated (R = 0.76, p=0.02). A high degree of reproducibility on an individual 
basis has been shown for as long as ten months [143], where younger individuals 
show the largest decrements in lung function but also much greater variability in 
their response to repeated exposure [94]. The subjects in the current study were 
well nourished, as the protection reported in conjunction with supplementation in 
field studies was seen in subjects with good basal antioxidant concentrations (α-
tocopherol and β-carotene) [82, 85, 196].  

The aim of this study was to evaluate whether vitamin supplementation could 
protect the airways from the negative effects induced by ozone. To do so, we had 
to expose subjects to ozone with and without supplements. The optimal study 
design would have been also to perform two exposures to air, with and without 
supplements. For both ethical and practical reasons, we decided to perform only 
three exposures and bronchoscopies per subject. The air + supplement group was 
therefore excluded.   

Ozone-induced responses with and without vitamin supplementation 

Following a single exposure to an environmentally relevant dose of ozone, a 
decrease in FEV1 and FVC was detected, irrespective of whether or not 
supplementation was administered. The magnitude of the decrement did not differ 
between the two groups (Figure 5). A neutrophilic response (Figure 6) and an 
increase in the pro-inflammatory cytokine IL-6 were found in the bronchial airways 
following both ozone exposures, with no differences in the magnitude of the 
responses between the groups, again with no protective effect by vitamin 
supplementation.  
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Plasma responses 

A supplementation period of seven days with 500 mg of vitamin C and 100 mg of 
vitamin E was sufficient significantly to increase the concentration of both vitamins 
in plasma. Consistent with the findings in Study III, a peak in the ascorbate 
concentrations was detected immediately post exposure, e.g. two to four hours post 
supplements. A progressive increase in plasma α-tocopherol concentrations was 
observed during the eight-hour experimental period. Both circulating plasma 
ascorbate and α-tocopherol concentrations were unaffected during the air and 
ozone-placebo exposures. 

Relationship between plasma and RTLF 

The hypothesis that an increased intake of antioxidants would provide protection 
from O3 is based on the contention that supplementation increases the amount of 
antioxidants on the surface of the lung. This is the compartment in which ozone 
elicits its reactions. No simplistic relationship exists between plasma antioxidant 
concentrations and antioxidant concentrations in the RTLF [29, 153, 156]. The 
only evidence that increased vitamin C intake augments RTLF concentrations of 
ascorbate in humans has been reported acutely (2-4 h post supplement with 1-2 g 
vitamin C) using nasal lavage [211], which is consistent with the findings in Study 
III. However, the fenestrated nasal epithelium differs from that of the alveolar 
region of the lung and, as a result, the lack of protection seen in the current study 
may simply reflect a failure by the supplementation regimen to boost RTLF 
ascorbate and α-tocopherol concentrations. There is also no evidence that lower 
concentrations of antioxidants in the RTLF would predict a more severe response 
to ozone [29]. To make things even more complicated, some recent in vitro studies 
demonstrate that increasing concentrations of ascorbate in a model of lung lining 
fluid actually promote O3 uptake, resulting in increased cell injury [54] and 
lipid/protein oxidation [20].  

Responses in bronchial wash and BAL vitamin C 

As we did not include an air + supplementation arm in the study, the question of 
whether RTLF vitamin C and E concentrations would increase following 
supplementation could not be answered. However, following both ozone 
exposures, vitamin C concentrations, predominately in the form of DHA, increased 
in both bronchial wash and BAL. This augmentation became significant in the 
bronchial airways following supplementation (Figure 7). It does not seem likely 
that the increased concentrations reflected cell death, as they were not associated 
with lavage LDH. Nor was there any increase in oxidised glutathione, which would 
have been indicative of generic sample oxidation.  
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Responses in bronchial wash and BAL α-tocopherol  

α-tocopherol concentrations were also increased in the alveolar lavage fluid 
samples following ozone challenge, a response that was more pronounced after 
supplementation (Figure 8). This response is consistent with findings from animal 
studies [73] and, to our knowledge, the current study is the first to demonstrate a 
movement of α-tocopherol into human RTLF following ozone challenge. As type 
II cells are able to secrete α-tocopherol with surfactant, this may help to explain 
the current observations [202]. 

