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PARTICULATE AIR POLLUTION 

Matthew Loxham 

Background: Inhaled air contains myriad potential toxicants, which vary by source and 
site.  These may include particulate matter (PM) containing transition metals, polyaromatic 
hydrocarbons and soot, aeroallergens, and pathogens.  Different toxicants exert their 
deleterious effects via a variety of mechanisms, and may also differentially affect individuals 
depending on other factors such as the presence of disease. 

Methods: Size-fractionated airborne particulate matter (10-2.5 µm, <2.5 µm, <0.18 µm) 
was collected at a busy mainline underground railway station.  PM composition was 
analysed by inductively-coupled plasma mass spectrometry alongside comparator PM 
samples from a woodstove, roadwear simulator, and road tunnel.  Underground railway 
PM-mediated generation of reactive oxygen species (ROS) was measured using 
dichlorofluorescein.  Primary bronchial epithelial cells (PBECs) were cultured as 
monolayers and differentiated air-liquid interface (ALI) cultures before exposure to 
underground railway PM for 24 h.  IL-8 release, barrier integrity, and antioxidant gene 
expression were assayed.  Intracellular PM was studied by transmission EM.  As a separate 
PM type, the effects of the allergenic fungus Alternaria alternata on PBECs were similarly 
examined, and interactions with underground railway PM were studied. 

Results: Underground PM was metal-rich, especially iron, and generated ROS in a 
concentration-, size-, and iron-dependent manner.  PBEC monolayer cultures showed a 
moderate PM concentration-dependent increase in IL-8 release without LDH release, but 
this was absent in ALI cultures.  There was observable intracellular PM 24 h post-challenge 
in ALI cultures, and an upregulation of antioxidant genes (HO-1, NQO1) which could be 
diminished by DFX and NAC.  Alternaria extract induced a significant and marked 
concentration-dependent increase in IL-8 release and a drop in transepithelial electrical 
resistance (TER), predominantly due to a heat-labile serine protease.  Alternaria extract 
appeared to have more pronounced effects on cells pre-treated with underground railway 
PM, but this was independent of a heat-labile component. 

Conclusion: Metal-rich underground railway PM potently generates ROS, with modest 
pro-inflammatory effects and a marked induction of antioxidant defences.  The potential 
effects of PM entry into cells merits further study.  The novel metal-rich nature of such an 
environmental ultrafine PM warrants further work in light of its high surface area/volume 
ratio and potential ability to penetrate into the alveoli and possibly the systemic circulation.  
Additionally, the ability of underground railway PM to generate ROS potently suggests that 
individuals with defective antioxidant defences, such as seen in asthmatic airways, may be 
at heightened risk of the effects of metal-rich PM, as may those concomitantly exposed to 
airborne fungi. 
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1 Introduction 

1.1 The Structure of the Respiratory System 

 

The respiratory system comprises a network of tubes with 23 generations of branches, 

leading from the mouth and nostrils to the lungs.  The lungs are the organs of the 

body whose alveoli are specialised for gas exchange, allowing inhaled oxygen to enter 

the blood and waste gases to leave and be exhaled.  The average adult male inhales 

approximately 23 m3 of air per day (1).  This air contains nitrogen, oxygen, argon, 

carbon dioxide, and other trace gases, but also pollutant gases such as sulphur dioxide 

and nitrogen oxides.  The air also carries particles, either biological such as bacteria, 

viruses, and fungal spores, or anthropogenic such as soot, oily fly ash, or roadwear 

particles.  It is these anthropogenic particles which will form the basis of the majority 

of the work presented within this thesis. 

 

The airways can be divided into three stages – the upper airways, the lower airways, 

and the alveoli.  The upper airways are composed of the nasal passage, the trachea, and 

the bronchi.  Air passing through the upper airways is humidified and warmed as it 

passes over the nasal turbinates to avoid cooling or drying the lower parts of the 

airways.  The upper airways are lined with pseudostratified epithelium, in which all 

epithelial cells are in contact with the lamina reticularis which underlies the epithelium, 

but not all protrude to the lumen.  In this way, the columnar epithelial cells which 

form the epithelium have the appearance of a stratified epithelium (2).  The epithelial 

cells of the upper airways are lined with hair-like projections which extend into the 

airway lumen.  These cilia, by way of their internal structure, are motile and beat 

synchronously as part of the process of mucociliary clearance (3).  The mucus lining 

the upper airways is secreted by goblet cells which are interspersed between the ciliated 

columnar epithelial cells. 
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The lower airways of the lung are formed by the bronchioles.  In contrast to the upper 

airways, the epithelial lining of the bronchioles is flatter, being formed of cuboidal 

epithelium.  The bronchiolar epithelium is generally not ciliated, and there is a much 

lower population of goblet cells compared to the upper airways.  However, a layer of 

surfactant is secreted by Clara cells (4).  Surfactant is a fluid of lower viscosity than the 

mucus found in the upper airways, and contains surfactant proteins, which have 

important antiviral properties, and surfactant lipids, which reduce surface tension, and 

in so doing are vital in keeping the terminal airways and alveoli patent so that they do 

not collapse on themselves.  

 

The lowest section of the lungs is the alveoli, where gas exchange takes place.  The 

alveolar epithelium is composed of two types of cells.  Alveolar type 1 (ATI) cells are 

extremely thin squamous epithelial cells which form a thin barrier to allow for optimal 

diffusion of gases from the air spaces to the underlying capillaries.  Alveolar type 2 

(ATII) cells are cuboidal epithelial cells which secrete surfactants and are also able to 

transform into ATI cells to replace other ATI cells which have become damaged (5) .  

Due to their thickness, ATII cells are not involved in gas exchange. 

 

Whereas the alveolar epithelium has a primary function in forming a barrier which is 

able to facilitate gas exchange, the epithelium of the upper conducting airways is 

crucial in providing a selectively permeable barrier between the outside environment, 

as found in the airway lumen, and the subepithelial tissue (6).  Airway mucus is a 

complex mixture of glycosylated proteins forming a gel which also contains 

antibacterials, antivirals, antiproteases, and antioxidants, whose composition can be 

altered by certain stimuli (7-9).  Together, the particle trapping effect of the mucus and 

the upward sweeping motion of the cilia comprise the mucociliary escalator (10).  In 

addition to the chemical barrier formed by the mucus, tight junctions and adherens 

junctions in the apical junction complex (AJC) are key in the regulation of paracellular 

flux, while desmosomes and hemidesmosomes in the lateral and basolateral sections of 

the epithelial layer secure epithelial cells to adjacent cells and the lamina reticularis 

respectively (2, 11) (Figure 1.1).  The leakiness of this barrier can be increased by 

cytokines (12, 13), viral infection (14), and inhaled allergens (15) amongst others.  

However, the barrier is also able to be disrupted intentionally, for example to enable 
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the diapedesis of immune cells into the airway lumen.  One example of this is the 

migration of neutrophils into the airways.  Another cell type commonly found in the 

airway lumen is dendritic cells, which sample the external environment and act as 

antigen presenting cells by transporting antigenic material to the lymph nodes (16).  

Macrophages – “professional” phagocytic cells – are found in the airway lumen where 

they are able to ingest pathogens and particulate matter.  However, they more 

commonly perform this role in the alveoli, which are not protected by a layer of 

mucus, and can then either translocate to the lymph nodes or move up the airways to 

the mucociliary escalator, by which they can be cleared from the respiratory tract 

altogether (17). 

 

 

Figure 1.1.  The structure of the bronchial epithelium. 

The pseudostratified epithelium of the bronchi is able to form a tight barrier between the external 

and internal environments by virtue of its cell-cell junctions.  The apicobasal junction complex (AJC) 

is comprised of tight junctions (T) and adherens junctions (A), with adaptor proteins such as ZO-1 in 

tight junctions (modified by regulatory proteins (RP)) and catenins in adherens junctions 

connecting the junctional complex to the actin cytoskeleton.  Desmosomes on the lateral surface of 

the cells provide further cell-cell contacts, and hemidesmosomes bind the basal surface of the cell 

to the basement membrane. 
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Although macrophages are one mode of particle clearance from the lungs, the airways 

possess a number of mechanisms by which the passage of inhaled particulate matter 

can be impeded.  In normal breathing at rest, air is predominantly taken in through the 

nasal passages, which are lined with hairs and mucus to trap particulate matter 

suspended in the inhaled air.  Furthermore, the crooked path of the nose and the 

eddying airflows produced by the turbinates increase the deposition of particles in this 

uppermost section of the respiratory tract.  However, if breathing becomes 

predominantly oral rather than nasal, for example during periods of exercise or certain 

diseases, these filtration mechanisms become relatively redundant.  Further down the 

airways, particles can be trapped by mucus, as previously described, and swept 

upwards by the wafting motion of airway cilia, and aided by the cough reflex.  Once 

this has been accomplished, particle-laden mucus may be expelled through the mouth 

or swallowed, where it may go on to exert effects in the gastrointestinal tract.  In the 

lower airway, clearance becomes predominantly macrophage-mediated. 

 

These defences, in combination with the diameter of the airways, create a size-selective 

gradient for the distribution of particles deposited throughout the airways (Figure 1.2).  

Particles of greater than 10 µm aerodynamic diameter are generally unable to pass the 

defences of the nasal passages and upper airways, and are classed as non-respirable, 

although in circumstances where there is an exceptionally high airborne particulate 

matter (PM) load, this may not be the case.  Conversely, particles of an aerodynamic 

diameter ≤ 10 µm are classed as respirable due to their ability to enter the respiratory 

tract.  Of these respirable particles, those of approximately 2.5-10 µm aerodynamic 

diameter, termed coarse particles, are deposited in the extrathoracic region and upper 

airways, particles of between 0.1 µm and 2.5 µm, the fine particles, are deposited in the 

bronchi and bronchioles, and particles of an aerodynamic diameter smaller than 0.1 

µm, the ultrafine particles, generally deposit in the alveoli (18, 19).  As particle size 

decreases, the major mechanism of sedimentation changes from impaction to 

sedimentation (gravitational settling) and, for the smallest particles, diffusion (20). 
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Figure 1.2.  Particle deposition in the airways. 

Particles suspended in inhaled air deposit in different regions of the airways depending on their 

size, with coarse particles depositing in the extrathoracic airways, fine particles in the bronchi and 

bronchioles, and ultrafine particles in the terminal bronchioles and alveoli.  Defences to trap 

particles in the upper airways are predominantly mechanical, whereas those in the lower airways 

are more cell-mediated.  Adapted from (21). 

 

The airways can also be affected by disease.  Asthma is a disease of the upper and 

lower (conducting) airways, characterised by airflow obstruction which is reversible 

with time or medication, airways inflammation, hyperresponsiveness of the bronchi to 

stimuli such as allergens, virus, and low temperatures, a progressive decline in lung 

function over time (22), and airways remodelling (23) (Figure 1.3). 
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Figure 1.3.  Airway remodelling in asthma. 

The airway epithelium in asthma appears to be locked into a cycle of damage and incomplete 

repair.  The healthy airway is a has a patent lumen lined by a layer of ciliated pseudostratified 

epithelium attached to the lamina reticularis, underneath which are found fibroblasts and a layer 

of smooth muscle.  In asthmatic airways, there is occlusion of the airways due to smooth muscle 

hyperplasia along with thickening of the lamina reticularis and mucus hypersecretion.  There is also 

bronchial hyperresponsiveness, resulting in the potential for further closing of the lumen by 

contraction of the smooth muscle. 

 

Asthma may have an allergic or non-allergic basis, and is thought to involve a genetic 

component (24), although its causes and treatment are not fully understood because of 

the range of different symptom groups into which patients can be classified.  

Conversely, chronic obstructive pulmonary disease (COPD) is a disease of the small 

airways and alveoli, characterised by an irreversible shortness of breath with airway 

obstruction, cough, and mucus hypersecretion (25).  As with asthma, there is a 

progressive decline in lung function.  The predominant causative factor in the 

aetiology of COPD is smoking, although there may also be occupational and genetic 

components.  Although both asthma and COPD involve reduced airflow, differential 

diagnosis on the basis of spirometry can be made in that the reduced airflow in asthma 

is reducible on administration of the β2-adrenergic agonist salbutamol, further 

inducible on administration of the M3 cholinergic agonist methacholine, and may 

exhibit diurnal variation.  Furthermore, gas exchange as measured by carbon 

monoxide uptake into the blood may be impaired in COPD compared to asthma. 
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Therefore, airways diseases can, to an extent, be caused by materials suspended within 

inhaled air and, in turn, the response to inhaled particles can be influenced by the 

presence of these diseases, both in terms of particle deposition within the lungs and 

the biochemical responses to particulates. 

 

1.2 The Potential Risk to Public Health Posed by 

Particulate Matter 

 

There have been a number of fatal air pollution incidents over the past century, 

generally attributed to industrialisation and increased fossil fuel combustion.  The first 

scientifically investigated incident was the Meuse Valley fog in 1930, when over 60 

people died as a result of temperature inversion-induced pollution build-up in a valley 

close to the industrial city of Liege, Belgium.  The fatalities were attributed to release 

of sulphur dioxide and fine soot particles from domestic and industrial coal burning 

(26, 27).  Subsequent pollution incidents have been reported, notably the London fog 

of 1952 (28).  Indeed, there were further reports of subsequent episodes of pollution-

linked fog in London in January 1955, where there was a trend of worsening of 

symptoms in patients previously diagnosed with chronic bronchitis and emphysema 

when increased smoke and SO2 concentrations were noted (29), and similar 

observations were drawn over a longer period in the winter of late 1955 and early 1956 

(30).  A subsequent ten-year study suggested that mean smoke concentrations in 

London began to fall from 1954, but that spikes still occurred where favoured by the 

prevailing weather conditions (31). 

 

Airborne PM, in size fractions termed coarse (PM10), fine (PM2.5), or ultrafine (PM0.1), 

has long been recognised as presenting a risk to health and mortality (32-35), its size 

permitting it to penetrate into the bronchial tree and beyond.  There is interest in each 

of these size fractions as potential toxicants, with each fraction having different 

properties, mechanisms of action, and sites of action.  While larger particles are 

suggested to exert their effects by virtue of their chemical composition, smaller 

particles are more often noted to exert effects by way of their vastly increased surface 

area, and different effects may be related to size fractions as well as source processes 
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(36).  However, opinion varies as to which is the more toxic fraction (37, 38), and this 

may depend on site of sampling, as the relative proportions of each fraction in the air 

may differ depending on the sampling location and the processes which generate the 

particulates, as well as whether toxicity is measured in terms of particle mass, number, 

or surface area.  Larger particulates are generally the result of friction processes, while 

ultrafine particles are more commonly a result of secondary reactions between gaseous 

components in the environment, including photochemical reactions catalysed by 

sunlight (39, 40).  Generally, PM2.5 is the predominant fraction on a mass basis, while 

in terms of particle number PM0.1 is the predominant fraction (41). 

 

In 1993, a seminal paper looking at the effect on mortality of air pollution showed 

increased mortality rates for PM10 (odds ratio 1.27), and PM2.5 (odds ratio 1.26), with 

significant correlation with lung cancer and cardiopulmonary disease (42).  Another 

important study was published in 2002 by Pope and colleagues, which involved 

assessing the link between fine particulate air pollution and mortality in half a million 

Americans.  They found a significant link between PM2.5 levels and mortality from all 

causes (a 4% increase in risk per 10 µg/m3 elevation in PM2.5 levels), and also 

specifically from lung cancer (6% increase) and cardiopulmonary causes (8% increase)  

(43), while a recent European study found PM10 to be a contributor to 

adenocarcinoma cases more than was PM2.5, and these links persisted even at PM 

levels below European Union recommended limits (44).  Indeed, up to 52,000 deaths 

per year in the USA have been attributed to PM10 (45), and a further study observing a 

link between concentrations of PM10 and PM2.5 and heart failure suggested that a USA-

wide reduction in PM2.5 of 3.9 µg/m3 would reduce heart failure hospitalisations by 

almost 8,000, saving over $300 million per annum (46).  Cardiovascular mortality was 

also linked to PM2.5, but not PM10 in a recent study which also found links for both 

PM fractions with respiratory mortality even in those with no history of asthma or 

COPD (47).  Particles with a median aerodynamic diameter of less than 0.03 µm were 

linked to hospital asthma presentation in children and the elderly (48), while a similar 

connection was made between PM2.5 and PM1 and asthma (49, 50), and recently for 

PM10 and asthma- and COPD-associated emergency room visits (51).  Despite 

occasional attempts at refuting a link between air pollution (52), the link between 
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particulate matter and adverse health effects is becoming more evident and better 

defined. 

 

There is much evidence that the physiochemical properties of particulate matter and 

by association, the biological effects of such material, are dependent on a wide variety 

of factors, such as processes involved in generation of the material, chemistry of the 

“source material” from which the particles derive, fuel combustion processes in the 

area whether related to power stations or traffic, and even season of collection of 

particulates (33, 53-55).  To this end, work has been carried out to examine the effects 

of particulate matter from specific sources and in specific environments, the aim being 

to characterise the source of deleterious activity of particulate matter, and also to 

determine whether the effects are due to the particulate matter itself, rather than levels 

of other pollutants which may correlate with particulate matter levels (56).  Steel mills 

and smelting works are of particular interest in this respect, because of their reliance 

on processes involving the use of transition metals.  Such studies can be difficult to 

conduct due to the number of confounding factors and the lack of control over 

exposures.  However, a number of authors have successfully demonstrated a 

deleterious effect of this type of pollution.  One such study utilised the abnormally low 

smoking rate in the Utah Valley, ascribed to religious teachings, coupled with a period 

of closure and reopening of a local steel mill, to show an increase in hospital 

admissions for respiratory reasons, increased two-fold for children and by 47% for 

adults when PM10 exceeded 50 µg/m3, while PM10 decreased when the steel mill closed 

(57).  Ambient PM samples from the local area taken when the steel mill was open 

were also more able to cause apoptosis, increased BAL fluid cell count, and airways 

hyperresponsiveness when instilled in rat airways compared to PM samples collected 

when the mill was closed (58).  Moreover, a recent randomised cross-over study has 

shown decreased lung function when subjects spent eight hours per day for five 

consecutive days in the vicinity of a steel mill, linked to increased SO2, NO2, PM2.5 and 

ultrafine PM (59).   When PM was collected from a site in Tuxedo, NY, and instilled 

intratracheally into apolipoprotein E- (ApoE)-deficient mice, there was an increase in 

heart rate, marking cardiac stress, when the PM was collected on days where the 

prevailing wind came from the direction of a local nickel smelting plant, but not when 

the wind direction was different, implicating inhaled nickel in cardiac toxicity (60). 
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The World Health Organisation (WHO) has set maximum 24-hour exposure limits of 

50 µg/m3 and 25 µg/m3 for PM10 and PM2.5 respectively (61).  These limits are 

generally applicable only outdoors, and do not apply to workplace environments.  The 

UK Health and Safety Executive has set out additional limits as part of their Control 

of Substances Hazardous to Health (COSHH) regulations, which state that total 

airborne dust concentrations should not exceed 10 mg/m3 averaged over an 8 h 

period, and respirable dust concentrations should not exceed 4 mg/m3 over an 8 h 

period (62).  However, specific dusts also have their own, generally lower, limits set, 

for example iron oxide respirable dust concentrations should not exceed 5 mg/m3 

over an 8 h period or 10 mg/m3 in any fifteen min period (62).  Interestingly, there has 

been no limit set for ultrafine particles (PM0.1) either in terms of public exposure or 

workplace exposure, probably due to the paucity of research on the sources and 

effects of particles in this fraction.  Indeed, the discipline of nanotoxicology, 

investigating the effects of particulates in the nanometre size range, is still in relative 

infancy. 

 

Underground railway systems are widely used mass transit systems in many large cities.  

According to London Transport, over 1.2 billion individual journeys were made on the 

London Underground in the financial year 2012/13 (63).  The presence of large mass 

concentrations of suspended particulate matter of a respirable size (10 µm median 

aerodynamic diameter or below) is of concern, both in terms of acute effects and the 

effects of prolonged exposure to such particulates.  This exposure is compounded by 

the lack of ventilation in the tunnels and stations, resulting in a greater build-up of 

particulates than would be seen at surface level.  Such particulates are known to 

contain a significant proportion of transition metals, especially iron, but also 

manganese, chromium, and copper, which may be capable of catalysing the generation 

of reactive oxygen species (ROS) (64).  

 

Underground railway particulate mass concentrations have been found to be far in 

excess of the WHO limits, at 470 µg/m3 and 260 µg/m3 for PM10 and PM2.5 on the 

Stockholm underground (five- and ten-fold greater than the above ground levels 

respectively) (65), with similar levels being found on the London Underground (66), 
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and PM5 levels of almost 900 µg/m3 in one study (67).  This has been picked up on by 

the media, with sensationalist stories being published in widely-read newspapers (68).  

Exposure to PM2.5 can be eight- to ten-fold higher on journeys made underground 

rather than overground (69, 70).  Notably, the distribution of particle sizes 

underground has been suggested to be more uniform than above ground, with a 

greater level of PM10 but a reduced load of smaller particles (67) compared to ambient 

urban PM.  These high levels of particulate matter persist in spite of improvements to 

braking systems and the banning of smoking in many underground train systems (71).  

Although the majority of underground particles are thought to derive from processes 

occurring in the underground railway system, and levels are closely correlated to train 

traffic levels (65), the contribution of particles from ambient, above ground sources is 

a matter of debate (72, 73), adding complexity to the make-up of underground air PM.   