 To summarise; we were unable to find any evidence that vitamin C and E 
supplementation provided protection from acute ozone-induced symptoms in 
ozone-sensitive but otherwise healthy and well-nourished individuals. We did, 
however, identify increased RTLF vitamin C and α-tocopherol concentrations 
following ozone exposure, with enhanced concentrations of vitamin C, in the form 
of dehydroascorbate, observed in the bronchial airways after vitamin 
supplementation. Although no protective effect from the ozone-induced airway 
responses was found following a single insult of ozone, it is possible that 
supplementation augments cellular reserves, which could confer protection from 
repeated oxidative challenge, i.e. as seen in field studies. 

Authenticity of the DHA in the RTLF 
One unexpected yet consistent finding in all the studies included in this thesis was 
the high concentration of dehydroascorbate in the RTLF. In all other cellular and 
extracellular compartments, DHA has been undetectable. A number of detailed 
experiments were therefore performed to establish the authenticity of this finding.  

DHA in a freshly prepared sample 

To evaluate whether DHA would be present in a freshly prepared sample, nasal 
lavage was analysed within minutes of sampling and was found to contain high 
concentrations of DHA. In samples treated with ascorbate oxidase, no ascorbate or 
DHA were detectable. This was also the case if the samples were left at room 
temperature for ten minutes before reducing the sample with DTT. The prompt 
handling of samples when analysing vitamin C is of the greatest importance. When 
samples were reduced prior to acidification with MPA, the highest peak of AA was 
noted (Figure 9). 

Does repeated sampling increase the DHA content? 

To evaluate whether repeated sampling of the nasal RTLF would increase the 
amount of dehydroascorbate, twelve healthy subjects provided nasal lavages at five 
time points, with one hour in between. It was found that the concentration of 
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ascorbate in nasal lavage fluid increased with repeated lavage, while the 
concentration of dehydroascorbate remained unaltered (Figure 10).   

Sampling and storage to prevent oxidation 

Throughout our studies, unbuffered saline (pH 5.0) has been used as the lavage 
medium, as ascorbate and dehydroascorbate are more stable in an acidic solution. 
To further acidify the samples MPA was added immediately after sampling. As pre-
treatment with MPA was not sufficient to prevent the oxidation of ascorbate 
during storage, lavage samples were treated with the metalchelator DES and the 
exogenous antioxidant BHT before storage.   

Stability of DHA and ascorbate in the RTLF 

Lavage fluid samples were spiked with ascorbate or DHA at a concentration of 20 
μM in order to study the stability of DHA and ascorbate in lavage fluid samples. 
The loss of DHA was substantially greater than the losses of ascorbate, indicating 
that a poor sampling procedure would lead to the loss of DHA rather than an 
increase in DHA (Figure 11).  

Reductants 

There are a range of commonly used reductants for reducing DHA to ascorbate, 
such as homocysteine (H-CYS), L-cysteine (L-CYS), reduced glutathione (GSH), 
cysteine-glycine (CYS-GLY), glutamate-cysteine (GLU-CYS), mercaptoethanol 
(MC), sodium borohydride (NaBF4) and the one we used, dithiothreitol (DTT). 
When treating fresh lavage fluid samples with different reductants, it was shown 
that DTT and H-CYS had the greatest capacity to recover DHA. The selection of 
an appropriate reductant is therefore important in order to avoid a loss of DHA in 
the sample.  

To summarise; in Study V, detailed experiments were performed to establish the 
authenticity of the dehydroascorbate measurements, by examining its presence in 
fresh lavage samples, the impact of sequential lavage on ascorbate oxidation, as well 
as differing sample reduction protocols and treatments prior to long-term storage. 
These novel data confirm that human RTLF does in fact contain appreciable 
concentrations of dehydroascorbate. The presence of high concentrations of DHA 
in the RTLF might therefore represent a mechanism of loading inflammatory cells 
with ascorbate prior to activation. This would imply a continual movement of 
either DHA or ascorbate into the RTLF, in the later case coupled to its subsequent 
oxidation. 
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FINAL COMMENTS 

Air pollution is a major problem due to the adverse respiratory and cardio-vascular 
health effects. Ambient air pollutants involve the generation of oxidative stress and 
inflammation, as well as adaptive antioxidant responses at the air-lung interface. 
Ozone and diesel exhaust particles are both oxidative air pollutants. This thesis 
shows that exposure to these pollutants induces not only airway inflammatory 
responses but also the upregulation of a range of antioxidants in the respiratory 
tract lining fluid and the bronchial mucosa. This augmentation of protective 
antioxidants will increase the defence against oxidative stress and reduce the 
harmful effects caused by diesel exhaust and ozone. 