Table 1.1 shows particulate matter concentrations from a variety of underground 

environments, with comparison to above-ground levels if these were measured as part 

of the same study. 
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Site Fraction Conc µg/m3 Author 

Berlin 
Underground 

PM10 153 (summer); 
141 (winter) 

(74) 

    
Guangzhou 
Underground 

PM10 67 (75) 

 PM2.5 44 ‘’ 
    
Helsinki 
Underground 
Station 

PM2.5 47 (Rautatientori 
station); 60 
(Sörnäinen 

station) 

(76) 

Helsinki 
Overground 
Station  

PM2.5 19 ‘’ 

Helsinki 
Underground 
Train 

PM2.5 21 ‘’ 

Helsinki Urban PM2.5 10 ‘’ 
    
London 
Underground 

PM2.5 246.0±52.49 (70) 

    
London 
Underground 

PM5 708.6-892.8 (67) 

London cyclist 
exposure 

PM5 14.00-88.54 ‘’ 

    
London 
Underground 

PM2.5 (mean) 
underground 

journey 

247.2 (summer); 
157.3 (winter) 

(69) 

 PM2.5 (mean) 
overground 

journey 

29.3 (summer) ‘’ 

    
London 
Underground 

PM2.5 130-480 (77) 

London 
Underground 

PM2.5 270-480 
(platform); 130-
200(driver’s cab) 

(66) 

    
Mexico City 
Underground 

PM2.5 61 (78) 

Mexico City Bus PM2.5 71 ‘’ 
    
New York City 
Underground 

PM2.5 62 (79) 

    
Paris RER PM10 360.9 (80) 
Paris Metro PM10 67.5 ‘’ 
    
Prague 
Underground 
Train 

PM10 82.3 (summer); 
125.5 (winter) 

(72) 

Prague 
Underground 
Station 

PM10 71.1 (summer); 
120.2 (winter) 

‘’ 

Prague street PM10 51.4 (summer); 
84.9 (winter) 

‘’ 
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Table 1.1.  Airborne PM concentrations in underground railways. 

This table shows variation in airborne PM levels between different underground railway locations, 

and also between sites in close proximity to each other, whether underground or above ground.  

While sampling equipment is generally certified as accurate, there is evidence of disparity between 

values from different sets of sampling equipment in the same environment, and therefore some 

degree of care should be taken when comparing between studies (72, 85). 

  

    
Rome 
Underground 

PM10 348-479 (varying 
stations) 

(81) 

    
Seoul 
Underground 
Platform 

PM10 359.0 (82) 

 PM2.5 129.0 ‘’ 
    
Seoul 
Underground 
Platforms 

PM10 129.3 (83) 

 PM2.5 105.4 ‘’ 
    
Seoul 
Underground 
Trains 

PM10 145.3 ‘’ 

 PM2.5 116.6 ‘’ 
    
Stockholm 
Underground 
(Mariatorget 
platform) 

PM10 469 (max 722) (65) 

 
Hornsgatan urban 
street (traffic-
dense) 

PM2.5 
PM10 

258 (388) 
98 (max 454) 

‘’ 

 PM2.5 23.1 (88.5) ‘’ 
    
Stockholm 
Underground 
(Odenplan) 

PM10 242±40 (64) 

 PM2.5 77±10 ‘’ 
    
Stockholm 
Underground 

PM2.5 63 (platform 
workers); 19 

(underground 
train drivers); 10 

(ticket sellers) 

(84) 
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While the risk to occasional underground train passengers may be low, regular 

exposure to airborne particulates over a prolonged period may pose a risk, not only to 

the respiratory system, but also to the cardiovascular system (86).  The cardiovascular 

effects which may manifest themselves are suggested to be due to either (1) airway 

inflammation which then results in distribution of inflammatory mediators in the 

systemic circulation, (2) autonomic nerve activation in the airway which results in 

effects on the cardiovascular system, or (3) passage of ultrafine PM across the blood-

lung barrier, allowing interaction with the vascular endothelium and also distribution 

of these ultrafine particulates to distal locations (87, 88). 

 

A study of Stockholm underground train drivers showed increased plasminogen 

activator inhibitor-1 (PAI-1) and high-sensitivity C-reactive protein (hs-CRP), markers 

of coagulation and inflammation (89, 90), mirrored by particulate matter-induced 

increases PAI-1 and coagulation in mice (91),  although a further report by the same 

authors found no increased risk of lung cancer in underground train drivers (92).  

Conversely, assessment of plasma and urinary markers of oxidative damage in groups 

of workers in New York City found that plasma deoxyribonucleic acid (DNA)-protein 

crosslinks were in a greater concentration in underground railway workers than in bus 

drivers, but no different to those in office workers, and the increase in urinary 

isoprostane concentrations in underground workers was not statistically significant, 

although it did correlate with the number of years of underground railway work (93).  

In support of increased markers of coagulation with high PM loads, an earlier study 

found increased plasma fibrinogen levels in healthy London office workers associated 

with PM10 levels, although only during the spring/summer period (94).  However, it 

could be argued that temperature and humidity levels in underground railway systems 

are more akin to those found on the surface during the summer, although this 

seasonality could also be associated with increased photochemical formation of 

secondary sulphate particles.  This could lead to increased hydroxyl-generating 

capability of particulate iron on account of the increased bioavailability of iron 

sulphate (95).  Platform level workers, such as tickets collectors and cleaners, may be 

exposed to even greater levels of airborne particulates (66, 89), and so studies into 

prolonged exposure are certainly warranted.  However, recent research by the same 

Swedish group responsible for much of the above work has indicated that, at least for 
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acute exposure, there may be no significant inflammation or effect on lung function, 

although this does not rule out effects of chronic exposure (84). 

 

Increased particle deposition is also seen in the lungs and airways of smokers and 

subjects with COPD, possibly due to increased minute ventilation in COPD or altered 

airway geometry in COPD increasing airflow turbulence (56, 96-98).  Pertinent to this, 

PM10 levels have been linked to increased hospital admissions among COPD patients, 

with lags dependent on both age and gender (99), although a controlled exposure 

study showed that aspects of COPD may actually confer some protection against the 

effects of particulate matter, possibly due to impaired airway airflow in COPD, 

resulting in reduction of carriage of airborne PM to the smaller airways (100).  The risk 

posed to asthmatics by PM is discussed later in this chapter. 

 

1.3 The Sampling of Particulate Matter 

 

In order to obtain airborne particulate matter, whether purely to determine ambient 

concentrations, or to perform physicochemical analyses and in vitro or in vivo tests, 

efficient sampling methods have been devised and are subject to regular improvement.  

The ideal sampling system should be able to extract and collect particulate matter from 

the air in a manner such that its morphology and chemistry are maintained, able to 

separate particles into size fractions as required, and able to obtain sufficient quantities 

of particles to be used in both in vivo and in vitro laboratory tests.  Two subtly different 

methods for particle separation exist – impaction and virtual impaction.  While it is 

beyond the scope of this review to illustrate the complex mathematics of fluid 

mechanics, the principles of which underlie the design of such samplers, it is still 

possible to discuss the basic premises behind their workings. 

 

The impactor was first developed in 1945 as a means of sampling a variety of airborne 

substances, including dusts, pollen, and insecticides (101).  The basic premise of the 

impactor is that the airborne moiety is carried in a stream of air directed towards a 

plate.  When the stream hits the plate, the stream is deflected, but particles of a 

sufficient size, depending on air flow rate, have too great a momentum to change 
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direction and thus impact the plate (microscope slides have been used for this 

purpose).  However, an inherent design flaw with this apparatus was the rate at which 

the particle collection surface became overloaded (102).  Furthermore, the problem of 

particle bounce on the impaction plate, followed by re-entrainment in the airstream 

and subsequent contamination of smaller fractions, could only be solved by the use of 

mineral oil/grease or adhesive to coat the collection plates, for example fluorocarbon 

grease-coated Tedlar (polyvinyl fluoride) sheets (103), dibutyl phthalate- or oleic acid-

coated Teflon filters (104), or Vaseline (petroleum jelly)-coated mylar films (105). 

 

This problem of particle bounce-off was overcome by the use of a virtual impactor, 

which does not use an impaction plate, and thus avoids bounce and re-entrainment 

(106).  First devised in 1965 (102), and subject to many modifications in the 

intervening period (107, 108), virtual impaction involves the carriage of particulate 

matter in a stream of air entering the virtual impactor.  Inside the virtual impactor, a 

major air flow diverts at an angle, while a minor air flow continues in the same 

direction as the entrant air stream (Figure 1.4).  Particles above a certain size have 

enough momentum to resist the change in direction encouraged by the major air flow, 

and thus continue in the minor air flow, from which they can be collected.  Particles of 

an aerodynamic diameter below the cutpoint of the virtual impactor are diverted in the 

major airflow, from which they can either be retrieved from the apparatus or, in the 

case of a cascade device, moved to another impactor stage with a smaller cutpoint 

(102).  Recent advances in cascade impactors mean that particles can now be adsorbed 

to, and collected in, inert polyurethane foam, enabling the collection of sufficient 

quantities of particulate matter for laboratory studies (approximately 2.15g per cm2 

foam with an air intake of 900 l/min), this being the most common impaction material 

in high volume cascade impactors (HVCI).  However, the problem of extraction of 

particulates from the foam remains, especially if it is necessary to preserve the 

chemistry of the particulates (109).  Indeed, it has been suggested that the oxidative 

activity of particles may be lost when they are extracted from a filter, as opposed to 

collected as a slurry (110, 111).  As such, the “gold standard” of sampling would still 

appear to be virtual impaction, from which particulate matter can be collected as a 

suspension in ultrapure MilliQ water, allowing relatively easy use and reducing the risk 

of chemical modification in extraction of PM from the impaction material.  However, 
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the collection of PM as a suspension may result in the leaching of water soluble 

components of PM.  Even though such solutes may be present in in vitro and in vivo 

experiments, this will not be the same as them being part of the particle until contact 

with the airway.  The most significant drawbacks of virtual impaction are the 

possibility of the minor flow becoming contaminated with a small proportion of 

particles smaller than the cutpoint (102, 108), and also internal losses of particulates 

between intake and collection (108). 

 

 

Figure 1.4.  The internal structure of a virtual impactor. 

Particles entering the virtual impactor are carried through a slit into a perpendicular major air flow.  

Those particles with an aerodynamic diameter smaller than the filter cutpoint, which can be 

altered by adjusting the slit sizes and airflows, enter the major airflow, while those particles with 

an aerodynamic diameter larger than the cutpoint are unable to be deflected by the perpendicular 

major airflow, and leave the virtual impactor via the minor airflow (which replaces the impaction 

plate of a traditional impactor).  Diagram adapted from (106-108). 

 

The versatile aerosol concentration and enrichment system (VACES) was recently 

developed and evaluated at the University of California, Los Angeles (112, 113).  

Instead of being a cascade device with impactors in series, the VACES is composed of 

three separate intake and virtual impaction systems, one with a cutpoint of 10 µm 

(coarse), one with a cutpoint of 2.5 µm (fine and ultrafine) and one with a cutpoint of 
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0.18 µm (ultrafine).  Particles enter the apparatus in the entrant airflow, which is then 

passed through a humidification chamber maintained at 37°C and saturated with water 

vapour (Figure 1.5).  The air stream then passes through a refrigeration chamber, 

which forces water vapour out of the gas phase and into the liquid phase.  The 

particles in the air provide nucleation sites for this condensation, and thus become 

individually encapsulated within water droplets.  Particles are then sorted by size 

fraction in virtual impactors, and particles of the correct size enter Biosampler vials 

where they are collected as a water suspension.  Parallel collection of particulate matter 

on Teflon filters is performed so that the dry mass of PM collected can be calculated, 

and silica gel columns are used absorb moisture in this part of the apparatus.  Air flow 

meters monitor the volume of air being drawn into the VACES system, allowing the 

total volume of air sampled during the collection period to be calculated.  The parallel 

filters can be used to measure the total mass particles of each size fraction collected 

and therefore, in conjunction with the air flow meter readings, the mean mass 

concentration of each PM size fraction during the sampling period. 

 

Although the VACES possesses the function to expose cells to collected particulate 

matter in situ, this is severely limited by the culture apparatus which can be used, the 

difficulty in applying a metered dose of particulate matter to the cells, and the high risk 

of infection of cells, as the cells have to be moved to the site of sampling.  Therefore, 

the standard procedure is for the particles to be collected as a suspension in ultrapure 

MilliQ water for subsequent use in the laboratory. 
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Figure 1.5.  The versatile aerosol concentration and enrichment system (VACES). 

Particle-laden air is drawn in through the air intake pipes, with the total volume sampled being 

monitored by the intake meters.  After passing through a humidification chamber, with water-

saturated air at 37 °C, the air is cooled in the refrigeration chamber, where water vapour 

condenses around the individual particles.  Particles then enter the virtual impactors, where they 

are size-fractionated according to the relevant cutpoint.  A parallel dry Teflon filter is used to 

collect particles for measurement of airborne PM load.  The remaining moisture in the air is then 

removed in the silica drying columns. 

 

1.4 Components of Particulate Matter 

 

Airborne particulate matter is composed of a variety of components, dependent on 

source, location, and size fraction.  The main components found in ambient air are 

elemental carbon, organic compounds (often found with diesel exhaust particles 

(DEP)), metals, bacteria and bacterial endotoxins, and allergens which may be 

adsorbed to particulate surfaces. 
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1.4.1 Lipopolysaccharide (LPS) 

 

Lipopolysaccharide is a component of gram negative bacterial cell walls which is 

predominantly found in the coarse fraction of airborne particulate matter, in which it 

can contribute to the particle’s ability to activate macrophages and thus initiate an 

inflammatory response (36, 114).  The effects of endotoxin inhalation in vivo include 

wheeze, asthma symptoms, and airway inflammation (115).  LPS binds CD14 and 

LPS-binding protein (LBP) to form a trimer which activates Toll-like receptor 4 

(TLR4), promoting an inflammatory response via MyD88-dependent or -independent 

signalling pathways (see review by Lu et al (116)).  CD14 can exist either as an 

insoluble, membrane-anchored moiety, tethered by glycerophosphatidylinositol, such 

as found in macrophage membranes, or as a soluble component of blood serum.  Both 

LBP and CD14 are vital in mediating a response to LPS, and thus lack of CD14, such 

as in culture medium, can abrogate the response of cells such as bronchial epithelial 

cells or human umbilical vein endothelial cells (HUVECs) to LPS (117).  Therefore, 

care must be taken to avoid ascribing lack of pro-inflammatory effect in vitro to the 

absence of LPS. 

 

In one study, urban air particles induced an increase in release of tumour necrosis 

factor alpha (TNFα) from rat alveolar macrophages, which could be blocked with 

polymyxin B, but not with antioxidants dimethylsulphoxide (DMSO) or 

trimethylthiourea (TMTU) (118).  Polymyxin B is an antibiotic which binds the lipid A 

2-keto-3-deoxyoctulosonate region of LPS and can be used to chelate LPS, thus 

negating its effects (119).  Using either LPS or heat-treatment, a number of studies 

have shown that LPS is present in PM, and responsible for at least part of its 

inflammogenic effects.  Soukup and Becker showed that polymyxin B can reduce the 

ability of the insoluble fraction of PM10 to induce inflammatory cytokine release from 

human alveolar macrophages, although other effects of the insoluble fraction, 

including reduced phagocytic activity and oxidant generation in response to yeast, were 

not endotoxin-dependent (120).  In agreement with this, heat-treatment of PM10-2.5 can, 

in vivo, abrogate the increase in TNFα messenger ribonucleic acid (mRNA) and eotaxin 

mRNA, the LPS receptor component mCD14, and phagocytic activity.  However, this 

study showed no effect of heat treatment on neutrophil influx, suggesting that IL-8 
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release after PM exposure may be LPS-independent (121).  Similarly, forest fire-related 

PM2.5 was found to be relatively high in LPS, and this appeared to increase release of 

TNFα from rat alveolar macrophages (122), building on earlier observations that LPS 

may prime macrophages to release TNFα in response to particulate matter (123).  

Compared to macrophages, epithelial cells seem to respond less vigorously to LPS, and 

this may be due to varying levels of membrane CD14 expression between different cell 

types (124, 125), although a CD14-independent mechanism of TLR4 activation by LPS 

has also been proposed (126).  Inhalation of LPS can increase epithelial expression of 

phosphorylated p38, and also translocation of this signalling molecule into the nucleus, 

and this is accompanied by increased IL-8 expression, suggesting a role for p38 

mitogen-activated protein kinase (MAPK) in LPS-induced cytokine release (127).  

Other markers of inflammation, such as IL-6, IL-8, and monocyte chemotactic 

protein-1 (MCP-1), have been found at higher levels in bronchoalveolar lavage fluid 

(BALF) after exposure to LPS, with simultaneous observation of an increase in protein 

permeability of the epithelium, suggesting that LPS is able to injure the airway 

epithelium (128). 

 

1.4.2 Aeroallergens 

 

Particles are shed from almost all living organisms, and many of these are able to act as 

allergens.  Living sources of airborne allergens include house dust mites (HDM), 

pollens, fungi, and animals (129), and there are various groups of allergens, including 

glycosidases, oxidative stress response proteins, and enzymes involved in protein and 

carbohydrate metabolism (130).  House dust mite faecal pellets are one such source of 

allergens, and indeed contain allergens which exert their activity by different 

mechanisms.  For example, the carbohydrate polymer β-glucan in house dust mite 

faeces has been shown to induce CCL20 (MIP3α) release from 16HBE cells via a 

dectin-1-like receptor (131).  Interestingly, β-glucan is found in fungal cell walls, and it 

may be the case that the β-glucan in HDM faeces is ultimately derived from fungi, 

which have been ingested by the dust mites (132).  Another interesting mechanism of 

action of aeroallergens is via TLR4.  Hammad and co-workers showed that HDM 

extract is able to induce changes characteristic of allergic asthma in the airways of mice 
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in a manner dependent on airway epithelial expression of TLR4.  This was ascribed in 

part to low but detectable level of LPS in the HDM extract, although differences in 

response compared to LPS alone implied roles for other components as well (133).  

Indeed, the work of another group in the same year suggested that the HDM allergen 

Der p 2 shared functional as well as structural homology with MD-2, the LPS-binding 

component of TLR4.  As such, Der p 2 is able to promote a T-helper cell type 2 

(Th2)-type response to LPS under conditions of exposure to very low levels of LPS, 

and so HDM faecal pellets may possess a “double hit” of low levels of LPS, and a 

mechanism to facilitate its interaction with, and activation of, TLR4 (134).  However, 

particular interest has focused on particles with protease activity.  Sources of such 

airborne proteases include fungi of genera Alternaria, Aspergillus, Penicillium (135-138), 

house dust mite faecal pellets (139), and German cockroach extract (140). 

 

Exogenous proteases can be detected by cellular protease-activated receptors (PARs).  

These are receptors with seven transmembrane domains, coupled to an intracellular G-

protein.  The protease cleaves a section of the protein near the N-terminal, which then 

acts as a tethered ligand to activate the protein (141) (Figure 1.6).  PARs are 

predominantly activated by serine proteases, although there is some heterogeneity 

between the activities of different serine proteases at different PARs, with PAR-2 

being activated by trypsin-like proteases, while PARs -1. -3, and -4 are activated by 

thrombin (142).  Additionally, there is debate over whether cysteine proteases play a 

role in activating PAR-2 (142, 143).  Indeed, recent evidence also suggests a possible 

role for aspartate proteases in PAR-2 activation, although at the time of writing this 

has only been observed by one group (144, 145) – scant evidence compared to that 

which supports the role of serine proteases.  Activation of these protease receptors has 

been seen to result in increased release, from epithelial cells, of pro-inflammatory 

cytokines such as IL-6, IL-8, GM-CSF, and also increased thymic stromal 

lymphopoietin (TSLP) release (135, 136, 142, 145-149).  Furthermore, airborne 

proteases appear able to degrade tight junctions by virtue of direct proteolytic activity 

on tight junction proteins (150-152).  This may then result in a loss of epithelial barrier 

function allowing permeation of allergen through the epithelium (15). 
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Figure 1.6.  Cleavage of protease-activated receptors. 

Protease-activated receptors possess a long extracellular N-terminal sequence.  Proteases cleave 

this section of the peptide at a position which depends on the protease and the receptor being 

activated.  The truncated N-terminal sequence is then able to bind its receptor which is located on 

one of the extracellular loops (varying between PAR family members).  Activation of the receptor 

by the tethered ligand results in intracellular G-protein activation and modulation of gene 

expression by varying mechanisms.  Adapted from (153, 154). 

 

Several authors have noted that there is a significant link between sensitivity to 

Alternaria and asthma (155-158).  At the cellular level, it has been suggested that 

activation of PAR-2, achieved in this instance by an activating peptide mimicking the 

tethered ligand of PAR-2, can sensitise mice to ovalbumin, resulting in an IgE 

response, in a sensitisation process involving TNFα (159).  Conversely, a recent study 

suggested that the link between exposure to moulds and asthma was greater in non-

atopic children than in those with atopy (160).  Of further relevance to asthma, 

proteases from fungi of the genus Alternaria have been observed to stimulate human 

peripheral blood eosinophil degranulation, in a manner apparently involving PAR-2 

which is, in eosinophils, the only functioning PAR (144, 161).  Finally, mice exposed to 
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fungal spores (genera Alternaria or Cladosporium) after sensitisation exhibited a number 

of changes characteristic of asthmatic processes, such as increased mRNA expression 

of Th2-type cytokines, and also structural changes indicative of airways remodelling 

(162). 

 

1.4.3 Diesel exhaust particulates (DEP) and Organic Species 

 

In urban environments, up to 40% of the airborne PM10 may be DEP (163), although 

there may also be significant contribution from road wear and tyre wear (164-166).  

DEP are composed of an elemental carbon nucleus to which are adsorbed a wide 

range of organic compounds such as polyaromatic hydrocarbons (PAH), quinones, 

and aldehydes, and also transition metal-containing compounds, which may include 

iron, copper, nickel, vanadium, manganese, and chromium, in various oxidation states 

depending on the non-metal elements present (167-169).  Because of the diverse 

nature of their constituents, DEP are able to exert a wide range of effects following 

inhalation, particularly involving redox-sensitive signalling pathways (170).  The ability 

of DEP to induce production of the superoxide and hydroxyl radical ROS has been 

noted to be partly dependent on a fraction of the DEP which can be removed by 

washing with methanol, implicating organic solvent-extractable species in this part of 

the activity of DEP.  There was also a significantly higher mortality after intratracheal 

installation of DEP in mice compared to methanol-washed DEP, accompanied by 

reduced activity of enzymes involved in the antioxidant defence.  The increased 

mortality could be abrogated by pre-treatment with antioxidants (171).  Further in vivo 

studies have suggested that DEP-induced mortality in mice may be via pulmonary 

oedema following endothelial cell damage (168, 171).  DEP instillation in mice results 

in increased influx of neutrophils into the BAL fluid, with decreased levels of 

macrophages until 24h-post instillation, possibly due to deleterious effects of DEP on 

macrophages post-phagocytosis, and these effects were far more pronounced with 

DEP than with instillation of activated charcoal as a control (168).  The same group 

subsequently showed that the pathogenic effects of DEP in mice, such as increased 

inflammatory cell infiltration, goblet cell hyperplasia with mucus hypersecretion, and 

airway hyperresponsiveness, symptoms similar to those of asthma, could be reduced 
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by administration of  superoxide dismutase conjugated to polyethylene glycol (PEG-

SOD), implicating DEP-derived superoxide radicals in the pathogenicity of DEP 

(167).  Indeed, DEP has also been shown to deplete antioxidants in lung lining fluid in 

vitro, although without similar effects in humans in vivo, suggesting that healthy airways 

can cope with this level of oxidative attack (172).  Indeed, at the same time an increase 

in the antioxidant glutathione is seen in vivo, most likely as a protective mechanism 

against oxidative attack (172, 173).  Further evidence for the role of ROS comes from 

a study by Han and colleagues, using L-band electron spin resonance spectroscopy in 

conjunction with a nitroxyl radical probe to show that there is significant hydroxyl 

radical generation in vivo after intratracheal DEP instillation (169).  In contrast to the 

results of Sagai and co-workers (171), this study showed that radical production was 

attributable to the presence of iron, although there was no analysis to determine 

whether this iron was endogenous or DEP-derived (169).  However, other groups 

have also attributed a significant component of DEP-generated hydroxyl radical 

generation to the presence of iron (174). Therefore, research suggests that oxidative 

effects may derive from either the organic or transition metal components of DEP, or 

both.  Volatile organic compounds (VOCs) and PAH have been noted as components 

of DEP, but are also found in urban particulates, where they have been suggested to 

exert toxicity toward A549 cells, possibly via metabolic activation by cytochromes 

P450 (CYPs) (175, 176). 

 

In terms of the barrier function of the airway epithelium, a recent study has indicated 

that DEP can lead to a reduction in tight junction occludin levels in 16HBE cells, 

seemingly via redistribution rather than decreased expression levels, and that this is 

accompanied by a reduction in the transepithelial electrical resistance of the epithelial 

layer.  However, a co-culture of 16HBE cells with macrophages and dendritic cells 

showed resistance to this effect of DEP, perhaps due to a combination of increased 

cell number in the co-culture, resulting in reduced DEP burden per cell, and the action 

of macrophages in clearing DEP before effects on epithelial cells become apparent 

(177). 

 

In vivo, DEP exposure has been observed to result in decreased lung function and 

increased sputum neutrophil counts of mild and moderate asthmatics (178), although 
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this study was not powered to examine differences between healthy and asthmatic 

subjects.  Furthermore, a similar neutrophilic response has been seen in the airways of 

healthy subjects after controlled exposure to diesel exhaust in a laboratory (173).  A 

study comparing healthy and asthmatic airway responses found that neutrophilic 

inflammation, with airway neutrophilia and increased bronchial wash IL-6, was seen 

following DEP exposure only in healthy subjects, while this response was absent in 

mild-moderate asthmatic airways (179).  While there is general agreement between 

these studies in terms of the ability of diesel exhaust to elicit a neutrophilic 

inflammatory response in healthy subjects, the discrepancy in asthmatic responses may 

relate either to phenotypic differences in the asthmatic subjects between studies or, 

perhaps more likely, differences in the diesel exhaust itself – while the study showing 

lack of response in asthmatics was laboratory-based and used exhaust direct from the 

exhaust pipe, with the engine operating in a regulated manner (179), the study showing 

neutrophilic inflammation was performed in a “real world” setting (Oxford Street, 

London), with engines of varying capacity, operating at different speeds and possibly 

with some idling (178).  Furthermore, if the DEP are either re-entrained by traffic 

movement in roadside experiments, or have been aged for laboratory experiments, it is 

likely that they will have lost much of their VOC content.  Therefore, there is likely to 

be some inter-study heterogeneity in the physicochemical properties of the exhaust to 

which subjects were exposed. 

 

Although it is beyond the scope of this review to discuss the cardiovascular toxicity of 

DEP, which has been reviewed elsewhere (87, 180), research suggests that diesel 

exhaust can inhibit clot breakdown via reduced release of profibrinolytic tissue 

plasminogen activator in humans (181, 182).  Furthermore the vasodilatory effect of a 

number of endothelial-dependent and -independent vasodilators is reduced by diesel 

exhaust exposure (181), while, at least in coronary heart disease subjects, diesel exhaust 

appears able to induce myocardial ischaemia (182).  Therefore, diesel exhaust seems 

able to interfere with both vascular tone and endogenous anticoagulant mechanisms 

(183). 
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1.4.4 Transition Metals 

 

Transition metals are of particular interest in particle toxicology as, due to their 

variable oxidation states, they are able to catalyse reactions involving electron transfer 

(184, 185), forming ROS, such as the superoxide anion •O2
-, hydrogen peroxide H2O2, 

and hydroxyl radical •OH (186), which can also be produced by PAH found in diesel 

particles and residual oil fly ash (ROFA) (187).  Two properties of oxygen make it 

ideally suited to the formation of such species – molecular oxygen is abundant in the 

atmosphere, and it has a high affinity for electrons, allowing it to be relatively easily 

reduced (188). 

 

The effects of transition metal-rich particulate matter has been studied using particles 

from a variety of specifically metal-rich sources, including steel mills and plants (58, 

189, 190), smelting plants (60, 191), welding fume (192, 193), and fireworks (194). 

 

ROFA is a metal-rich particulate generated by combustion of fossil fuels (53).  The 

main transition metal components of ROFA are iron, nickel, and vanadium, but 

ROFA is remarkable for its vanadium content, which may constitute 4% of ROFA by 

mass, and may be the most predominant of all metals in ROFA (184, 195).  

Furthermore, the majority of metal content in ROFA is water soluble, and may 

constitute up to 10% of ROFA by mass in total (195, 196), and thus bioavailability of 

ROFA constituents may be greater than if the metal content was predominantly 

insoluble.  Indeed, soluble components of ROFA have been suggested to be a crucial 

determinant of ROFA toxicity (53, 197-199).  ROFA has been shown to elicit 

increased expression and release of several pro-inflammatory cytokines, an action 

which can generally be inhibited by metal chelators such as desferrioxamine (DFX), or 

free radical scavengers such as N-acetylcysteine (NAC) (200, 201).  Vanadium has been 

suggested as being the constituent of ROFA which is primarily, although not solely, 

responsible for the inflammogenic and toxic effects of ROFA (202, 203). 

 

Another source of transition metal-rich particulates is underground railway systems.  

Compared to particles in ambient air, underground railway particles contain high 

proportions of transition metals.  Morphologically, underground particles are more 



Introduction 

 

- 56 - 

 

angular than those found above ground, suggesting that they derive from processes 

involving friction (67), either between wheel and rail, brake and wheel, or current 

collector and electrified third rail, including arcing of current (66, 70).  The dominant 

transition metal in underground particles is iron, mainly in the form of magnetite 

(Fe3O4), as opposed to haematite (Fe2O3) in urban particles (204).  However, copper, 

manganese, zinc, vanadium, and chromium have also been detected (79, 81, 205, 206).  

Iron is generally the focus of studies into transition metals in particulates, but there are 

several studies which also look at other transition metals, such as copper, nickel, 

vanadium, manganese, and tin.  However, while studies have been performed on the 

constituents and physicochemical properties of underground PM, and also a limited 

number of epidemiological studies on underground staff and commuters, there has 

been little in-depth work performed in vitro to look at the biological effects of these 

particles, and this therefore validates the work contained in this thesis.   

 

1.5 Nano-Sized Particles 

 

The term “nanoparticle” is usually applied to particles measuring no more than 100 

nm in at least one dimension (207).  However, it is most commonly applied to particles 

of this size which are generated intentionally, that is to say those nanoparticles which 

are engineered.  The use of such particles is increasing, examples being the use of 

titanium dioxide nanoparticles in sunscreen, paint, toothpaste, photocatalysis, and 

photovoltaic cells (208), carbon nanotubes, whose remarkable properties in terms of 

strength and thermal and electrical conduction give rise to many potential applications 

(209, 210), and quantum dots, whose size tends sufficiently towards that of individual 

molecules to allow them to exhibit quantum-state properties, giving rise to applications 

in electronics and computing (211).  Conversely, particles fitting into this definition on 

account of their size but which are generated environmentally are more commonly 

referred to as “ultrafine particles”.  The term “nano-sized particle” is often used as a 

catch-all term to emphasise that a particle has at least one dimension of no more than 

100 nm, without making reference to its mode of generation.  The root cause of the 

concern over the potential effects of nano-sized particles is their size.  Although nano-

sized particles have miniscule surface areas when considered on an individual basis, 
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their surface area/volume ratio is such that the total surface area of a relatively small 

mass of nanoparticles may be remarkably large.  For example, when considering 

spherical nanoparticles of unit mass (i.e. 1 g/cm3), a reduction in diameter from 10 µm 

to 1 nm results in an increase in total surface area from 0.6 m2 to 6,000 m2, roughly the 

area of a football pitch (see Table 1.2). 

 

Diameter (µm) Radius (µm) Sphere 

Volume (µm
3
) 

Spheres 

Formed 

SA/Sphere 

(µm
2
) 

Total SA (m
2
) 

10 5 5.24x10
2
 1.91x10

9 
3.14x10

2 
0.6 

1 0.5 5.24x10
-1 

1.91x10
12 

3.14 6 

0.1 0.05 5.24x10
-4 

1.91x10
15 

3.14x10
-2 

60 

0.01 0.005 5.24x10
-7 

1.91x10
18 

3.14x10
-4 

600 

0.001 0.0005 5.24x10
-10 

1.91x10
21 

3.14x10
-6 

6000 

 

Table 1.2.  Surface area of particles of decreasing diameter. 

As particle diameter decreases, as long as total particle mass is held constant, there is a 

corresponding increase in total particle surface area (SA), allowing relatively small masses of 

particles to exhibit very large surface areas. 

 

The corollary of the increased surface area/volume ratio of nano-sized particles is that 

a much greater percentage of the constituent molecules of the particle are located on 

the surface of the particle, and thus able to interact with the surrounding environment 

(212).  Indeed, particle surface area has been proposed as an accurate exposure metric 

in nanoparticle toxicity (213-216).  Correspondingly, studies examining the effects of 

nano-sized vs. fine particles of the same chemistry frequently find more pronounced 

deleterious and toxic effects with the nano-sized particles (217, 218).   Furthermore, 

nano-sized particles are able to penetrate more deeply into the lungs, avoiding the 

trapping mechanisms of the upper and middle airways which are responsible for 

arresting the passage of larger particles, and reaching the terminal airways and alveoli 

(219).  Clearance of particles from the alveoli is much slower than from the upper 

airways (20), and it appears that macrophages are less able to clear nano-sized particles 

than they are larger particles, potentially increasing the persistence of such particles 

(220).  Indeed, for particles such as fibres or graphene platelets, whose morphology 

deviates sufficiently from the spherical, there exists the risk of frustrated phagocytosis, 
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where phagocytic uptake of nano-sized particles by macrophages has commenced but 

cannot be completed due to the excessive size of the particle in other dimensions (221, 

222). 

 

Once deposited within the lungs, the nano-scale dimensions of such particles makes 

them susceptible to uptake by epithelial cells, and this has been proposed to be 

another reason for the toxicity of nano-sized particles.  For instance, titanium dioxide 

and carbon black nanoparticles have been seen to be taken up by both 16HBE 

bronchial epithelial cells and MRC5 fibroblasts, although with differing time courses 

and concentration-response relationships (223), while A549 alveolar epithelial cells and 

LK004 fibroblasts have been reported to take up nanoparticles more readily than 

16HBE or Calu-3 bronchial epithelial cells (224).  Indeed, working groups have 

suggested that nano-sized particle internalisation may be a potential dose metric for 

monitoring particle toxicity (225).  However, quantitative assessment of particle uptake 

by traditional transmission electron microscopy is extremely time-consuming, and 

measurement by the use of fluorescently-tagged nanoparticles or chemical analysis 

does not permit differentiation between particle uptake and particle adhesion to the 

exterior of the cell membrane.  However, new techniques for faster throughput 

analysis of particle internalisation are being developed by integrating multiple outcome 

measures, such as FACS data and quantitative confocal laser scanning microscopy 

(226).  Particle uptake may play a role in translocation of nanoparticles to the 

underlying tissue, and potentially to the circulation, possibly to a greater extent than 

mechanisms facilitating paracellular particle movement (227).  Technetium-

radiolabelled nanocolloids (representing nanoparticles) have been found to translocate 

to multiple organs, mainly the liver, but also the heart, kidneys, spleen and brain 

following intratracheal instillation in hamsters (228), although there has since been 

debate regarding the stability of the radiolabel.  Furthermore, translocation of 

nanoparticles to the lymph nodes has been observed in rodent and rabbit models (222, 

229-231). 

 

Unlike PM10 and PM2.5, nano-sized particles are often studied as single chemical 

particles, and there is therefore less capacity for debate about which component 

molecules are responsible for any observed effects.  To this end, engineered 
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nanoparticles are often used for studies examining the fundamental aspects of particle-

cell interactions or of single chemical species.  Such studies have emphasised that 

responses to nanoparticles may differ according to composition of the nanoparticle, 

although different nanoparticles may cause varying changes in a range of markers of 

inflammation in terms of cytokine release, cell death, BALF protein, and 

neutrophilic/eosinophilic inflammation (232).  Indeed, nanoparticle studies have 

shown that not only does assessment of inflammation depend on the endpoints 

examined, but that the observed effects can differ depending on the cell type examined 

(233).  However, recent research using nanoparticles has attempted to determine the 

fundamental causes of toxicity, which would facilitate high throughput screening of 

nanoparticles for toxicity.  For instance, contrary to the popular oxidative stress 

paradigm (234, 235), haemolysis, rather than the ROS-detecting dichlorofluorescein 

(DCF) assay or spin trapping with electron paramagenetic resonance (EPR) 

measurements, was the best predictor of metal oxide nanoparticle-induced 

inflammation in rats (236), while the same group have also suggested zeta-potential 

(the electrical potential between particle surface and the surrounding milieu) and 

particle solubility to be key determinants of metal and metal oxide nanoparticles (237).  

At a more fundamental level, analysis of the band gap in metal oxide nanoparticles (the 

energy gap between the valence band and conduction band of a material) has yielded 

promising results in predicting the inflammogenicity and oxidative stress generated by 

nanoparticles (238). 

 

In spite of the aforementioned advances in knowledge, nanotoxicology is a relatively 

new field.  Indeed, there is no consensus over the most relevant dose metric to use, 

termed the biologically effective dose (239, 240), nor which outcome measures are the 

most relevant.  In the meantime, concern over the potential health risks associated 

with proliferation of engineered nanoparticles will mount, meriting extensive 

examination (241). 
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1.6 Free Radical Generation 

 

Free radicals and ROS play important roles in normal physiology.  For example, they 

are generated by, and are intrinsic to, the mitochondrial electron transport chain, part 

of oxidative phosphorylation (242), are produced by nicotinamide adenine dinucleotide 

(phosphate) (NAD(P)H) oxidases in phagocytes (188), and play important roles in cell 

signalling (243, 244).  However, an excess of these species, which may arise from 

exposure to exogenous generators of ROS, can prove extremely damaging.  In 

addition to ROS, reactive nitrogen species (RNS) such as nitric oxide (NO•) and 

peroxynitrite (ONOO-) may be produced by reaction of ROS with nitrogen-containing 

species (185).   

The superoxide anion can participate in the formation of the highly reactive hydroxyl 

radical, which owes its reactivity to a rate constant so high that reactions with 

biomolecules are limited only by rate of diffusion to the reaction site (174, 188).  The 

hydroxyl radical is postulated to cause the majority of ROS-mediated damage, as 

shown below, and summarised by van Klaveren (245):  

 

Fe2+ + O2  Fe3+ + •O2
- 

 

Fe2+ + •O2
- + 2H+  Fe3+ + H2O2 

 

Fe2+ + H2O2 + H+  Fe3+ + H2O + HO• 

 

In the presence of hydrogen peroxide, the reactions follow a slightly different course 

according to the Haber-Weiss reaction, recycling the iron between oxidation states, 

and thus allowing a very small amount of iron to catalyse the formation of a much 

larger quantity of hydroxyl radicals (246):  

 

Fe3+ + H2O2  Fe2+ + •O2
- + 2H+ 

 

Fe3+ + •O2
-  Fe2+ + O2 
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Fe2+ + H2O2 + H+  Fe3+ + H2O + HO• 

 

This last reaction is the so-called Fenton reaction, the crucial step in formation of the 

hydroxyl radical.  Similar reactions can occur with other transition metals instead of 

iron, and thus airborne particulates with a significant transition metal component can 

generate ROS in the airways (247).  However, these reactions may occur at different 

rates with different transition metals.  For example, it has been postulated that copper 

is more efficient in the catalysis of hydrogen peroxide generation than is iron, whereas 

iron is most effects in catalysing the Fenton reaction, and so generation of hydroxyl 

radical from molecular oxygen is optimally achieved with a modest concentration of 

copper to form hydrogen peroxide, and a high concentration of iron to convert the 

hydrogen peroxide to hydroxyl radical, with synergy between the two metals (248, 

249).  Ironically, there is evidence that antioxidants, such as citrate and ascorbate, 

present in lung fluid, can increase ROS generation, by reducing transition metals to 

lower oxidation states (e.g. Fe(III)  Fe(II) and Cu(II)  Cu(I)), thus facilitating their 

continued participation in these reduction reactions (250).  Indeed, superoxide 

dismutase (SOD) has been postulated to increase the generation of hydroxyl radicals in 

vivo under some circumstances, by facilitating dismutation of superoxide to hydrogen 

peroxide (169). 

 

The ability of transition metals to participate in redox reactions depends upon 

solubility and redox state.  For example, some of the iron found in particulate matter is 

in the form of insoluble iron (III) oxide, more commonly known as “rust”, which is 

fully complexed and thus unable to take part in redox reactions (251).  Conversely, 

underground railway PM iron may be predominantly magnetite (Fe3O4) or metallic 

iron (204, 252)  Studies have also shown that the majority of soluble iron released by 

urban particulates is ferric rather than ferrous (251).  Moreover, the solution in which 

the transition metals are found can affect oxidant production, with suggestions that 

oxidant production in vitro is significantly higher in phosphate buffered saline (PBS) 

than in Hanks’ balanced salt solution (HBSS) or 1,4-piperazinediethanesulphonic acid 

(PIPES) buffers (253). 
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It is also postulated that inhaled particulate matter can cause increased levels of ROS 

via perturbation of intracellular, endogenous ROS production.  There are two principle 

sources of endogenous ROS production – the mitochondrial electron transfer chain, 

and NAD(P)H oxidase systems, with those found in neutrophils and macrophages 

being especially relevant in the context of airway inflammation (254).  Certainly there 

are reports that the ultrafine fraction of PM is able to penetrate into the mitochondria, 

causing mitochondrial injury, which may lead to escape of ROS into the cytosol (255).  

Titanium dioxide and zinc oxide nanoparticles have also been shown to exert 

deleterious effects upon mitochondria, including increased mitochondrial ROS 

generation, reduced mitochondrial mass, reduced mitochondrial transmembrane 

potential, and possibly uncoupling of the electron transport chain from adenosine 5’-

triphosphate (ATP) synthase (256-258), with the potential for dysfunction to be 

displayed by first and second generation cells (256).  Furthermore, mitochondrial 

haplotype may influence susceptibility to the effects of air pollution, since people of 

mitochondrial haplotype H (tightly coupled electron transport chain, greater ROS 

production) showed a greater response of plasma TNFα and IL-6 to traffic-related air 

pollutants and ultrafine PM than did people of mitochondrial haplotype U (looser 

electron transfer coupling, lesser ROS production) (259).  Indeed, the cellular 

production of ROS has been cited as a source of underestimation of particulate ROS 

production when assayed in cell-free procedures (260). 

 

In vitro, the standard method for measurement of ROS is dichlorofluorescein diacetate 

(DCF-DA).  This reagent is taken up by cells into the cytosol, where cytosolic esterases 

cleave the two acetate groups, forming DCF, which reacts with intracellular peroxides 

to form a fluorescent product.  This can then be quantified or detected using a 

fluorescence microscope.  Other methods have been assessed, but none have 

superseded DCF-DA as the standard reagent (261). 

 

Particulate matter has been shown to have varying capacity to generate ROS, which is 

dependent on both particulate size and particulate composition.  In turn, these 

characteristics are specific to the source of, and processes involved in, the generation 

of, the particles.  Ohyama and colleagues showed that, on an equivalent mass basis, 

diesel exhaust particulate generated more hydroxyl radicals in macrophages than did 
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ambient particulate matter.  Furthermore, while carbon black was less able to generate 

hydroxyl radicals, nano-sized carbon black (average particle size 1.8 nm) generated a 

greater level of hydroxyl radicals than did fine carbon black (132.8 nm).  However, 

while the ambient particulate matter caused increased chemiluminescence in 

macrophages, indicative of increased superoxide production, DEP did not.  Similarity 

in size between DEP and ambient PM in this research suggests that the differences 

were due to differences in particle composition (262).  On the other hand, conflicting 

evidence suggests that ultrafine carbon particles may have deleterious effects in vivo, 

despite the relatively inert nature of carbon (263).  This may indicate that particulate 

matter can have effects per se, regardless of chemical composition, although this is 

possibly only relevant at the ultrafine level due to diminishing surface area/volume 

ratios in higher size fractions.  In fact, with the emergence of nanotoxicology and a 

shift in focus towards materials in the nano-sized range, the relevance of surface area 

vs. composition has led some to propose that studies should dispense with the notion 

of particulate mass as a dose metric, and should instead use surface area or even 

oxidant activity (oxidative potential), as a dose metric (213, 235, 264).  Indeed, it is 

apparent that the concentration of PM within a well in vitro does not necessarily 

represent the PM delivered to the cells (225), and determination of PM concentration 

as opposed to the concentration of PM components may also be complicated by the 

varying solubility of particles and PM components (265).  