Following exposure to both diesel exhaust and ozone, a neutrophilic 
inflammation was found in the bronchial airways. Further, while urate and 
ascorbate were consumed in the nasal airways following ozone, a movement of 
antioxidants into the bronchial airways and, even more pronouncedly, into the 
alveolar airways, was detected, following both diesel exhaust and ozone. An 
increase in the antioxidant defence might reduce the harmful effects of oxidative air 
pollutants.  

A rise in oxidative stress increases the demand for a more effective antioxidant 
defence network. Both field studies and controlled chamber studies demonstrate a 
protective effect by antioxidant supplementation against the harmful effects of 
ozone in particular. This thesis shows that ascorbate can be augmented in the nasal 
lining fluid through oral supplementation with vitamin C. The increase in ascorbate 
is rapid, within hours following supplementation, and is not sustained for 24 hours. 
The effect of supplementation given for a period of seven days had an effect on 
plasma ascorbate concentrations for several weeks following supplementation. This 
was interpreted as a result of augmented cellular stores slowly releasing ascorbate 
back to the circulation.  

In field studies, a protective effect on lung function has been shown following 
antioxidant supplementation. Under controlled chamber conditions, 
supplementation with vitamin C and E did not have any protective effect on lung 
function or airway inflammation following a single insult of ozone. It is possible 
that supplementation augments cellular reserves which could confer protection 
against repeated oxidative challenge, i.e. as seen in field studies. This study is the 
first to report the fate of the given supplements both in plasma and in the RTLF 
following ozone exposure. As mentioned above, ozone itself increased RTLF 
vitamin C and α-tocopherol concentrations. Supplementation yielded an increase in 
plasma ascorbate and α-tocopherol concentrations and also a further boost in 
RTLF vitamin C, mainly as DHA.  
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One consistent finding in all the studies included in this thesis was the high 
concentration of dehydroascorbate in the RTLF. Detailed experiments were 
performed to establish the authenticity of these findings. Fresh lavage samples were 
examined. The impact of sequential lavage on ascorbate oxidation, as well as 
differing sample reduction protocols and treatments prior to long-term storage, was 
evaluated. These data confirm that human RTLF does in fact contain appreciable 
concentrations of dehydroascorbate and that this is not due to generic oxidation or 
poor sample handling. Whether this indicates that DHA is the major transport 
form of vitamin C into this compartment, or simply reflects endogenous oxidation 
of ascorbate in the RTLF has to be further studied.  

Air pollution should be a matter of concern to all people, as we are all exposed 
to it. A greater knowledge of the way these pollutants exert their effects in the 
human body is therefore of fundamental importance in identifying possible 
solutions to prevent their negative health effects.  
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CONCLUSIONS 
It is concluded that: 

 There were clear regional differences in the airway responses to diesel 
exhaust, with inflammatory responses in the bronchial airways, where 
particle doses were shown to be higher, and a protective antioxidant 
movement onto the airway surface in the alveolar airways, where 
particle doses were shown to be lower, supporting the hierarchical-
response model   

 Ozone induced inflammation in the bronchial airways, the direct 
consumption of antioxidants in the nasal airways and the adaptive 
movement of a broad spectrum of antioxidants onto the surface of 
the lung. The antioxidant responses in the alveolar airways were 
sufficient to prevent inflammation occurring. It is suggested that the 
increase in reduced glutathione in the bronchoalveolar lavage fluid 
following ozone originates in the alveolar macrophages, where a 
significant decrease was detected  

 Oral supplementation with vitamin C increases ascorbate 
concentrations in the nasal respiratory tract lining fluid. This 
augmentation is rapid and is not sustained for 24 hours. There is no 
simple relationship between the magnitude of changes in plasma and 
nasal lining fluid following supplementation. Vitamin C appears to be 
sequestered into cellular stores, from which it could be slowly released 
into the circulation. This could be one explanation for the positive 
responses to vitamin C supplementation reported in field studies  

 Oral vitamin supplementation was shown to augment the 
concentration of vitamin C in the respiratory tract lining fluid, but it 
did not provide protection from the ozone-induced airway responses 
following a single insult of ozone  

 Human respiratory tract lining fluid does in fact contain appreciable 
concentrations of dehydroascorbate 
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