 

1.7 Oxidative Stress 

 

The lung has a number of mechanisms to deal with oxidative stress, arranged in a 

hierarchy dependent on the levels of oxidative stress experienced.  Initially, production 

of antioxidants such as glutathione (GSH) and ascorbic acid (172, 173), and enzymes 

involved in defence against oxidative stress such as HO-1, is induced via the nuclear 

factor (erythroid-derived 2)-like 2 (Nrf2) pathway and the antioxidant response 

element (ARE) (266).  Exposure of murine macrophages to underground dust showed 

increased HO-1 expression compared to macrophages treated with carbon black (80), 

while mice exposed to urban particulate matter have exhibited a decreased 

GSH/GSSG ratio accompanied by increased levels of catalase, and also increased 
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markers of oxidative stress such as 8-isoprostane (a product of arachidonic acid 

oxidation) and thiobarbituric acid reactive substances (TBARS), both products of lipid 

peroxidation (267).  At higher levels of oxidative stress, an inflammatory response is 

seen, co-ordinated by nuclear factor κB (NF-κB) and activator protein-1 (AP-1), 

resulting in the increased release of inflammatory cytokines and chemokines (170, 

268).  Indeed, a study of cigarette smoke-induced changes in gene expression by 

oxidative stress has found increased expression of a disproportionately high number of 

genes with NF-κB and activator protein 1 (AP-1) binding sites (70).  These responses 

are vital as, if they are overwhelmed, cell death may occur as evidenced by increased 

activation of caspases in response to transition metal challenge in lung epithelial cells 

(269, 270).  These levels of protection against oxidative stress are shown in Figure 1.7.   
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Figure 1.7.  The hierarchical response to oxidative stress. 

At low levels of oxidative stress, the ratio of reduced/oxidised glutathione is high.  The cell may 

respond with increased production of antioxidants, such as GSH and bilirubin, produced by the 

enzyme haemoxygenase-1 (HO-1).  Such a response is regulated by the transcription factor Nrf2.  

At higher levels of oxidative stress, where the antioxidant mechanisms are overwhelmed, 

inflammatory processes such as cytokine release are activated by the MAPK and NF-κB signalling 

pathways, and lead to responses orchestrated by the transcription factors NF-κB and AP-1.  At 

levels of oxidative stress above this, the majority of glutathione exists in the oxidised form (GSSG),  

mitochondrial membrane potential is perturbed, cytochrome c is released, and the permeability 

transition (PT) pore in the mitochondrial membrane is opened, resulting in cell death.  Adapted 

from (271, 272). 
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1.7.1 Signalling Pathways Involved in the Response to Oxidative 

Stress 

 

Nrf2 is thought to play a key role in the maintenance of intracellular redox status in 

the face of lower levels of oxidative stress.  Nrf2 is a transcription factor which plays a 

role in regulation of the ARE (273).  Nrf2 is normally localised to the cytosol, bound 

to Kelch-like ECH associated protein 1 (Keap1), which is attached to the cytoskeleton 

and targets Nrf2 for ubiquitination and subsequent degradation (274).  A recent study 

has shown that Keap1 deletion, seemingly disinhibiting Nrf2, can increase expression 

of over 50 genes whose products are involved in antioxidant and detoxification 

processes.  After Keap1 deletion in vivo, applied to Clara cells only, and H2O2 exposure, 

levels of H2O2-derived ROS were lower while the deletion of Keap1 ameliorated the 

effects of oxidative stress in mice after inhalation of cigarette smoke, observed as a 

blockage of cigarette smoke-induced increase in BAL macrophage numbers.  In vitro, 

the same deletion applied to BEAS-2B cells also showed an abrogation in ROS levels 

after H2O2 exposure (274).  These results suggest that Keap1 deletion upregulates the 

antioxidant response in vivo. 

 

While not all antioxidant enzymes appear to be regulated by Nrf2, for example 

catalase, glutathione peroxidise, and SOD2, many others are, such as HO-1, SOD3, 

NAD(P)H-quinone oxidoreductase 1 (NQO1) and glutathione S-transferase (GST)-Ya 

(275).  It has been found that, in the presence of DEP, RAW 264.7 macrophages 

exhibited activation of ARE, seen with an increase in translocation of Nrf2 to the 

nucleus.  Furthermore, knockout of Nrf2 led to a significant drop in levels of HO-1 

expression.  Increased levels of Nrf2 were shown to be via post-transcriptional 

modification of Nrf2, whereby DEP increases Nrf2 half-life, resulting in increased 

antioxidant response element (ARE) activity (275).  Nrf2-controlled genes are also 

upregulated by the Nrf2 activator sulforaphane (276), found naturally in cruciferous 

vegetables, and application of sulforaphane to primary bronchial epithelial cells 

reduced the ability of DEP to stimulate their increased release of IL-8, GM-CSF, and 

IL-1β (277).  Another group extended these findings to an in vivo situation whereby 

Nrf2 knockout mice, following long-term exposure to DEP, showed increased airway 
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hyperresponsiveness, mucous cell hyperplasia, and reduced total cell and macrophage 

counts in BALF, but increased eosinophil counts, which may be linked to the 

observed increased IL-13 level which accompanied increased IL-12.  Furthermore, a 

battery of antioxidant enzymes showed reduced mRNA levels in the Nrf2 knockout 

mice post-DEP (278) 

 

The transcription factor NF-κB has been shown to play a major role in the increased 

synthesis and release of inflammatory cytokines and chemokines following exposure to 

particulates, and in the response to oxidative stress.  Increased NF-κB-DNA binding 

activity has been observed in the airways of rats exposed to airborne iron when 

compared to the effects of airborne soot, but this only becomes significant when soot 

and iron are applied together, suggesting synergism via an unknown mechanism (279).  

Conversely, in PM10 from Provo, Utah, copper was found to be the component 

responsible for inflammation with NF-κB activation, underlining the variability in 

response, possibly due to interaction with cellular defence mechanisms such as ferritin, 

lactoferrin, and the copper chelator caeruloplasmin (190). 

 

Similar effects on NF-κB were found in L132 cells exposed to PM2.5 from Dunkirk, 

with concentration-dependent increases in cytosolic phosphorylated inhibitor of NF-

κB-α (IκB-α) and cytosolic phosphorylated NF-κB p65, concomitant with increased 

DNA binding of p50 and p65 subunits of NF-κB (280).  Iron and selenium have both 

been seen to elicit increased nuclear translocation of the p65 (RelA) subunit of NF-κB, 

accompanied by increased release of IL-8 and MIP-1 in A549 cells, which could be 

inhibited by the NF-κB inhibitor BMS345541 (281).   Exposure of rat airway epithelial 

cells, in a tracheal explant model, to urban PM led to NF-κB activation which could be 

inhibited by TMTU, DFX, PP2 (a Src inhibitor), and an epidermal growth factor 

receptor (EGFR) inhibitor.  Interestingly, particle uptake, but not NF-κB activation, 

was inhibited by colchicine, suggesting that particle uptake is not a prerequisite for 

NF-κB activation (282).  The mechanism by which NF-κB-induced cytokine release is 

activated has been studied in HUVECs for chlorides of cobalt and nickel, with results 

suggesting that there is no intermediate cytokine pathway involved, and that activation 

involves ROS-dependent mechanisms in some form (283).  A recent report has 

indicated that inhalation of ultrafine elemental carbon particles can increase NF-κB 
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activation in rats and also act as an adjuvant to ovalbumin (284).  Furthermore, the 

adjuvant activity was sensitive to concomitant administration of the antioxidant N-

acetylcysteine, suggesting that some of the effects of inhaled PM, at least for the 

ultrafine fraction, although dependent on redox mechanisms, may be independent of 

transition metal content (284). 

 

The upstream mechanisms involved in NF-κB activation are the subject of current 

research, but appear to involve increased levels of intracellular calcium ions, due to 

both release from intracellular stores and influx from the extracellular milieu (285).  

This results in activation of NF-κB via a MAPK cascade.  It should be noted, however, 

that there are other signalling pathways which can result in activation of 

phosphorylation of the inhibitor of NF-κB, IκB, and thus uncoupling, permitting 

nuclear translocation of NF-κB.  There is much interconnectivity and interplay 

between some of these pathways, rendering isolation for study difficult (286).  There 

may also be pathway redundancy, meaning that knockout of a pathway which is 

normally operational has no observable consequences when responses to certain 

challenges are assessed.  In agreement with the argument favouring the involvement of 

several pathways, DEP has been found to activate extracellular signal-related kinase 

(ERK) 1/2 and p38 MAPK pathways in addition to NF-κB in 16HBE cells (287). 

 

1.7.2 Antioxidant Defences Against ROS/RNS 

 

Antioxidants have three roles – to prevent formation of pro-oxidant species, to 

scavenge ROS/RNS, and to repair or remove molecules damaged by oxidation.  The 

most important enzymatic first line of defence against superoxide is SOD, of which 

various isoforms exist, including cytosolic Cu/Zn SOD, mitochondrial MnSOD, and 

extracellular SOD (288).  Catalase degrades H2O2 at high concentrations and 

glutathione, while not an enzyme itself, is reliant on several inducible enzymes for its 

synthesis and action. 

 

GSH is a thiol antioxidant tripeptide with the sequence gly-cys-glu, and plays a role in 

both antioxidant defence, particularly against low concentrations of H2O2, and 
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intracellular monitoring of redox status.  ROS are able to oxidise the thiol group of the 

cysteine residue of GSH, and thus two oxidised thiol groups on separate GSH 

molecules can combine to form a disulphide bridge in the oxidised form of glutathione 

(GSSG), a reaction catalysed by glutathione peroxidase (GPx).  GSSG can then be 

recycled back to GSH in a reaction catalysed by GSH reductase, or alternatively 

excreted from the cell (254).  These reactions are illustrated in Figure 1.8.  In the lungs, 

the first line of defence is extracellular GPx (eGPx), found in the epithelial lining fluid, 

whose function is to neutralise ROS before they reach the epithelial cell barrier (289) 

 

A protective effect of GSH is supported by work showing that the increased release of 

TNFα by alveolar macrophages after exposure to ultrafine nickel is reduced by 

treatment of the cells with a monoethyl ester of glutathione, an effect also observed 

with another thiol antioxidant, NAC (263).  The protective effect of GSH against 

DEP-induced lung injury has also been observed after inhalation of DEP by healthy 

volunteers.  Bronchial inflammation was observed, as marked by increased IL-8 levels 

and neutrophil counts, but no such responses were seen in the alveolar compartment 

where, unlike in the airways, increased levels of reduced glutathione and urate were 

found, suggesting a reciprocal association between levels of these antioxidants and 

severity of inflammation (173). 

 

 

Figure 1.8.  The reaction of the ROS hydrogen peroxide with the cysteine sulphydryl group of an 

antioxidant. 

In the case of glutathione, as catalysed by glutathione peroxidase (GPx), this reaction results in the 

formation of GSSG – two glutathione molecules linked by a disulphide bridge after sulphydryl 

group oxidation, along with the production of two molecules of water.  GSSG can then be recycled 

backtoGSHbyglutathionereductase.Inthisway,glutathioneacts“sacrificially”toreduce

oxidation of other intracellular species. 
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Another antioxidant of interest is HO-1, an inducible enzyme which catalyses the 

degradation of haemoglobin to biliverdin, a potent antioxidant.  HO-1 expression is 

under the control of Nrf2, and can be induced in response to oxidative stress from 

numerous sources (275, 278, 290) and by cigarette smoke extract (291).  This induction 

of Nrf2-activated HO-1 expression has been suggested to be controlled by ERK in 

BEAS-2B cells exposed to silica nanoparticles (292), while other authors have noted 

the role of PI3 kinase in controlling the Nrf2/HO-1 response in A549 cells exposed to 

roadside PM2.5 (293).  HO-1 is a quantifiable marker of oxidative stress, and it has been 

shown that ambient PM of the ultrafine fraction is more potent, than fine or coarse 

PM on a mass concentration basis, at inducing HO-1 expression in RAW 264.7 and 

BEAS-2B cells (255).  However, contradictory results have shown oxidative damage to 

DNA without any corresponding increase in HO-1 expression (294). 

 

It is therefore clear that there are a multitude of antioxidants involved in protection 

against oxidative stress.  This multiplicity may be of some benefit in case of depletion 

of one or more of these antioxidants, but it has also been suggested that different 

antioxidants are involved in protecting the cell in the face of different reactive species 

(295). 

 

1.8 Effects of PM on the Inflammatory Response 

 

When cells mount an inflammatory response to inhaled particulate matter, a number 

of changes in cytokine release may be seen.  Fujii and colleagues observed an increase 

in release from PM10-challenged primary human bronchial epithelial cells of IL-8, IL-

1β, and GM-CSF, with no change in release of IL-6, regulated upon activation, normal 

T-cell expressed and secreted (RANTES), TNFα, or MCP-1 (296).  In accordance with 

this, Gilmour and co-workers found increased release of IL-8 from A549 epithelial 

cells treated with PM10 and hydrogen peroxide (297), while the same cell line exposed 

to PM2.5 from Rome also caused time and concentration-dependent increases in IL-6 

and TNFα (298).  Lindbom and colleagues found that underground railway particles 

were more potent than particles generated by studded tyres on a granite pavement in 

eliciting release of TNFα from BEAS-2B epithelial cells, and that they increased TNFα 
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and IL-8 release from macrophages, although to a lesser extent than did the street 

particles, suggesting differences between cell types (299).  Increased IL-8 release was 

also observed by Hetland and colleagues after exposure of A549 cells to urban 

particulate matter, with approximate equipotency between coarse, fine, and ultrafine 

fractions, and similar results for IL-6, although for this cytokine the fine fraction of 

particles were slightly more potent than the coarse fraction (300).  This study also 

failed to find a significant increase in potency for mineral-rich road particulates over 

urban ambient PM (300). 

 

Increased IL-8 has also been observed in BALF in vivo after exposure to diesel exhaust 

(173), while increased IL-6 and IL-8 expression at the mRNA and protein level have 

been seen after exposure of epithelial cells to ROFA in vitro (201), attributed to the 

presence of vanadium, but not iron or nickel.  Indeed, the role of vanadium in eliciting 

an inflammatory response seems incontrovertible, and has been found by other 

researchers (301), and also tentatively associated with mortality in vivo by others (302), 

Other researchers claim that vanadium is toxic to the cardiovascular system but of 

lesser importance in respiratory toxicology (60). 

 

Riley and co-workers found that vanadium chloride was the most toxic of a battery of 

metals chlorides tested in equimolar concentrations in a rat epithelial cell line, as 

measured by the methylthiazolyldiphenyltetrazolium bromide (MTT) assay (303).  This 

was supported by a study showing that the inflammogenicity (by IL-6, TNFα, and 

macrophage inflammatory protein 2 (MIP-2)) of urban PM2.5-0.2 was strongly correlated 

with vanadium, and also nickel content, with a weaker correlation for chromium, 

copper, and iron, and none for manganese or zinc, amongst others.  However, the 

same study showed that PM10-2.5-induced IL-6 release was strongly correlated with only 

manganese and zinc levels, illustrating the chemical heterogeneity of PM size fractions 

from the same source, although the variation in metal levels and the correlations with 

inflammation were greater for the urban PM2.5-0.2 fraction, lending greater weight to the 

observations with this size fraction (304). 

 

In addition to the aforementioned studies on ambient PM collected from the Utah 

Valley during periods of steel mill opening and closure, Schaumann and co-workers 
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found an increase in BAL fluid monocytes, IL-6, and TNFα, with no change in IL-8, 

after exposure of volunteers to particulate matter from an area with heavy smelting 

activity (191).  These differing responses may be attributable to differing particle 

content.  In support of this, a 2007 study found that underground railway PM elicited 

raised TNFα and MIP-2 release in murine macrophages, with an acute increase in 

BALF protein content, total cell, and neutrophil counts.  Crucially, however, the study 

also showed differences between two sets of underground railway PM, with PM from 

a system using metal wheels and brakes being more able to induce MMP-12 from 

murine macrophages than PM from a system using wooden brakes and pneumatic 

tyres, with this difference being nullified by concomitant use of the iron chelator DFX 

(80).  Zinc in fine PM from tyre wear and copper in coarse PM from brake wear have 

also been found to correlate with markers of cytotoxicity in rats (305). 

 

Another study, using PM collected from three cities and subsequently assessed for 

transition metal content showed that transition metal-rich coarse PM caused an 

increase in many BALF markers of inflammation, including total cell, neutrophil, and 

macrophage count, and also BALF lactate dehydrogenase (LDH) and total protein 

levels, when compared to transition metal-poor coarse PM (306). 

 

It has been postulated that, for coarse PM, the main determinant of toxicity is 

particulate composition, while for finer fractions composition becomes less important, 

possibly because the particle is able to penetrate further into the cell and cause 

chemistry-independent damage (255, 305, 306).  Indeed, this would explain the 

apparent toxicity of ultrafine carbon black, which is able to cause obvious oxidative 

stress and inflammation while being chemically inert (41, 263, 307), although carbon 

black is generally less inflammogenic than airborne particulate matter (80, 262, 308). 

 

Since many studies do not necessarily carry out elemental analysis of particulate 

composition, inter-study comparison is difficult.  Indeed, it has even been suggested 

that the pro-inflammatory and oxidative stress responses may be caused by separate 

components of the particulate matter which may, in addition to metals, include VOCs 

and PAH, carbonaceous material, adsorbed allergens, and bacterial endotoxins such as 

LPS (306, 309). 
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There is also evidence to suggest that transition metals may interact with each other to 

modify their effects, and in this respect zinc has been seen to reduce the deleterious 

effects of vanadium and copper, while acting additively with nickel (303).  

Furthermore, there may be different responses observed depending on which cytokine 

is analysed, with different cytokines showing different responses to different metals – 

it is not the case that a single ROS-producing metal will necessarily induce a global 

increase in all inflammation-related species, and nor is it the case that all such metals 

will induce identical responses for a single cytokine (310, 311). 

 

IL-6 may play an important role in lung injury mediated by airborne pollutants.  Using 

aged and diluted cigarette smoke (ADCS) to represent PM from passive smoking, Yu 

and co-workers found that IL-6 knockout mice exhibited a lower increase in monocyte 

influx into the BALF and decreased BALF protein than did wild-type mice after ADSS 

exposure, also found with exposure to ozone, implicating oxidative stress.  These 

effects could also be replicated by treating the mice with an antibody against IL-6.  

Furthermore, loss of Clara cell secretory protein following these exposures was seen in 

wild-type mice, but not in IL-6 knockout mice, suggesting that IL-6 may act as an 

intermediary in some of the detrimental effects of cigarette smoke (312). 

 

Because of its effects on alveolar macrophages, it is possible that particulate matter 

may increase the susceptibility of an individual to infection or to the effects of other 

airborne particulate matter.  In support of this assertion, a recent study indicated that 

pre-treatment of alveolar macrophages with DEP or urban PM reduced the 

subsequent release of inflammatory cytokines after exposure of alveolar macrophages 

to LPS, via either decreased production or increased retention of cytokine, or both, 

while DEP pre-treatment was also able to reduce cytokine release after exposure to a 

calcium ionophore or phorbol myristate acetate, a protein kinase C activator (313). 
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1.9 Genotoxicity 

 

As well as induction of an inflammatory response, there is evidence that transition 

metals in particulate matter, or ultrafine particles with a very high surface area/volume 

ratio, can damage DNA (Figure 1.9), usually measured by formation of oxidised 

guanine, 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG), or by DNA strand breakage 

as assessed by the Comet assay (176, 314).  The hydroxyl radical has been identified as 

being of major importance in this process (315).  Exposure to ambient particulate 

matter can induce DNA strand breakage and purine oxidation without concomitant 

increase in mRNA expression or activity of repair enzymes 8-oxoguanine glycosylase 

(OGG1) or 7,8-dihydro-8-oxoguanine triphosphatase (NUDT1) (294), although 

carbon black has been seen to cause an increase in rat lung mRNA expression for 

several genes involved in DNA repair, with the end result of no significant DNA 

damage (316).  DNA damage may occur directly via attack from ROS, or indirectly via 

attack from ROS products, such as the lipid peroxidation product malondialdehyde, 

which has been demonstrated as being a reliable marker of air pollution exposure in 

asthmatic children (317, 318). 

 

Interestingly, in light of the relevance to underground/transition-metal containing PM, 

a Swedish study found that underground railway PM10, taking concentration into 

account, was eight times more genotoxic than street PM10 (204), ascribing the 

difference partially to the predominance of iron as magnetite (Fe3O4) in underground 

railway particles, compared to haematite (Fe2O3) in street particles.  The authors also 

found that underground PM10 were four to five times more genotoxic than wood or 

roadwear particles per unit mass (319).  Another study found that the organic extract 

of PM10 collected in the Seoul underground railway system was able to induce DNA 

strand breakage in the BEAS-2B cell line (320).  DNA damage by ambient PM2.5 has 

also been attributed to vanadium and chromium (321), while another study found that 

the reduced forms of vanadium and iron are more able to damage DNA than their 

higher oxidation state equivalents (322), the authors subsequently showing that nickel 

can also have genotoxic activity (323).  It also seems that certain metal ions, including 

Ni2+, Co2+, and Cu2+ may interfere with DNA repair mechanisms, whereby nickel may 
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block recognition of DNA damage, cobalt may block incision and polymerisation 

post-repair, and all three may inhibit the zinc finger protein poly(adenosine 

disphosphate-ribose)polymerase 1 (PARP-1), which plays a role in the early stages of 

DNA repair (324)).  Thus, the intriguing possibility is raised that transition metals in 

particulate matter may not only damage DNA, but may also simultaneously inhibit the 

repair of such damage. 
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Figure 1.9.  Transition metal-induced DNA damage and carcinogenesis. 

Damage to DNA may be caused by both the insoluble and soluble metal fractions of particulate 

matter, and is caused by the hydroxyl radical (
•
OH), which is generated by reaction between the 

metal ion and hydrogen peroxide in the cell nucleus.  In addition to generation by transition metals 

in solution or on the particle surface, hydrogen peroxide may be released from inflammatory cells 

in response to particulate matter, or liberated as a result of mitochondrial damage.  Alternatively, 

reactions involving insoluble metal on the surface of the particulate may produce hydrogen 

peroxide.  Soluble transition metal components of particles, such as iron, vanadium, or nickel, can 

diffuse into the nucleus and partake in the Fenton reaction with the hydrogen peroxide, generating 

hydroxyl radicals, which then oxidatively damage DNA.  This damage to DNA, which may lead to 

mutagenesis, can be repaired by a variety of DNA repair processes, although these may themselves 

be impaired by certain transition metals.  These mutations may ultimately result in dysregulation of 

cell cycle, cell death and, in the absence of transition metal-induced apoptosis, development of 

cancer.  Adapted from (176, 325). 
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1.10 The Susceptibility of Asthmatics to the Effects of 

Airborne Particulates 

 

A number of studies have examined whether there is a difference in susceptibility to 

the effects of particulate matter between various groups.  For example, children and 

the elderly appear to be at greater risk, due to activity-induced increases in respiratory 

rate and greater exposure per body mass unit for children, and reduced clearance 

efficiency for the elderly, and individuals of a low socioeconomic status have also been 

identified as being potentially more susceptible (326).  On the other hand, differences 

in susceptibility between genders and ethnicities seem to be small, if at all.  However, 

pre-existing respiratory disease, particularly asthma and COPD, can significantly 

increase susceptibility to the effects of airborne PM (98, 326).  Indeed, air pollution 

from a variety of sources can play a significant role in affecting allergic and non-allergic 

respiratory diseases, including asthma (48-50, 327). 

 

First described by Henry Hyde Salter in 1860 as “paroxysmal dyspnoea of a peculiar 

character, generally periodic, with intervals of healthy respiration between the attacks” 

(328), asthma is classed as a disease of the conducting airways, characterised by 

recurrent, reversible airflow obstruction, airways inflammation, bronchial 

hyperresponsiveness, and a progressive decline in lung function (22).  Recent estimates 

suggest that asthma affects at least 4.3% of the worldwide adult population (329).  The 

UK National Health Service spends approximately £1 billion per annum treating 

asthma (330), with £850 million alone spent on drugs to control the disease (331).  

However, there is still a major shortfall in the understanding and management of 

asthma, with controversy over the aetiology, pathophysiological processes, and 

treatment of asthma (332), and it appears that the prevalence of the disease is on the 

rise (333). 

 

The classification of asthma, ranging from intermittent through mild, moderate, and 

severe persistent forms is based upon frequency and severity of exacerbations, and 

forced expiratory volume in 1 second (FEV1) (334).  However, asthma severity has 

traditionally been determined while the patient is not using medication, and new 
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measures of asthma severity have been proposed, including the intensity of treatment 

required to bring asthma under control (335).  Alternative classification methods, such 

as clinical and inflammatory phenotypes, endotype (pathophysiological mechanism), or 

trigger type, have been proposed with the aim of providing more targeted treatments 

(336-338).  Recent research has suggested that patients can be separated into clusters 

based on a small number of factors including baseline and maximum FEV1 and age of 

onset (339).  It has also been suggested that clustering patients on the basis of age of 

onset and the extent of eosinophilic airway inflammation may enable more appropriate 

corticosteroid treatment, since non-eosinophilic asthma is more likely to be refractive 

to corticosteroids (340-342). 

 

In addition to classification by phenotype, asthma can be subdivided into atopic and 

non-atopic asthma, with atopic asthma marked by increased Th2-type cytokines (e.g. 

IL-4, IL-5, IL-13).  Although the majority of asthma cases are associated with atopy, a 

significant proportion are not (343).  Allergens which may trigger asthma include 

house dust mite faeces (133, 344), fungal allergens (130, 345, 346), and pollen (347, 

348).  Non-allergenic triggers include respiratory viral infections (349-351), air 

pollution including cigarette smoke (273, 352), occupational exposures to a wide range 

of chemical and biological sensitising agents and irritants (353), exercise (354), aspirin 

(355), and lifestyle factors such as stress and obesity (356-359). 

 

Treatment generally focuses on targeting the airways inflammation responsible for 

many of the symptoms.  Currently used treatments fall into three classes.  Inhaled β2-

adrenoceptor agonists, which may be short-acting (e.g. salbutamol) or long-acting (e.g. 

salmeterol), induce relaxation of bronchial smooth muscle thereby increasing airway 

patency, used as prophylaxis or “relievers” (360).  Corticosteroids, which may be 

inhaled or orally administered, act via the nuclear glucocorticoid receptor to reduce the 

airway inflammation which underlies asthma (361).  Cysteinyl leukotriene pathway 

antagonists (e.g. montelukast) block the effects of cysteinyl leukotrienes, lipid 

mediators with an emerging role in the pathogenesis of asthma (362).  Finally, 

omalizumab is a humanised monoclonal antibody against IgE, levels of which are 

typically raised in atopic asthma.  However, although omalizumab exhibits clear benefit 



Introduction 

- 79 - 

 

in the treatment of a subset of asthma patients, its use may be limited due to the cost 

of treatment (363, 364). 

 

Despite much research, the causes of asthma are still incompletely understood.  

Asthma gene association studies are numerous, and genes positively associated with 

asthma fall into disparate groups.  Studies have implicated genes coding for 

inflammatory cytokines and their receptors, including those involved in Th2-type 

responses such as the IL-4 gene cluster at chromosome 5q31 (365), TSLP (366, 367) 

and IL-33 (368, 369), and the IL-1 receptor gene cluster on chromosome 2q (370).  

Two genes at an asthma susceptibility locus on chromosome 17q21 including 

ORMDL3 (371), which may control release of calcium from the endoplasmic 

reticulum in epithelial cells and T-cells (372, 373) and GSDML (374) have also been 

linked to asthma.  Furthermore, an association has been found between asthma and 

ADAM33, one of a subfamily of transmembrane metalloproteinases (375), which may 

play a role in airway remodelling (376).  PCDH1, which may be involved in epithelial 

cell-cell adhesion (377) and, interestingly, the epidermal junction protein filaggrin 

FLG1, which has been strongly linked to development of atopic dermatitis (378), have 

also been linked to development of asthma (379, 380).  However, although there is a 

clear genetic link in asthma, twin-studies have suggested that genetics alone cannot 

account for all or even most cases of asthma (381, 382), indicating that asthma is not 

determined purely by genetic factors, but rather by gene-environment interactions 

(383, 384).  In addition, the involvement of genes coding for molecules with such 

varying functions lends weight to the assertion that asthma is a multi-factorial disease 

with a range of aetiologies. 

 

Since many asthma-susceptibility genes are expressed in the airway epithelium, which 

is the first point of contact for any potential inhaled triggers, recent attention has 

focused on the airway epithelium as being crucial in the development and maintenance 

of an asthmatic phenotype (23, 385).  On account of the large surface area of the 

respiratory system, and the fact that the airways are the predominant site of interaction 

with airborne particulate matter, there is much interest in the role particulate air 

pollution may play in asthma.  Indeed, there is evidence that the effects of inhaled 

particulates may be more severe in asthma sufferers compared to healthy populations.  
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Severity of asthma has been correlated to reduction in forced vital capacity (FVC) 

following exposure to an environment with a large burden of diesel-powered vehicles 

(178).  It has also been observed that asthmatic children living within 417 m of a major 

road showed increased wheezing, use of non-corticosteroid asthma medication, 

increasing risk of hospitalisation for asthma, reduced airflow, and decreased pH of 

exhaled breath condensate, all indicative of poorly controlled asthma (386), although 

another study found reduced pH and increased 8-isoprostane in exhaled breath 

condensate were linked to increased airborne black carbon levels in a study of 

schoolchildren irrespective of asthma status (387).  Furthermore, wheeze, asthma, and 

bronchitis symptoms have been linked to increases in truck traffic, in a study which 

also found that the effects of the truck-related air pollution were more pronounced in 

children who also showed bronchial hyperresponsiveness or sensitisation to common 

allergens (388), suggesting effect modification by pre-existing conditions, with a 

sensitive population being more at risk of the effects of air pollution.  Airborne 

pollutants are thought to skew the immune response to the Th2 phenotype, and have 

more generally been blamed for the frequency and severity of asthma cases (389, 390).  

Although particulate matter is not commonly studied in isolation, there appears to be 

evidence that it is one, but by no means the only, constituent of air pollution which 

can exert effects on asthma (388, 391), although the some studies find that gaseous 

components are solely responsible (392).  Therefore, the majority of evidence suggests 

a role for particulate air pollution in case frequency and/or severity of asthma.  

However, the evidence of a role for particulate matter in the development of asthma is 

much less persuasive (see excellent recent reviews (393, 394)).  Indeed, although a 

recent study found a synergy between past episodes of bronchiolitis and asthma 

development in children when looking at ozone as a causative factor, there was no link 

to particulate matter (395). 

 

A number of reasons have been suggested for the discrepancy between asthmatic and 

normal responses to inhaled particulate matter.  One possible reason for the increased 

risk posed to asthmatics is that the reduced, obstructed airflow in the airways of 

asthmatics results in a greater deposition of particulate matter in the airways of patients 

with asthma compared to healthy people (396), so that the effect may be due to 

increased exposure rather than intrinsic biological differences. 
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A key difference in the ability of asthmatic airways to overcome the challenge posed by 

inhaled particulate matter is that asthmatic airways appear to have a defective 

antioxidant response compared to healthy airways, and indeed there are suggestions 

that antioxidants may have a role in asthma therapy (397).  The interplay between 

asthma and the formation and defence against ROS and RNS has been reviewed 

previously (389, 398).  Baseline levels of SOD are lower in asthmatic lungs, and 

antigen challenge leads to a longer and more pronounced loss of SOD activity in 

asthmatic lungs than in healthy lungs, which is accompanied by a greater perturbation 

in the GSH/GSSG ratio (399).  This defect in ability to dismutate superoxide has been 

shown to be instrumental in the increased levels of extracellular glutathione peroxidase 

(eGPx) found in the epithelial lining fluid of asthmatics.  eGPx expression is induced 

by AP-1, but also requires the presence of ROS and GSH.  By overexpressing either 

catalase or SOD, Comhair and colleagues showed that superoxide is the main ROS 

responsible for increased eGPx expression, thus explaining why epithelial lining fluid 

eGPx levels are higher in asthmatics than in healthy subjects (289).  Another study 

looked at antioxidant levels in a variety of compartments in mild asthmatics, and 

found that while BALF and bronchial wash GSH levels were similar to those in 

healthy controls, these compartments contained significantly lower levels of ascorbate, 

urate, and α-tocopherol, although plasma levels of the latter were actually raised in the 

asthmatic group (400).  Indeed, α-tocopherol and especially ascorbate are terminal 

antioxidants and as such, by virtue of their redox coupling, are able to repair other 

radicals and products of radical-antioxidant reactions (see reviews by Buettner and 

Jurkiewicz (401, 402)).  Increased BALF and bronchial wash urate levels found in 

asthmatics were attributed to a mechanism compensating for the deficiency in 

ascorbate and α-tocopherol.  Furthermore, while GSH levels were similar between 

groups, levels of GSSG were over three- (BALF) and six-times (bronchial wash) 

higher in asthmatics, this decreased GSH/GSSG ratio being a hallmark of increased 

oxidative stress in asthmatic lungs (400).  Interestingly, asthmatic bronchial epithelium 

has also been observed as being more susceptible to oxidant-mediated apoptosis than 

epithelium from healthy volunteers (403), while oxidants can also deplete nitric oxide, 

a key signalling molecule involved in mediating bronchorelaxation (188). 
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In support of a role for deranged antioxidant mechanisms in asthma, polymorphisms 

of the enzymes glutathione S-transferase P1 (GSTP1) and glutathione S-transferase 

M1 (GSTM1), which are involved in mediating reactions between oxidants and 

glutathione, conferred an increased risk of asthma in Taiwanese schoolchildren (404), 

while single nucleotide polymorphisms (SNPs) in the glutathione synthase (GSS) gene 

appeared to increase the susceptibility to the effects of PM10 and PM2.5 amongst others 

in growth of lung function (405).  Similarly, expression of GSTPi, encoded by GSTP1, 

was seen to be reduced in nasal epithelial cells of asthmatic children compared to those 

without asthma, in work showing that HDM challenge in mice reduces mouse lung 

expression of GST genes (406).  At the cellular level, knockdown of GSTM1 in BEAS-

2B cells increases the ability of ozone to induce NF-κB activation and IL-8 

production, as is also seen in GSTM1 null PBECs (407).  While the main focus of 

antioxidant gene polymorphisms in asthma falls on GSTM1 and GSTP1, other genes 

whose products are involved in antioxidant processes, such as NQO1, have also been 

implicated (327). 

 

The reasons for a defective antioxidant system are currently being investigated.  One 

recently-published piece of research suggests that there is dysfunctionality in the 

activity of Nrf2 in severely asthmatic children, who were found to have significantly 

elevated levels of Nrf2 mRNA and protein compared to mild-to-moderate asthmatic 

children, but with no increase in levels of antioxidant enzymes which are targets of 

Nrf2 binding, although whether this is due to dysfunctional Keap1-Nrf2 interaction, 

post-translational modification of Nrf2, Nrf2 SNPs, or some other factor, is unknown 

(408). 

 

Therefore, it appears that antioxidant processes are an important source of 

susceptibility to airborne pollutant-induced asthma exacerbations, and may even be the 

most important factor involved.  It is, however, important to remember that other 

susceptible groups do not show defective antioxidant mechanisms, and thus 

antioxidant status may be neither sufficient, nor necessary, to determine absolutely 

whether an individual may be at a greater risk of the effects of particulate air pollution 

(196). 
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1.11 Hypotheses 

 

The above review of the literature illustrates that airborne particulate matter may pose 

a risk to the respiratory system.  Epidemiological evidence of the impact of air 

pollution upon respiratory health, and further studies showing the effects of PM both 

in vivo and in vitro suggest that there is an urgent need to further investigate the effects 

of PM at all levels, and in particular the relationships between particle source, size, 

composition, and effects.  As detailed, transition metals have previously been found in 

particularly high levels in airborne dust from underground railway systems, and have 

been shown to exert deleterious effects on cells of the respiratory system via the 

formation of ROS.  Epidemiological evidence suggesting an interaction between air 

pollution and asthma status, and findings that asthmatic lungs are deficient in 

antioxidant defences, provide grounds for investigation of the potentially different 

effects of underground railway PM on airway cells from healthy and asthmatic donors.  

Finally, since different components of particulate air pollution may interact to produce 

additive or synergistic effects where found together, the potential interaction of 

underground railway pollution with Alternaria species in exerting toxic effects on 

airway cells will be studied. 

 

Therefore, there are five hypotheses to be tested herein: 

 

1. Airborne particulate matter from an underground railway station has a greater 

transition metal content than particulate matter from other sources. 

 

2. Underground particulates show pro-inflammatory activity in in vitro models of 

airway epithelium, as assessed by inflammatory cytokine release and antioxidant 

response. 

 

3. The inflammogenic effects of the particle are more pronounced in in vitro models 

of asthmatic airways compared to equivalent models representing healthy 

bronchial epithelium. 
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4. This inflammogenicity is related to the transition metal content, and capacity for 

ROS generation, of the particulate matter. 

 

5. Underground railway PM is able to prime a cell culture model of the airway 

epithelium to be more susceptible to the effects of Alternaria extract. 
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2 Materials and Methods 

2.1 Materials 

 

Reagent Manufacturer Code (if available) 

2’7’-

dichlorodihydrofluorescein 

diacetate 

Sigma-Aldrich 

(Gillingham, UK) 

D6883 

3,3’,5,5’-tetramethylbenzidine 

(TMB) ELISA substrate 

solution 

eBioscience (Hatfield, 

UK) 

00-4201-56 

4-(2-

Aminoethyl)benzenesulphonyl 

fluoride hydrochloride 

(AEBSF) 

Sigma-Aldrich A-8456 

4-(4-fluorophenyl)-2-(4-

methylsulphinylphenyl)-5-(4-

pyridyl)-1H-imidazole 

(SB203580) 

Sigma-Aldrich S8307 

Alternaria alternata extract 

(lyophilised) 

Greer Laboratories 

(Lenoir, NC, USA) 

XPM1D3A2.5 

Bovine serum albumin (BSA; 

fraction V) 

Sigma-Aldrich A3059 

Bronchial epithelial basal 

medium (BEBM) 

Lonza (Slough, UK) CC-3171 

Bronchial epithelial growth 

medium (BEGM) Singlequots, 

added to BEBM to produce 

BEGM. 

Lonza CC-4175 

Chloroform Sigma-Aldrich C2432 
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Reagent Manufacturer Code (if available) 

Cladosporium herbarum extract 

(lyophilised) 

Greer Laboratories XPM9D3A25 

CytoTox 96 lactate 

dehydrogenase assay kit 

Promega (Southampton, 

UK) 

G1780 

Desferrioxamine mesylate salt 

(DFX) 

Sigma-Aldrich D9533 

DNase kit Life Technologies 

(Paisley, UK) 

AM1906 

Fluorescein isothiocyanate 

(FITC)-labelled dextran (4 

kDa) 

Sigma-Aldrich FD4 

Foetal bovine serum Life Technologies 10500-064 

Glycogen solution Roche (Burgess Hill, 

West Sussex, UK) 

10901393001 

Hanks’ Balanced Salt solution 

(HBSS) with Ca2+ and Mg2+ 

Life Technologies 24020-091 

Hanks’ Balanced Salt solution 

without Ca2+ and Mg2+ 

(HBSS-) 

Life Technologies 14170-088 

Hydrochloric acid 6 M, 

Primar Plus grade 

Fisher Scientific 

(Loughborough, UK) 

A466 

Hydrofluoric acid 27 M, UpA 

grade 

Romil (Cambridge, UK) SS52 

Hydrogen peroxide solution 

(30%) 

Sigma-Aldrich H1009 

ICP-MS standards for Ag, Al, 

Ca, Cu, Fe, K, Mg, Na, Pb, 

Pd, Sr, Ti, Zn 

Inorganic Ventures 

(Christiansburg, VA, 

USA) 

Various 

ICP-MS standards for As, B, 

Ba, Bi, Cd, Ce, Co, Cr(III), 

Cs, Ga, Hg, La, Li, Mn, Mo, 

Romil Various 
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Reagent Manufacturer Code (if available) 

Nb, Ni, Pt, Rb, Rh, Sb, Sc, Se, 

Si, Sn, V, W, Y, Yb, Zr 

ICP-MS standard for Hf Spex Certiprep 

(Metuchen, NJ, USA) 

PLHF1-2Y 

IL-8 (human) DuoSet ELISA 

kit 

R&D Systems 

(Abingdon, UK) 

DY208 

IL-18 (human) ELISA kit R&D Systems 7620 

IL-33 (human) DuoSet 

ELISA kit 

R&D Systems DY3625 

Isopropanol (propan-2-ol) Sigma-Aldrich I9516 

ITS solution 100x (1mg/ml 

insulin, 550µg/ml transferrin, 

500ng/ml sodium selenite) 

Sigma-Aldrich 41400 

MEM + GlutaMAX Life Technologies 41090 

N-acetylcysteine (NAC) Sigma-Aldrich A9165 

Nitric acid 15 M, Primar Plus 

grade 

Fisher Scientific A467 

Pepstatin A Sigma-Aldrich P5318 

Precision reverse transcription 

kit 

PrimerDesign 

(Southampton, UK) 

RT-std 

Prolong Gold antifade 

mounting reagent 

Life Technologies P36930 

Protease fluorescent detection 

kit 

Sigma-Aldrich PF0100 

PureCol collagen Advanced BioMatrix 

(Tucson, AZ, USA) 

5005-B 

Quantitative polymerase chain 

reaction (qPCR) mastermix 

PrimerDesign PrecisionC 

PrecisionC-SY 

qPCR primers 

(UBC/GAPDH, HO-1, IL-8, 

TNFα, TSLP) 

PrimerDesign PP-HU-600 

SY-HU-600 
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Reagent Manufacturer Code (if available) 

qPCR Primer NQO1 Applied Biosystems 4400291 

Sulphuric acid Sigma-Aldrich 00646 

TNFα (human) DuoSet 

ELISA kit 

R&D Systems DY210 

TNFα (human) Quantikine 

ELISA kit 

R&D Systems DTA00C 

TSLP (human) ELISA kit R&D Systems DY1398 

Trans-epoxysuccinyl-L-

leucylamido-(4-

guanido)butane (E-64) 

Sigma-Aldrich E3132 

Triton X-100 Sigma-Aldrich  

Trizol lysis reagent Life Technologies 15596-018 

Trypan blue stain Sigma-Aldrich T8154 

Trypsin-

ethylenediaminetetraacetic 

acid (EDTA) 

Life Technologies 15400054 

Tween-20 Thermo Fisher Scientific 

(Waltham, MA, USA) 

P1379 
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2.2 Reagent Compositions 

 

PBS:  80.06 g NaCl 

  2.013 g KCl 

  11.5 g Na2HPO4 

  2.04 g KH2PO4   

  pH to 7.2-7.4 if necessary 

 

10x TBS: 80 g NaCl 

  24.2 g TRISbase 

  Make up to 1 L with ultrapure MilliQ water 

  pH to 7.6 with 37% HCl  
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2.3 Equipment 

 

Equipment Manufacturer 

Adobe Photoshop CS5 Adobe Systems (San Jose, CA, USA) 

Dionex ion chromatograph and 

constituent apparatus and Chromelon ion 

chromatography analysis software 

Dionex (Sunnyvale, CA, USA) 

Gammacell 1000 Cell Irradiator Atomic Energy of Canada Ltd (Ontario, 

Canada) 

GraphPad Prism 6 GraphPad Software (San Diego, CA, 

USA) 

Hitachi H7000 Transmission Electron 

Microscope 

Hitachi High-Technologies Europe 

GmbH (Maidenhead, UK) 

Hummer VI A sputter coater Anatech (Alexandria, VA, USA) 

iCycler CFX96 Thermal Cycler Biorad (Hemel Hempstead, UK) 

Improved Neubauer bright-line 

haemocytometer 

Marienfeld (Lauda-Königshofen, 

Germany) 

Labsystems Fluoroskan FL fluorimeter Thermo Fisher Scientific 

Labsystems Multiskan Ascent plate 

reader 

Thermo Fisher Scientific 

Leica DMI6000B light microscope and 

software 

Leica Microsystems GmbH (Wetzlar, 

Germany) 

Leo 1540VP scanning electron 

microscope 

LEO Electron Microscopy (Cambridge, 

UK) [now Carl Zeiss Nano Technology 

Systems (Welwyn Garden City, UK)] 

Millicell ERS-2 epithelial volt-ohm meter Millipore UK Ltd (Watford, UK) 

Nanodrop ND-1000 spectrophotometer Nanodrop (Wilmington, DE, USA) 

Nunc cell culture plates Nalge Nunc (Rochester, NY, USA) 

Nunc MaxiSorp 96-well plates Nalge Nunc 

Savillex Teflon pots (3ml) Savillex (Eden Prairie, MN, USA) 

SigmaPlot 11.0 and 12.0 Systat Software (Chicago, IL, USA) 

Soniclean Bath Sonicator Soniclean (Thebarton, Australia) 
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Equipment Manufacturer 

T100 Thermal Cycler BioRad 

Thermo Fisher X-Series 2 inductively 

coupled plasma mass spectrometer 

Thermo Fisher Scientific 

Topmix vortexer Fisher Scientific 

Transwell culture apparatus Thermo Fisher Scientific 
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2.4 Acquisition of Particulate Matter 

 

Particulate matter was collected by the Inhalation Toxicology group at the Dutch 

National Institute for Public Health and the Environment (RIVM), led by Professor 

Flemming Cassee, as part of the RAPTES project.  The author assisted in this process 

on one of the sampling days. 

 

Particulate matter was collected at a mainline railway station located under the main 

departures and arrivals building of a major European airport.  The railway station has 

six “island” platforms, each approximately 400 m long, running in a roughly north-

easterly to south-westerly direction, and lies in the middle of a 5.1 km long tunnel.  

The station is used by approximately 60,000 passengers per day, although this can rise 

to 150,000 per day during holiday periods or at weekends.  During the day 25-30 

passenger trains per hour pass through the station, all of which are powered by 

electricity obtained via a pantograph from an overhead catenary.  No electrified third 

rail is used.  During the night there are occasional diesel-powered freight trains passing 

through the station.  The station is cleaned regularly during daytime hours, principally 

using electrically powered ride-on machines to clean the floor of dirt and dust.    There 

is no active ventilation system in operation, with air exchange driven solely by the 

“piston action” of train movement.  Rail maintenance, in the form of rail grinding and 

polishing, takes place twice a year.  There are three vans located in the upper part of 

the station, to be used in emergencies, but these are only turned on occasionally to 

check that they are still operational (Boere and Steenhof, personal communication). 

 

Particulate matter was collected using a VACES (Versatile Aerosol Concentration and 

Enrichment System) unit, as detailed and validated previously (112, 113).  The VACES 

unit was placed between platforms 3 and 4 of the station, approximately 50 m from 

the south-west end of the platform, approximately 3 m from the platform edge and 6 

m from the centre of each pair of surrounding track, with air intakes approximately 3 

m above the track levels and 4 m below the overhead catenaries (Figure 2.1).  

Sampling was performed between 08:30 and 17:30 on each of three sampling days, all 

of which were working weekdays in July 2010.  Three virtual impactors, running in 
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parallel to each other, with cutpoints of 10-2.5 µm (coarse), 2.5 µm (fine and ultrafine, 

hereafter referred to as “fine”), and 0.18 µm (ultrafine) were used, with each fraction 

being collected separately as a suspension in ultrapure MilliQ water.  When used in 

experiments, this suspension was kept in the original ultrapure MilliQ water instead of 

drying or filtering the PM, to ensure that water soluble components were retained.  It 

is important to note that while the coarse fraction does not contain PM which would 

be expected to be found in other size fraction (i.e. PM aerodynamic diameter from 2.5-

10 µm), fine and ultrafine fractions do not have a lower size limit, and therefore the 

fine fraction also contains particles of a size which would permit them to be present in 

the ultrafine fraction.  The particulate mass concentration of each suspension was 

determined by calculating the mass of particulate matter on a parallel Teflon filter used 

for each particulate size fraction in the VACES unit.  Filters were weighed before use 

and, following sampling, the pre-sampling weight of the filter was subtracted from the 

post-sampling weight to determine the mass of particulate matter collected.  After 

collection, particle suspensions were kept on ice during transport, before being frozen 

and stored at -20°C.  

 

 

Figure 2.1.  The location of the VACES unit for sampling underground railway particulate matter. 

The location of the VACES unit is marked by the red rectangle. 
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As comparators for chemical analysis, particulate matter was collected from three 

further sources: 

 

1. A woodstove.  A portion of the woodstove exhaust was diluted with filtered 

air, and fed into a sealed sampling chamber sampling PM at a concentration of 

approximately 250 µg/m3.  Prior to operation, the chamber was flushed with 

filtered air. 

 

2. A roadwear simulator, consisting of a circular road surface on which four 

wheels with studded tyres rotated.  Prior to operation, the chamber was 

flushed with filtered air, and the PM concentration was allowed to build up to 

a steady state of approximately 5000 µg/m3. 

 

3. A heavily trafficked road tunnel in The Netherlands.  Sampling was performed 

in a parking area immediately adjacent to the tunnel exit, with sampling 

performed during summer. 

 

Additionally, four samples of diesel exhaust particulate matter were collected, these 

varying in terms of the composition of diesel and the exact mechanical location of 

their collection: DEP1 was collected from the outflow pipe of a diesel exhaust 

generator using cerium oxide as a diesel additive, DEP2 was collected from the roof of 

an inhalation chamber used for DEP exposure studies, DEP3 was collected from a 

diesel exhaust filter set, and DEP4 was collected from a diesel-powered generator. 
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2.5 Particulate Chemical Analysis by Inductively Coupled 

Plasma Mass Spectrometry (ICP-MS) 

 

2.5.1 Principles 

 

ICP-MS is an elemental analysis technique with sensitivity in at least the parts-per-

trillion range, assuming completely uncontaminated reagents, with even greater 

sensitivity for detection of some elements depending on the specifics of the equipment 

used.  The prepared sample is fed into a nebuliser which disperses the sample into 

micron-sized droplets, and these are then fed into the plasma, where the liquid is 

evaporated and atomised.  A plasma is a gas made up of ions, rather than atoms or 

molecules.  In the case of ICP-MS, the plasma is a stream of argon gas into which a 

spark gun emits electrons, argon being used due to its relative inexpensiveness, 

monatomic nature, inertness, and exhibition of a simple background spectrum.  The 

electrons fired into the argon stream are shuttled by an electromagnetic coil with 

current direction oscillating at radio frequency, where they are able to ionise the argon 

gas to Ar+ ions, which form the plasma.  These processes cause the temperature of the 

plasma to reach approximately 5,000 K, and provide the high temperature ionising 

environment required for sample ionisation (409, 410). 

 

Once the sample is atomised and ionised, generally forming monovalent ions, the ions 

are focused through ion lenses to a quadrupole filter.  This consists of two opposing 

pairs of precisely-positioned rods, arranged as the points at the corner of a square, 

forming a tunnel-like structure through which the ions pass.  These rods carry an 

alternating and a direct current (AC and DC respectively) superimposed onto each 

other, which allows the quadrupole to filter ions based on mass/charge (m/z) ratio.  

As the amplitude of the AC rises, ions with a low m/z ratio are more affected by the 

oscillations than are larger m/z ratio ions, and may end up colliding with the rods or 

leaving the ion beam.  Thus the AC can remove ions below a certain m/z ratio.  

Conversely, as the magnitude of the DC increases, the deflection effect is more 

apparent on ions of a high m/z ratio, and so the DC portion is able to filter out ions 



Materials and Methods 

 

- 96 - 

 

above a critical m/z ratio.  As the ionised sample passes through the quadrupole, the 

amplitude and magnitude of the AC and DC currents can be varied, allowing the mass 

spectrometer to “scan” the range of desired elements (410).  Once ions have passed 

through the quadrupole filter, they collide with a detector which, through a series of 

electron-releasing processes, allows a count to be taken for each element. 

 

In the present research, a sweep of all elements to be analysed was performed 50 times 

and a mean taken to give a single count per element.  This was then repeated two 

further times, to give three counts, and a further mean of these counts was taken to 

give a final count for each element in the sample. 

 

2.5.2 Sample Digestion 

 

Particles were supplied as suspensions in water or, in the case of diesel exhaust 

particulates, as dry powders.  All particle samples were stored at -20 °C until required.  

All analysis steps were performed in a clean laboratory (class 100) environment in 

order to minimise the risk of contamination of particulate matter samples.  For 

particulate matter in suspension, samples were thawed, followed by vortexing for 30 s 

and sonicating in a sonicating water bath at room temperature for 30 s.  100 µl 

suspension was removed for anion analysis, and the remaining volume was recorded 

and transferred to a clean 3 ml Savillex Teflon pot.  The only exception to this was 

where the total mass of particulate matter in the remaining solution would have 

exceeded 1.5 mg, in which case a volume containing roughly 1.2 mg was dried down, 

and the remaining suspension returned to storage at -20 °C.  Suspensions were then 

evaporated to dryness on a Teflon hotplate at 130 °C. 

 

Dry diesel exhaust particulate matter was weighed and placed into a clean 3 ml Savillex 

Teflon pot.  The dry weight of each sample of particulate was recorded (approximately 

1.5 mg per pot).  For some of the dry powder samples, 2 ml water was added to the 

vial of powder in order to create a suspension, since these particulate samples were 

difficult to handle in their dry state.  These suspensions were vortexed, sonicated, and 

dried down as for the other suspensions.  From this point onwards, all particles were 
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in dry form, and all were treated in the same manner.  Digest blank samples, 

containing no particulate matter but subjected to the digestion procedure as for the 

particulates, were also used to verify lack of contamination in the digestion process. 

 

Three overnight digestion steps were performed.  For the first step, 1 ml concentrated 

nitric acid (15 M, Primar Plus grade) was added to each pot, followed by heating on a 

hot plate at 130 °C for approximately 30 min, and standing to cool for 15 min.  100 µl 

concentrated hydrofluoric acid (27 M, UpA grade) was then added to each pot, the lid 

reapplied, and the pots placed into individual Teflon bombes containing 4 ml ultrapure 

MilliQ water, to maintain pressure.  Teflon bombs were then placed inside spring-

sealed stainless steel bombs.  These were incubated in an oven overnight at 180 °C 

before being removed from the oven to cool for approximately 60-90 min, and then 

evaporated to dryness on the hotplate at 130 °C.  For the second step, approximately 1 

ml 6 M hydrochloric acid (12 M, Primar Plus grade) was added to each pot, followed 

by a further overnight incubation on the hotplate at 130 °C, with the lids securely on 

each pot.  After cooling, lids were removed, the contents of each pot was evaporated 

to dryness on a hotplate, and roughly 1 ml of 2% nitric acid spiked with beryllium 

(Be), indium (In), and rhenium (Re), was added to monitor instrument drift.  Pots were 

then sealed and left to stand for at least 24 h. 

 

2.5.3 Inductively Coupled Plasma Mass Spectrometry 

 

Prior to analysis, digest solutions were transferred to scintillation vials, and further 2% 

nitric acid with Be/In/Re spike was added, so that the final mass of the solution was 

approximately 3 g, with the mass being recorded.  To enable analysis by ICP-MS, three 

sets of standard solutions were made from individual element reference solutions.  Set 

1 (Standard 1) was comprised of elements expected to be relatively abundant in the 

particulates, while set 2 (Standard 2) was comprised of elements expected to be less 

abundant in the particulates.  Set 3 (standard 3) contained elements which are harder 

to measure by ICP-MS.  These elements are listed below, in alphabetical order. 
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Standard 1:  aluminium (Al), antimony (Sb), arsenic (As), barium (Ba), boron (B), 

cadmium (Cd), calcium (Ca), chromium (III) (Cr), cobalt (Co), copper (Cu), gallium 

(Ga), iron (Fe), lead (Pb), magnesium (Mg), manganese (Mn), molybdenum (Mo), 

nickel (Ni), potassium (K), selenium (Se), sodium (Na), tin (Sn), titanium (Ti), tungsten 

(W), vanadium (V), zinc (Zn). 

 

Standard 2:  bismuth (Bi), caesium (Cs), cerium (Ce), hafnium (Hf), mercury (Hg), 

lanthanum (La), lithium (Li), niobium (Nb), palladium (Pd), platinum (Pt), rhodium 

(Rh), rubidium (Rb), scandium (Sc), strontium (Sr), ytterbium (Yb), yttrium (Y), 

zirconium (Zr).   

 

Standard 3:  silicon (Si), silver (Ag). 

 

Standards were first made as 5 parts per million (ppm) w/w solutions.  Each reference 

solution was supplied as approximately 1000 µg/ml, although the exact concentration 

and density are both stated in material data sheets for use in subsequent calculations.  

Therefore, 100 µl (approximately 100 µg) of each reference solution was weighed into 

a 20 ml scintillation vial, the mass for each individual solution being recorded, and 

made up to a final mass of approximately 20 g with 2% HNO3.  Serial dilutions of this 

5 ppm solution were made into spiked 2% nitric acid, to give solutions of 1 ppm, 500 

parts per billion (ppb), 250 ppb, 125 ppb, 25 ppb, 12.5 ppb, 5 ppb, 2.5 ppb, and 0.25 

ppb.  For Standard 2, only 125 ppb – 0.25 ppb solutions were used due to the 

expected paucity of these elements in the particulates, while for standard 3, the 1 ppm 

solution was serially diluted to give solutions of 200 ppb, 50 ppb, 10 ppb, and 2.5 ppb.  

Scintillation vials were then arranged into the autosampler component of the ICP-MS 

equipment, with standards running from low to high concentrations, followed by 

samples, and samples were then automatically analysed by the Thermofisher X-Series 2 

mass spectrometer. 

 

Analysis of samples yielded a “count” value for each element in each standard.  Using 

the ppm/ppb concentrations, standard curves were plotted for each element, from 

which the elemental concentrations in each particulate digest sample could be read.  

For the majority of samples, certain elements produced counts which were too high to 



Materials and Methods 

- 99 - 

 

be reliable in conjunction with the standard curves, due to the loss of linearity between 

actual concentration and measured counts at high levels.  To remedy this, samples 

were further diluted in spiked 2% HNO3 to bring all readings to a maximum of 

approximately 500 ppb. 

 

Calculations were performed to correct for slightly different dilutions of each sample, 

and to correct for different starting masses of particulate in each sample, with the final 

derived value being a concentration of each element in the original particulate matter, 

expressed as milligrams of element per gram of particulate matter. 

 

2.6 Anion Analysis by Ion Chromatography 

 

Ion chromatography was used to determine the level of the anions sulphate (SO4
2-), 

chloride (Cl-), and nitrate (NO3
-) in the particulate samples.  100 µl of each particulate 

suspension had been reserved for this purpose prior to sample digestion for ICP-MS.  

These aliquots were thawed, vortexed for 60 s, and sonicated for 60 min in order to 

ensure that a maximum possible amount of these anions entered solution from the 

particles.  After sonication, suspensions were centrifuged at 20,000 x g for 10 minutes, 

before the supernatant was removed.  Care was taken to ensure that particles were not 

disturbed or removed with the supernatant – this resulted in a final volume of 

supernatant of 80 µl being removed and retained for analysis.  Individual supernatants 

were diluted in ultrapure MilliQ water to a volume of approximately 5 ml, before being 

analysed on a Dionex ICS2500 ion chromatograph, equipped with IP25 isocratic 

pump, CD25 conductivity detector, LC25 chromatography oven, and an automatic 

sampler.   Standard solutions were prepared for SO4
2-, Cl-, and NO3

- by serial dilution 

of commercially available stock standards, which were also used to monitor instrument 

drift.  Peak analysis was performed using Dionex Chromeleon software, and results 

were adjusted to take into account variations in particulate mass concentration in the 

original suspension, and also variations in dilution factor of supernatants into ultrapure 

MilliQ water. 
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2.7 Scanning Electron Microscopy (SEM) 

 

Particle suspensions were prepared for SEM by pipetting a small amount (roughly 50-

100 µl) onto the surface of an aluminium stub.  This was then placed in an oven at 50 

°C overnight to evaporate the suspension to dryness. 

 

After drying, the particulates were sputter coated with gold using a Hummer VI A 

sputter coater, operating at 7 kV for 4 min, to produce a gold coating of approximately 

20 nm thickness.  Gold was preferred to carbon as, while gold obscures detection of 

sulphur and phosphorus in elemental analysis, gold sputtering results in better imaging. 

 

SEM was performed using a LEO 1450VP (variable pressure) scanning electron 

microscope operated at 20 kV. 

 

2.8 Measurement of Particulate Matter LPS Concentration 

 

The concentration of LPS in suspensions of underground railway particulate matter 

were determined using a commercially available chromogenic Limulus amoebocyte 

lysate (LAL) assay according to the manufacturer’s instructions.  Briefly, 50 µl samples 

of particulate matter (at a concentration of 25 µg/ml) were aliquotted into a 96-well 

plate.  Similarly, 50 µl standard solutions for a 4-point standard curve with LPS 

concentrations of 1 EU/ml, 0.5 EU/ml, 0.25 EU/ml, and 0.125 EU/ml were 

dispensed into wells.  50 µl Limulus amoebocyte lysate was added to each well and 

incubated at 37 °C for 10 min.  Subsequently, 50 µl chromogenic lyophilised substrate 

was added to each well, and incubated at 37 °C for 6 min.  The reaction was arrested 

with the addition to each well of 100 µl 10% sodium dodecyl sulphate in LAL assay-

grade water.  Absorbance at 405 nm wavelength was measured immediately using a 

plate reader, and LPS concentrations of PM suspensions determined using the 

prepared standard curve.  
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2.9 Irradiation of Particulate Matter Samples 

 

PM suspensions sorted by size fraction and aliquotted into vials of 2 ml each were 

stored at -20 °C until use.  To prepare suspensions for cell culture, particles were 

gamma-irradiated to reduce the possibility of bacterial growth from bacteria collected 

during the sampling process.  PM suspension vials were defrosted at room 

temperature and vortexed for 30 s at 40 Hz speed using a Topmix Vortexer.  

Following this, vials were sonicated for 15 s at ambient temperature in a Soniclean 

bath sonicator.  Vials were then gamma-irradiated with a radiation dose of 1,250 Gy 

over a period of 10 h using a Gammacell 1000 cell irradiator with Cs137 source.  While 

radiation doses of up to 25 kGy have been recommended for effective sterilisation of 

surgical equipment (411), the dose of 1,250 Gy was the maximum available in any 

continuous period due to constraints of time and equipment availability.  For periods 

of carriage between these treatments, all vials were kept on ice.  Immediately after 

irradiation, samples were returned to storage at -20 °C.  Incubation of 10 µl of each 

particulate suspension in 500 µl medium confirmed that no fungal or bacterial growth 

could be observed in either starvation or complete media, although all subsequent 

experiments were monitored visually to verify lack of infection.  This was in contrast 

to non-irradiated samples, which developed turbidity in culture medium after only 24 h 

incubation, suggesting contamination with viable organisms.  To avoid repeated 

freeze-thawing, particulate suspensions were divided into aliquots of varying size and 

stored at -20 °C until required. 

 

2.10 16HBE Epithelial Cell Culture 

 

16HBE14o- cells, (hereafter referred to as 16HBE; a gift from Professor D.C. 

Gruenert, San Francisco, USA (412)), passage 48-60, were incubated at 37 °C, 5% CO2 

in Modified Eagle’s medium (MEM) + GlutaMAX culture medium supplemented with 

10% heat-inactivated foetal calf serum (FCS) and 1% penicillin and streptomycin mix 

(final concentrations of 50 units/ml and 50 µg/ml respectively).  Starvation medium, 

applied 24 h prior to challenge, was Minimum Essential Medium (MEM )+ 
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GlutaMAX medium without FCS or penicillin and streptomycin in the case of cells 

grown on Transwells (apical starvation only), and MEM + GlutaMAX medium with 

0.1% bovine serum albumin (BSA) for monolayers.  All culture reagents were warmed 

prior to use to avoid causing stress to cells. 

 

2.10.1 Passaging and Seeding of 16HBE Cells 

 

1% PureCol collagen in water (97% type I rat tail collagen, some type III collagen; 

final concentration 30 µg/ml) was prepared, and 5 ml added to a 75 cm2 flask, 100 µl 

to the apical compartment of each apical Transwell (surface area 0.33 cm2, pore size 

0.4 µm), 500 µl to each well of a 24-well Nunc cell culture plate (surface area 1.8 cm2), 

or 50 µl to each well of a 96-well Nunc cell culture plate (surface area 0.3 cm2).  

Culture apparatus was then transferred to an incubator at 37 °C for 30-60 min.  Cells 

ready for passaging in a 75 cm2 flask were washed twice with 10 ml Hanks’ balanced 

salt solution without calcium or magnesium (HBSS-), and 1 ml 0.05% trypsin-EDTA 

in HBSS- was added to the flask.  Cells were then incubated for 5-10 min to release 

from the culture surface.  After release, 10 ml serum-containing culture medium was 

added to arrest trypsin activity, forming a cell suspension.  This cell suspension was 

centrifuged at 300 x g for 5 min to pellet cells, and the pellet was then resuspended in 1 

ml culture medium.  80 µl HBSS-, 10 µl Trypan blue stain, and 10 µl cell suspension 

were mixed.  10 µl of the stained cell solution was pipetted into the chamber of an 

Improved Neubauer bright-line haemocytometer.  Using a phase contrast microscope, 

cells in the four corner 1mm2 squares were counted and a mean of the count per 

square calculated, with viable cell count calculated as below, using a volume scaling 

factor of 10,000 to convert the volume of suspension over the counting square at 0.1 

mm3 (1 mm x 1 mm x 0.1 mm) to 1 ml (1 cm3 or 1,000 mm3), and a correction factor 

of 10 to account for the cells being counted as a 1 in 10 dilution: 

 

Cells/ml = cell count/mm2 x 10,000 (volume scaling factor) x 10 (dilution factor) 

 

The cell suspension was supplemented with complete medium to a concentration of 1 

x 106 cells/ml.  Collagen solution was removed from flasks, Transwells, and plates, and 
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culture apparatus seeded – 300,000 cells in 10 ml medium per 75cm2 flask, 150,000 

cells in 200 µl medium (undiluted cell suspension) per Transwell, 50,000 cells in 500 µl 

culture medium and 15,000 cells in 100 µl culture medium per well in a 24-well and 96-

well plate respectively. 

 

All cultures had their medium replaced with fresh complete medium every 2-3 days, 10 

ml per 75cm2 flask, 200 µl per apical compartment and 500 µl per basolateral 

compartment of each Transwell, and 500 µl per culture plate well.  Transwells were 

used 7 days after seeding, and formation of a tight barrier was verified by measurement 

of a transepithelial electrical resistance (TER) of at least 330 Ωcm2 (i.e. a reading of 

1000 Ω).  Monolayers were used when 85-90% confluent, as assessed by observation 

under light microscope. 

 

2.11 Primary Bronchial Epithelial Cell Culture and Seeding 

 

Primary bronchial epithelial cells (PBECs) were obtained as previously described via 

bronchial brushing during fibre optic bronchoscopy (403).  Ethical approval had been 

obtained from the Southampton local research ethics committee under the description 

“Pathophysiology of Airway Diseases such as Asthma and COPD”, Rec. No 

05/Q1702/165, code MRC0268.  All volunteers had provided their informed consent, 

and all samples were anonymous-linked, with access to patient-identifiable data only 

being available to those with prior ethical approval.  PBECs were cultured and grown 

at air-liquid interface (ALI) according to a previously published method (413).  Briefly, 

cells were cultured to confluence in collagen-coated culture flasks (25 cm2 for passage 

0, 25 cm2 and 75 cm2 for passage 1) in bronchial epithelial growth medium (BEGM) 

prepared from BEBM with Singlequots as supplied by the manufacturer (final 

concentration at 52 µg/ml bovine pituitary extract, 10 µg/ml transferrin, 5 µg/ml 

insulin, 1.5 µg/ml BSA, 0.5 µg/ml hydrocortisone, 0.5  µg/ml epinephrine, 6.5 ng/ml 

triiodothyronine, 0.5 ng/ml human epidermal growth factor, retinoic acid 

(concentration withheld by manufacturer), and 0.1% GA-1000 solution).  After further 

growth, cells were seeded onto collagen coated Transwells at a density of 70,000 

cells/well.  Cells were grown in this configuration for 24 h, submerged in BEGM.  
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After 24 h, cells were grown further at air-liquid interface (ALI), with no medium in 

the apical compartment.  The basolateral compartment contained 300 µl medium – 

equal volumes of Dulbecco’s modified Eagle’s medium (DMEM) and BEGM 

(containing twice the concentration of each added supplement compared to that used 

for passage 0 and 1 growth in flasks to account for dilution with DMEM, with GA-

1000 omitted), with retinoic acid added to a final concentration of 50 nM.  Basolateral 

medium was replaced with fresh medium on each weekday.  TER was recorded on 

days 7, 14, and 21 post-seeding.  Starvation medium, applied 24 h prior to challenge, 

was BEBM with 1% 100x ITS (to a final concentration of 10 µg/ml bovine insulin, 5.5 

µg/ml transferrin, 5 ng/ml sodium selenite) and a final concentration of 1.5 µg/ml 

BSA. 

 

For primary bronchial epithelial cell monolayers, after passage 1, cells were seeded in 

collagen-coated 24-well Nunclon cell culture plates at a density of 20,000 cells per well, 

in 1 ml BEGM (same composition as for passage 0 and 1 growth, minus GA-1000), or 

5,000-8,000 cells in 200 µl BEGM for 96-well plates, and this medium was changed on 

alternate days.  Cells were grown for 5-6 days until 80-90% confluent.  24 h prior to 

challenge, starvation medium of BEBM with 1% ITS and a final concentration of 1 

mg/ml BSA was applied. 

 

2.12 Challenge of Cells with Particulate Matter 

 

For each experiment, stock solutions of each particulate fraction at 100 µg/ml were 

prepared by diluting stock suspensions in ultrapure MilliQ water, with 10% volume of 

10x PBS, so that each suspension was at a concentration of 100 µg/ml.  PBS was used 

due to the particulate suspensions being collected as different mass concentrations in 

water, so PBS was added to maintain overall osmolarity at the approximate level of 

starvation medium, regardless of the volume of aqueous particulate suspension used.  

Suspensions of the required concentration were prepared by diluting the prepared 100 

µg/ml suspension with BEBM (primary cell cultures) or serum- and BSA-free medium 

(16HBE cultures).  The total volume of PM suspension added was 400 µl per well in a 

24-well plate or 75 µl per well for a 96-well plate or Transwell culture.  To control for 
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the greater proportion of water/PBS and lesser proportion of culture medium in PM 

suspensions of a higher concentration, controls were run made up of PM-free 

ultrapure MilliQ water and PBS, diluted with culture medium in exactly the same 

proportions as were used for the PM suspensions. 

 

Since particle suspensions were made up according to the mass of PM per volume of 

medium, but when applied to cells are often expressed as mass of PM per surface area 

of cells, both values are expressed in this thesis, depending on the circumstance.  

Interchange between the two values for each culture type is shown below (Table 2.1). 

 

 

Plate SA 

(cm2) 

Vol 

(µl) 

PM Concentration Equivalents (µg/cm2) 

2.5 

µg/ml 

5 

µg/ml 

10 

µg/ml 

12.5 

µg/ml 

25 

µg/ml 

50 

µg/ml 

24-well 1.8 400 0.6 1.1 2.2 2.8 5.6 11.1 

96-well 0.3 75 0.6 1.3 2.5 3.1 6.3 12.5 

TW 0.3 75 0.6 1.1 2.2 2.8 5.6 11.1 

 

Table 2.1.  Transposition of PM concentrations between dose metrics. 

Two methods of expressing PM concentration are as mass per volume of suspension (µg/ml) or 

mass per surface area of cell culture (µg/cm
2
).  Conversion from the volume metric to surface area 

metric was achieved by multiplying volume concentration (µg/ml) by volume (ml) to give PM mass, 

and then dividing by surface area (cm
2
) to give surface area concentration (µg/cm

2
).  The 

procedure is reversed to convert from the surface area metric to volume concentration metric.  SA 

– Surface area per well, Vol – Volume of suspension in challenge per well, TW – Transwell. 

 

24 h post-challenge, supernatants were removed and centrifuged at 16,000 x g for 10 

min at 4 °C to remove cellular debris and particulate matter.  The supernatants were 

then transferred to new tubes and stored at -80 °C until needed. 
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2.13 Lactate Dehydrogenase (LDH) Assay 

 

Cytotoxicity was measured using a Cytotox 96 lactate dehydrogenase assay kit, 

performed according to the manufacturer’s instructions, except for the use of half 

volumes at each step, with samples being assayed in duplicate.  The assay is a simple 

colorimetric assay based on a two-step reaction, the first of step of which is catalysed 

by LDH to produce nicotinamide adenine dinucleotide (NADH) (reaction 1), which 

then reacts with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetrazolium chloride 

(INT) to produce a red formazan product (reaction 2).  The degree of colour change is 

proportional to LDH activity in the supernatant, as long as the extinction coefficient is 

not approached.  These reactions are: 

 

NAD+ + lactate  pyruvate + NADH [1] 

 

NADH + INT  NAD+ + formazan [2] 

 

To provide a measure of total cellular lactate dehydrogenase activity, one or more wells 

incubated with serum-free medium were supplemented with 400 µl starvation medium, 

containing 1% Triton X-100 to lyse cells.  All solutions for LDH testing were stored at 

4 °C and assayed within 24 h of removal.  Freezing of samples was avoided due to 

considerable evidence that the process of freezing can dramatically reduce LDH 

activity in solutions which do not contain the high levels of protein found in serum or 

serum-supplemented medium, while LDH is largely unaffected by 24 h storage at 4 °C 

(414, 415).  The reverse appears to be true for protein-rich samples, where levels of 

enzymes normally susceptible to degradation by the freeze-thaw process are better 

maintained by freezing rather than refrigeration (416).   

 

To perform the assay, briefly, supernatants were diluted 1 in 4 in the same type of 

medium as used in the challenge (i.e. MEM or BEBM).  25 µl of this diluted 

supernatant was added to the well of an uncoated clear, flat-bottomed 96-well plate 

(Greiner Bio-One, Stonehouse, UK).  To each well was added 25 µl reagent, 

reconstituted in reaction buffer according to the manufacturer’s instructions, and the 
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plate left on a flat surface at room temperature, in the dark, for 30 min.  Lysates were 

assayed similarly, but diluted 1 in 10 in serum- and BSA-free medium as used for the 

challenge, since this concentration had previously been found to lie on the liner part of 

a dilution curve.  Blanks were run for the medium and also a positive control, included 

with the assay kit, diluted 1 in 5,000 in 1% BSA in PBS.  After 30 min, the reaction 

was stopped by addition of 25 µl “stop” solution, and absorbance read at λ=492 nm 

using a Labsystems Multiskan Ascent plate reader.  Total LDH activity was calculated 

as the sum of the LDH activities in the lysate and medium control samples, after 

correction for the 1 in 10 and 1 in 4 dilutions respectively.  Cytotoxicity for each 

challenge was calculated as the LDH activity of the supernatant as a percentage of total 

LDH activity. 

 

2.14 Cytokine Release Analysis 

 

Cytokine release into culture supernatants was assessed using enzyme-linked 

immunosorbent assays (ELISA).  Sandwich ELISA was used, the procedure being 

performed according to the manufacturer’s instructions, except with the use of half 

volumes compared to those suggested.  There are two principal forms of ELISA – 

sandwich ELISA and competition ELISA.  Both are immunochemical methods 

exploiting antibody binding and colorimetric change, but differ in terms of the 

specifics of reagents used, and also in terms of colour change (in sandwich ELISA, 

colour change is proportional to concentration of the assayed species, while in 

competition ELISA colour change is inversely related to concentration of the assayed 

species).  Only sandwich ELISA was used in these studies. 

 

The principle of sandwich ELISA, described here for IL-8, involves the retention in 

the well of IL-8 by precoating a high-absorption plate with antibody specific to IL-8 

(the capture antibody), followed by incubation with supernatant containing an 

unknown concentration of IL-8.  Washing removes all unbound supernatant content, 

after which a detection antibody specific to IL-8 is added.  Thus the IL-8 is 

“sandwiched” between the capture and detection antibodies.  The detection antibody 

is pre-biotinylated, so subsequent incubation with a streptavidin-horseradish 
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peroxidase (HRP) conjugate permits retention of the HRP in the well, such that the 

greater the concentration of IL-8 in the supernatant, the greater the concentration of 

HRP retained in the well.  After washing, a substrate solution mix of hydrogen 

peroxide (the substrate) and TMB (the chromogen) is incubated in each well.  As the 

hydrogen peroxide component of the substrate solution is broken down by the 

horseradish peroxidase conjugated to the previously applied streptavidin, oxygen 

radicals are produced, which oxidise TMB to induce the development of a blue colour, 

in a manner which is initially proportional to HRP, and thus IL-8 concentration.  

Absorbance can then be read, and IL-8 concentration determined using a standard 

curve.  This procedure is summarised diagrammatically in Figure 2.2. 

 

 

 

Figure 2.2.  The principles of sandwich ELISA. 

 

In this instance, for IL-8, 96-well Nunc Maxisorp plates were coated with capture 

antibody supplied with the kit, at a dilution of 1 in 180 in PBS, 50 µl per well (all 

reagent volumes were 50 µl per well unless stated otherwise).  After overnight 

incubation at room temperature, plates were washed with wash buffer (0.05% Tween 



Materials and Methods 

- 109 - 

 

20 in PBS), and blocked with 1% BSA in PBS, 150 µl per well, for 1 h at room 

temperature.  Dilutions of supernatants were prepared at concentrations of 1 in 15 and 

1 in 20 for 16HBE and primary cultures respectively, in reagent diluent (0.1% BSA and 

0.05% Tween-20 in Tris-buffered saline (TBS)).  After removal of the blocking buffer 

and three washes with wash buffer, diluted supernatants were added, each supernatant 

being assayed in duplicate.  Standards were prepared from the supplied stock, diluted 

serially to form seven standards of 2000 pg/ml down to 31.25 pg/ml, and added to the 

plate in duplicate.  Two wells were used as reagent blanks, containing reagent diluent 

without supernatant, and as such should be free of analyte.  The plate was then 

incubated overnight in the dark at 4 °C. 

 

After overnight incubation, plates were washed three times, incubated with a 1 in 180 

dilution of detection antibody in reagent diluent for 2 h at room temperature, and 

washed as before.  Streptavidin-HRP diluted 1 in 200 in reagent diluent was added and 

incubated at room temperature for 20 min, followed by further washing.  Finally, 

substrate solution was added to each well and allowed to incubate at room temperature 

for approximately 20 min, making sure that a visible colour difference was seen 

between the lowest concentration standard and the reagent blank.  The reaction was 

then arrested by the addition of 25 µl 1 M sulphuric acid (H2SO4) per well.  

Absorbance was measured using a Labsystems Multiskan Ascent plate reader at a 

wavelength of 450 nm, with absorbance at 570 nm also being measured and subtracted 

from the absorbance at 450 nm, as a measure of the absorbance of the plate itself.  A 

standard curve was constructed using the software accompanying the plate reader, 

from which IL-8 levels in the supernatants were interpolated.  The curve was plotted 

according to the “four parameter logistic” curve setting.  An example of such a 

standard curve is shown in Figure 2.3.  ELISA kits were tested for cross reactivity as 

indicated by Table 2.2 below. 
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Figure 2.3.  A typical standard curve for ELISA. 

An example of a standard curve used to determine concentrations of cytokines and chemokines in 

culture supernatants assayed by ELISA. 

 

 

Analyte Lower Limit of 

Detection (pg/ml) 

No Cross-Reactivity 

IL-8 31 GROα, GROβ, GROγ, I-309, 

IP-10, MCP-1, MCP-2, MCP-

3, MIP-1α, MIP-1β, RANTES 

TNFα 16 TNFβ, sTNFRI, sTNFRII 

TNFα (high sensitivity) 0.5 ANG, β-ECGF, EGF, FGF, 

FGF-4, G-CSF, GM-CSF, 

GROα, IGF-I, IGFI, IGFII, 

IFNγ, IL-1α, IL-1β, IL-1ra, IL-

2, IL-3, IL-4, IL-5, IL-6, IL-6 

sR, IL-7, IL-8, IL-9, IL-10, IL-

11, LIF, M-CSF, MCP-1, MIP-

1α, MIP-1β, OSM, PDGF, 

RANTES, SLPI, TGFα, TGF-

β1, TGF-β2, TGF-β3, TNFβ, 

sTNFRI, sTNFRII 
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TSLP (commercial) 31 IL-7, IL-7Rα, TSLPR 

TSLP (in-house) 1  

IL-18 10 IFN-α, IFN-γ, IL-1β, IL-4, IL-

5, IL-6, IL-10, IL-12, GM-CSF 

IL-33 23 Pro-IL-33, ST2 (IL-1R4) 

 

Table 2.2.  ELISA kit detection limits and specificity. 

Table shows lower limit of detection (lowest point on standard curve) and analytes which were 

stated in the product literature as being undetectable with the respective ELISA kit. 

 

2.15 Detection of ROS Generation by Particulate Matter in 

Vitro 

 

PBECs from healthy donors were cultured in 96-well plates as described above, until 

85-90% confluent, before being starved for 24 h.  Immediately prior to the 

experiment, starvation medium was removed, and cells were washed once with 150 

µl/well HBSS.  Following this wash, cells were incubated at 37 °C in the dark with 10 

µM DCF-DA,  75 µl per well,  from a pre-prepared 50 mM stock in DMSO, diluted to 

working concentration in HBSS.  After 30 min loading, the DCF-DA solution was 

aspirated and the cells were washed twice with HBSS as for the initial wash.  

Subsequent steps were performed in a culture hood with the light turned off, in order 

to reduce photobleaching of the DCF or potential photochemical generation of ROS. 

 

Underground railway PM challenges prepared as above were applied immediately in a 

volume of 75 µl per well, with each challenge being performed in duplicate.  A pair of 

wells were also challenged with PM after being incubated with HBSS in the loading 

phase (i.e. no DCF-DA), to verify that there was no autofluorescence of either the 

cells or the medium confounding the results.  As soon as challenges were applied, 

fluorescence was measured (λexc
 = 485nm, λem = 530nm) on a Labsystems Fluoroskan 

FL fluorimeter, this reading being regarded as t=0 h.  Further readings were then taken 

at regular intervals. 
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To further explore the ability of PM to generate ROS, experiments were carried out 

with the addition of either DFX or N-acetylcysteine (NAC).  DFX and NAC were 

each dissolved in MEM or BEBM at stock concentrations of 50 mM and 200 mM 

respectively and stored at -20 °C.  Solutions for cell challenge were prepared in 

Eppendorf tubes as for the above experiments.  DFX or NAC were prepared at seven 

concentrations of each, using 1 in 5 serial dilutions to achieve final concentrations 

from a high of 200 µM (DFX) and 25 mM (NAC).  DFX and NAC solutions were 

then added to PM suspensions or controls to achieve the required final concentrations 

of all constituents.  Immediately after addition of DFX or NAC, challenge solutions 

were applied to cells, and a fluorescence reading taken as above (t=0 h).  No 

prolonged pre-incubation of PM with either DFX or NAC, nor of NAC with cells, 

was performed.  As above, cells pre-incubated with HBSS and no DCF-DA were 

checked for fluorescence in the presence of DFX and NAC to verify the absence of 

fluorescence of either of these molecules. 

 

2.16 The Effect of Underground Railway PM on Epithelial 

Permeability 

 

In order to assess the effect of underground railway PM on epithelial barrier 

permeability after 24 h exposure, apical and basolateral supernatants of ALI cultures 

were removed, and the apical compartment washed once with 200 µl HBSS.  300 µl 

fresh starvation medium was added to the basolateral compartment, and 4 kDa FITC-

labelled dextran (at a final concentration of 2 mg/ml in BEBM) was added to the 

apical compartment of ALI cultures.  One Transwell with no cells was prepared 

identically in order to determine the extent of FITC-dextran passage when not 

impeded by the epithelial cell layer.  A twelve-point standard curve with a top standard 

of 1 mg/ml FITC-dextran and subsequent points representing 1 in 2 serial dilutions 

was prepared in ALI starvation medium at the same time.  Cultures and standards 

were incubated at 37 °C in the dark for 24 h, after which time the concentration of 

FITC-dextran in the basolateral compartment was determined against a standard curve 

using a Labsystems Fluoroskan FL fluorimeter, with λexc=485 nm and λem=530 nm for 

duplicate readings of 100 µl of basolateral medium from each well. 
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2.17 Effects of Ultrafine Underground Railway PM on Gene 

Expression 

 

To examine changes in gene expression in healthy ALI cultures after exposure to 

ultrafine underground railway PM, ultrafine underground railway particulate matter 

(final concentration 5.6 µg/cm2) was applied to the apical compartment of ALI 

cultures as above for 2, 4, 6, 8, 24, or 48 h.  After the relevant time, supernatants were 

collected and total RNA was harvested by cell lysis using Trizol reagent according to 

the manufacturer’s protocol.  Briefly, apical and basolateral supernatants were 

removed from ALI-cultured PBECs, and 200 µl HBSS was applied to the apical side 

of the membrane and removed immediately, in order to wash the cells, removing 

cellular debris and residual particulate matter.  200 µl Trizol was then added to the 

apical compartment and left to incubate for approximately 10 minutes at room 

temperature.  After scraping the membrane to remove any remaining cells, the lysate 

was transferred to a clean Eppendorf tube and stored at -80 °C until RNA extraction 

was performed.  Further experiments were performed using the same concentration of 

ultrafine underground railway PM combined with either DFX (final concentration 200 

µM) or NAC (final concentration 20 mM) to study the mechanism of any alterations in 

gene expression.   
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2.18 RNA Isolation and Real-Time PCR Challenge 

 

2.18.1 RNA Extraction 

 

RNA was extracted from cell lysates by means of a standard chloroform/ethanol 

precipitation protocol.  After thawing of lysates, one fifth volume of chloroform was 

added, and the mixture was shaken vigorously for 15 s, followed by 10 min incubation 

at room temperature.  The sample was then centrifuged at 13,800 x g, 4 °C for 15 min, 

producing two fractions – a colourless upper fraction containing RNA in chloroform 

and a pink lower fraction containing protein in phenol, separated by a well-defined 

turbid, viscous interphase containing DNA.  The colourless upper phase was carefully 

removed and transferred to a new Eppendorf tube, and 1 µl of a 20 mg/ml glycogen 

solution was added to act as a nucleic acid co-precipitant, increasing the mass of the 

subsequently recovered RNA pellet.  After briefly vortexing the mixture, an equal 

volume of ice-cold isopropanol was added, followed by further brief vortexing.  RNA 

was then precipitated overnight at -80 °C. 

 

 

2.18.2 RNA Precipitation 

 

After overnight precipitation, samples were thawed and kept at room temperature for 

15 min, before being centrifuged at 16,200 x g, 4 °C for 30 min.  This resulted in 

formation of a small white pellet at the bottom of each tube.  The isopropanol 

supernatant was carefully removed with a pipette, taking care not to disturb the pellet.  

Pellets were washed with 75% ethanol at the same volume as the original Trizol 

sample, and centrifuged again at 5,400 x g, 4 °C for 5 min.  The ethanol was carefully 

removed, leaving a pellet which was air-dried in the tube for approximately 10 min. 
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2.18.3 Removal of DNA Contamination 

 

In order to remove as much contaminating DNA as possible, a DNase kit was used.  

Pellets were resuspended in a mixture of 17 µl ultrapure MilliQ water, 1 µl DNase, and 

2 µl 10x buffer, and incubated at 37°C for 45-60 min.  DNase activity was arrested by 

addition of 5 µl neutralization buffer, and agitated twice at two min intervals.  Samples 

were then centrifuged at 16,200 x g at room temperature for 2 min, and the resulting 

colourless supernatant transferred to a clean Eppendorf tube, while the slurry pellet 

was discarded.  Samples were then stored at -80 °C. 

 

2.18.4 RNA Quantification 

 

RNA concentration of the solution was assayed using a NanoDrop 1000 

spectrophotometer.   RNA quantification was performed at 260nm absorbance, and 

DNA contamination was determined by the ratio of Abs260:Abs280, with 280nm being 

the peak absorption of DNA.  A 260/280 ratio of  1.8-2.0 was considered sufficiently 

“pure”.  The volume of solution containing 1 µg RNA was calculated according to the 

formula: 

 

Volume containing 1 µg RNA (µl) = (1 / RNA concentration (ng/µl)) x 1000 

 

2.18.5 Reverse Transcription 

 

RNA was reverse transcribed into complementary DNA (cDNA) using a Precision 

Reverse Transcription kit.  In this two-step reverse transcription (RT) reaction, the 

RNA is heated to denature and remove secondary structures, followed by primers 

binding to the RNA strands (annealing step).  Primers are then extended by a Moloney 

murine leukaemia virus (MMLV) reverse transcriptase enzyme (extension step).  
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For the annealing step, 1 µg of RNA (volume calculated as above) was made up to a 

final volume of 12 µl with ultrapure MilliQ water.  To this was added 3 µl of annealing 

“mastermix” as below (Table 2.3). 

 

Reagent Volume for 1 Reaction 

Oligo-dT Primers 1 µl 

Random nonamer primers 1 µl 

Deoxyribonucleotide triphosphate (dNTP) 

mix (10 mM each dNTP) 
1 µl 

 

Table 2.3.  Reagents used in reverse transcription annealing mastermix. 

 

Oligo-dT primers bind the polyA tail of mRNA, thus allowing the RT reaction to 

begin from the 3’ end of the mRNA, (i.e. the 5’ end of the newly synthesized cDNA).  

Random nonamer primers are random nonanucleotides which bind to the RNA prior 

to reverse transcription.  The inclusion of dNTPs allows extension of the primers to 

synthesise full cDNA strands in the presence of reverse transcriptase enzyme.  The 15 

µl solution containing 1 µg RNA and RT kit components was incubated at 65 °C for 5 

min in a T100 Thermal Cycler to denature secondary RNA structures, allowing 

primers and dNTPs to access and anneal to the full length of RNA strands (annealing 

step).  Immediately after the incubation period, samples were snap-cooled using ice 

from a -80°C freezer to arrest annealing, the rapid cooling reducing the formation of 

further secondary structures. 

 

The extension step was performed by the addition of 5 µl extension “mastermix” to 

each reaction tube (Table 2.4). 

 

Reagent Volume for 1 Reaction 

MMLV-RT enzyme 0.8 µl 

5x RT buffer 4.0µl 

Ultrapure MilliQ water 0.2 µl 

 

Table 2.4.  Reagents used in reverse transcription extension mastermix. 
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Extension was performed by incubation at 37 °C for 10 min, followed immediately by 

42 °C for 60 min.  After completion of the incubation, cDNA samples were diluted 1 

in 10 in ultrapure MilliQ water (i.e. 180 µl water added to 20 µl reaction product), and 

stored at -80 °C until required for quantitative polymerase chain reaction (qPCR). 

 

2.18.6 Quantitative Polymerase Chain Reaction 

 

Polymerase chain reaction (PCR) is a method for the amplification of cDNA 

sequences.  After heating of the cDNA to separate the two strands (denaturing, at 

approximately 95 °C), the mixture is cooled to approximately 50-65 °C and a strand of 

DNA usually 18-22 base pairs (bp) long, termed the primer, anneals to a 

complementary sequence in the cDNA.  The forward primer anneals to part of the 

sense strand of cDNA, while the reverse primer anneals to the anti-sense strand.  The 

mixture is then either maintained at this temperature or heated to approximately 70-75 

°C so that dNTPs in the reaction mixture which have annealed to cDNA bases 

downstream of the primer can be joined together by a DNA polymerase enzyme.  

Such an enzyme must be able to maintain its tertiary structure and have optimum 

polymerisation rate at a temperature which would result in the denaturation of most 

other enzymes, and therefore such enzymes were originally extracted from 

thermophilic bacteria, such as Taq polymerase from Thermophilus aquaticus.  However, 

such enzymes are now artificially produced.  After this polymerisation step, the cycle is 

repeated, starting with the initial denaturation step to separate the original cDNA 

strand from the newly synthesised strand.  Using primers which anneal specifically to 

sequences at different points within a certain gene means that only the RNA sequence 

between the forward and reverse primers is amplified.  After one cycle, there is twice 

the original number of strands since each strand has been copied once.  After two 

cycles, there is a further doubling.  Therefore, the number of copies of the sequence to 

be amplified per original copy increases exponentially according to the series 2, 4, 8, 

16, …2n, where n represents the number of cycles of PCR performed. 
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Quantitative polymerase chain reaction (qPCR), sometimes known as reverse 

transcription quantitative polymerase chain reaction (RT-qPCR) is a technique using 

the principles of PCR as detailed above in order to measure the relative amounts of 

cDNA coding for the region being amplified.  Each well of a white 96-well white 

plastic reaction plate contained a mastermix (containing nucleotides, a DNA 

polymerase enzyme and, for the SYBR Green system, the fluorophore), ultrapure 

MilliQ water, primers for the gene of interest (which also contain the fluorescently 

tagged probe if the Perfect Probe system is being used), and cDNA (Table 2.5).  A 

mixture of Mastermix, water, and primer was prepared, and aliquotted into each well.  

cDNA was then added, with each sample being run in duplicate.  The plate was 

centrifuged at 300 x g for 2 min to pull the reaction mixture to the bottom of the well.  

The plate was then run on an iCycler CFX96 thermal cycler. 

  

Gene Reagent Volume per reaction 

Housekeeping duplex 

(UBC/GAPDH) 

Mastermix 12.5 µl 

H2O 9 µl 

Primer 1 µl 

cDNA 2.5 µl 

   

Gene of interest 

Mastermix 5 µl 

H2O 2 µl 

Primer 0.5 µl 

cDNA 2.5 µl 

 

Table 2.5.  Reagents used in qPCR. 

 

Two systems were used – Perfect Probe and SYBR Green.  In the Perfect Probe 

system, the primer mix also contains a probe – a short length of DNA complementary 

to a specific sequence within the amplified region.  This probe is labelled with a 

fluorophore and a quencher so that under normal conditions fluorescence cannot be 

detected.  However, when the extension step is performed, the exonuclease activity of 

the DNA polymerase enzyme cleaves the probe, separating the fluorophore and the 

quencher, which detaches from the probe, allowing fluorescence to be detected.  As 
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such, the level of fluorescence indicates the number of amplified strands.  The use of a 

probe which is complementary to a section of the amplified region ensures that only 

the amplification of the cDNA region of interest is measured, and not other sections 

such as mis-amplified regions or primer dimers.  The SYBR Green system is simpler, 

whereby the fluorescent dye SYBR Green intercalates with the minor groove of 

double stranded DNA.  This SYBR Green-DNA complex fluoresces with an emission 

wavelength of 520 nm (green).  However, since there is no probe, it is possible that 

fluorescence comes from mis-amplified regions or primer dimers.  Therefore, a melt 

curve is run at the end of the final qPCR cycle.  The PCR products are heated 

incrementally, and a fluorescence reading is taken after each incremental heating step.  

If a single product has been amplified with no significant contamination, all SYBR 

Green-DNA complexes should have the same sequence, and thus the same melting 

temperature.  Therefore, there should be a specific temperature point on the melt 

curve at which fluorescence drops markedly (Figure 2.4).  Conversely, if there is a 

significant presence of primer dimers and mis-amplified fragments, there will be a 

variety of melting temperatures within a sample, and therefore the fluorescence will 

change over a range of temperatures.  Inspection of the melting curve therefore 

verifies that the amplifications have produced a single product. 

 

 

Figure 2.4.  Melt curves after SYBR Green qPCR. 

The melt curve for amplification of a single product should show a decrease in fluorescence at a 

single temperature (top left).  The same data can also be represented as a change in fluorescence, 

rather than fluorescence intensity (top right).  Conversely, wells containing multiple different 

amplification products will exhibit a range of temperatures at which fluorescence decreases, and 

thus Ct values for these reactions are unreliable (bottom left and bottom right). 
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For both detection systems, as amplification proceeds, there is an increasing 

fluorescence of the sample (Figure 2.5).  A threshold for fluorescence is set on the 

liner ascending part of the curve which results when fluorescence is plotted on a 

logarithmic scale against amplification cycle number. 

 

 

Figure 2.5.  qPCR readout. 

The relative fluorescence units (RFU) increase for each sample with increasing cycle 

number.  The Ct value is the number of cycles requires for a sample’s RFU value to 

exceed the threshold (blue horizontal line) suggested by the analysis software.  Since 

this will occur after fewer cycles if there was a greater number of transcripts in the 

original sample, a low Ct value indicates a greater expression of the sequence of 

interest. 

 

When the curve for a particular sample crosses this threshold, the cycle number is read 

off, termed the Ct value.  Ct values are first calculated for both of the housekeeping 

genes (UBC (FAM fluorophore) and GAPDH (Cy5 fluorophore)), and a geometric 

mean of the two is calculated.  The Ct value for the gene of interest is similarly 

calculated.  The housekeeping gene geometric mean Ct is subtracted from the same 

sample, to give the ΔCt value (equation 1).  The ΔCt value for the control sample is 

then subtracted from the ΔCt value for each treatment to give a ΔΔCt value for each 

treatment (equation 2).  Fold change in gene expression is then calculated (equation 3): 
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ΔCt = Ctgene of interest – Cthousekeeping gene [1] 

 

ΔΔCt = ΔCttreatment - ΔCtcontrol [2] 

 

Fold change in gene expression = 2-ΔΔCt [3] 

 

qPCR was performed using primers for the genes HO-1, IL-8, IL-33, NQO1, and 

TSLP (Table 2.6), using the cycling conditions for the relevant system (Table 2.7).  

 

Gene Forward Reverse System 

Housekeeping 

Genes 

UBC/GAPDH 

Sequences not available from supplier. 

Assay code HK-PP-hu-900-d-UBC/GAPDH 
Perfect Probe 

HO-1 
GGAAGCCCCCACTC

AACA 

GCATAAAGCCCTAC

AGCAACT 
Perfect Probe 

IL-8 
CAGAGACAGCAGA

GCACAC 

AGCTTGGAAGTCA

TGTTTACAC 
Perfect Probe 

IL-33 
AAAGAAAGATAAG

GTGTTACTGAGTTA 

GCAACCAGAAGTC

TTTTGTAGG 
SYBR Green 

NQO1 
Sequences not available. 

Assay ID HS00168547_m1 
Perfect Probe 

TSLP 
AATCCAGAGCCTAA

CCTTCAATC 

GTAGCATTTATCTG

AGTTTCCGAATA 
SYBR Green 

 

Table 2.6.  Primers used in qPCR reactions. 

All primer sequences run from the 5’-end to the 3’-end of the primer sequence. 
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System Step Temp Time 

Perfect 
Probe 

Denaturation 95 °C 10 min 

Denaturation 95 °C 15 s 

Repeat 
cycle x50 

Annealing 50 °C 30 s 

READ   

Elongation 72 °C 15 s 

    

SYBR 
Green 

Denaturation 95 °C 10 min 

Denaturation 95 °C 15 s 
Repeat 

cycle x50 
Annealing and 

Elongation 
60 °C 60 s 

READ   

Melt Curve 
Denature 

95 °C 3 min 

Melt Curve Start 60 °C 1 min 

Melt Curve 60 °C – 95 °C, 0.5 
°C increments, read 

after each 

5 s each 

 
Table 2.7.  Thermal cycling conditions for qPCR. 

 
 

2.19 Electron Microscopy 

 

2.19.1 Fixing of cells for transmission electron microscopy (TEM) 

 

After incubation and removal of supernatants, PBEC ALI cultures on Transwells were 

washed twice with PBS, applied to the apical and basal compartments of each well.  

After aspiration of the final wash of PBS, a fixative of 3% glutaraldehyde and 4% 

paraformaldehyde in 0. 1M PIPES buffer at pH 7.2 was applied, 300 µl to the apical 

compartment and 500 µl to the basolateral compartment.  This was left at room 

temperature for 30 min, before wells were stored at 4 °C for up to 14 days. 
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2.19.2 Embedding cells for TEM 

 

All steps were applied to both the apical and basal compartments of each Transwell, 

ensuring that the volume applied for each solution was in excess of that required to 

cover the Transwell from either side.  Between all steps, solutions were aspirated from 

both compartments of each well.  All steps were performed at room temperature 

unless stated otherwise. 

 

The fixative in which the well was stored at 4 °C was aspirated.  Two washes of rinse 

buffer (0.1M PIPES, pH 7.2) for 5 min each were followed by treatment with a post 

fixative solution of 1% osmium tetroxide in 0.1 M PIPES buffer at pH 7.2 for 1 h, 

followed by a rinse with distilled water.  Cells were then treated with a 2% aqueous 

solution of uranyl acetate for 20 min, followed by four dehydration steps of 10 min 

each in, successively, 30%, 50%, 70%, and 95% ethanol.  Dehydration was completed 

by two treatments of 20 min each in absolute ethanol. 

 

Transwell membranes were then excised from wells using a scalpel, being regularly 

moistened with absolute ethanol, and immediately placed into individual specimen jars 

containing absolute ethanol.  The absolute ethanol was aspirated and immediately 

replaced with approximately 1 ml acetonitrile per jar, and left for 10 min.  This was 

then replaced with a 50:50 mixture of acetonitrile and Spurr resin, and left overnight at 

room temperature. 

 

After overnight treatment, the acetonitrile/Spurr resin solution was aspirated and 

replaced with approximately 1 ml pure Spurr resin per specimen jar, and allowed to sit 

for 6 h.  Membranes were removed from the resin, cut in half, and each half put into a 

separate, labelled, Spurr resin-filled capsule, oriented so that the face of the Transwell 

was parallel to one side of the capsule.  The capsules were then placed in an oven at 70 

°C for 24 h to allow for resin polymerisation to occur. 

 

Following polymerisation, capsules containing resin blocks were stored at room 

temperature. 

 



Materials and Methods 

 

- 124 - 

 

Ultrathin sections of approximately 60 nm thickness were cut using an 

ultramicrotome, and stained with Reynold’s stain (lead citrate solution as previously 

described (417)) for 3 min prior to viewing on a Hitachi H7000 transmission electron 

microscope.  Energy dispersive x-ray spectroscopy was performed on an FEI Techai12 

EDAX transmission electron microscope. 

 

2.20 Challenge of Cells with Alternaria Extract 

 

24 h prior to challenge, cells were serum-starved as for experiments with particulate 

matter.  Lyophilised Alternaria alternata and Cladosporium herbarum extracts were 

dissolved into supplement-free medium to make a stock of 10 mg/ml and stored at -

20 °C until required.  Aliquots were thawed and diluted as required, and added apically 

in varying concentrations.  To assess the heat-lability of fungal activity, aliquots of the 

dissolved allergen extracts were heat-treated at 65 ºC for 30 min.  To determine 

protease types present, 30 min prior to stimulation, prepared Alternaria extract was 

incubated at 37 °C with the protease inhibitors AEBSF (500 µM with Alternaria), E-64 

(100 µM), or Pepstatin A (1 µg/ml), or cells were pre-treated with the p38 MAPK 

inhibitor SB203580 (50 µM applied apically, kept on the cells for the whole challenge 

period, reduced to 25 µM by addition of fungal challenge solution) for 30 min.  For 

16HBE challenge, fungal extracts were applied apically at concentrations of 50 µg/ml 

and 100 µg/ml in a final volume of 200 µl and TER measured at 1 h and 24 h post-

challenge.  For ALI challenge, 50 µl fungal extracts were added to the apical 

compartment at 25, 100, or 400 µg/ml to retain the air-liquid interface as much as 

possible.  TER was measured immediately prior to the addition of extracts using 

chopstick electrodes connected to a Millicell ERS-2 epithelial volt-ohm meter, and 

thereafter at 3 h and 24 h. For TER measurements, 100 µl of HBSS- was added to the 

apical compartment, and this was removed immediately afterwards and discarded or 

combined with the harvested supernatant. At 24 h, apical and basal supernatants were 

harvested, with apical supernatants being centrifuged at 400 x g for 7 min to remove 

cell debris.  Supernatants were then stored at -20 °C until required. 
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2.21 ELISA following Alternaria Challenge 

 

ELISA was performed as described above, using kits to assay supernatant 

concentrations of IL-8, TNFα, TSLP, IL-18, and IL-33.  In addition, a custom-

developed ELISA kit to measure TSLP, developed by Novartis Plc, was also used 

(Table 2.2).   

 

2.22 Fluorimetric Protease Assay 

 

In order to determine the protease activity of Alternaria extract in a cell-free system, a 

commercially available protease fluorescent detection kit was used.  This kit is an 

elegant yet straightforward way of measuring protease assay of a sample, and the use 

of inhibitors of specific protease activity can be built into the assay in order to quantify 

contributions of various types of proteases.  The assay was performed according to the 

supplied instruction.  Briefly, 10 µl of fungal extract (in this case 500 µg/ml of 

Alternaria or Cladosporium extract) was mixed with 20 µl of the supplied incubation 

buffer and 20 µl of substrate, a FITC-labelled casein solution.  Protease activity digests 

the casein into smaller peptide fragments.  After 24 h incubation at 37 °C, 150 µl 0.6 M 

trichloroacetic acid was added to each sample.  This acid precipitates only the 

undigested casein, while the smaller, digested fluorescent peptide fragments remain in 

solution.  Each sample was then centrifuged at 10,000 x g for 10 min to pellet the non-

lysed protein.  10 µl of the each supernatant was added to 1ml assay buffer, and 

fluorescence read with λexc=485 nm and  λemi=530 nm, with supernatants assayed in 

duplicate, using a Labsystems Fluoroscan FL fluorimeter.  A standard curve for 

dilutions of trypsin (supplied with the kit) allowed protease activity to be quantified as 

having activity equivalent to a known concentration of trypsin.  The lower limit of 

detection of this assay was protease activity equivalent to 25 ng/ml trypsin. 

 

In order to determine the relative activities of serine, cysteine, and aspartate proteases 

in the Alternaria extract, aliquots of Alternaria extract were incubated with either 

AEBSF (2.5 mM when incubated with Alternaria), E-64 (500 µM), or Pepstatin A (5 
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µg/ml) at 37 °C for 30 min prior to assay.  Although these inhibitor concentrations 

were, in absolute terms, higher than used with cells, they were the same as used in the 

cellular experiments on a stoichiometric basis relative to Alternaria concentration.  

Protease activity when Alternaria was treated with each inhibitor was then compared to 

the activity of uninhibited Alternaria for AEBSF and E-64, and to Alternaria treated 

with Pepstatin A diluent (10% glacial acetic acid in methanol) for Pepstatin A. 

 

2.23 The Effects of Alternaria after Pre-Treatment of ALI 

Cultures with Ultrafine Underground Railway PM 

 

To study whether pre-exposure to ultrafine underground railway PM could modify the 

responses of PBEC ALI cultures to Alternaria extract, ALI cultures were serum-starved 

as detailed above for 24 h.  Basolateral medium was refreshed, and cultures were 

exposed apically to ultrafine underground railway PM at a concentration of 5.6 µg/cm2 

(25 µg/ml).  Controls were also run, incubated apically with PBS-supplemented 

BEBM.  After 24 h, supernatants were removed, the apical compartment was washed 

once with HBSS-, basolateral starvation medium was again refreshed, and incubations 

with either BEBM (as control), 400 µg/ml Alternaria extract, or 400 µg/ml heat-treated 

Alternaria extract were performed as per the immediately preceding experiments.  TER 

was measured prior to starvation, and prior to adding ultrafine PM to verify that a tight 

barrier had been formed (TER reading >1000 Ω).  Readings for experimental analysis 

were taken immediately prior to Alternaria challenge (0 h), and at 3 h and 24 h 

thereafter.  After 24 h, apical and basolateral supernatants were removed, centrifuged 

at 16,000 x g for 10 min at 4 °C, and the supernatants stored at -80 °C until required.  

Cells were washed once with HBSS, lysed with 200 µl Trizol per well, and lysates 

stored at –80 °C prior to RNA extraction and reverse transcription to cDNA. 

 

ELISA was performed to determine apical and basolateral release of IL-8, and qPCR 

was performed to measure expression of HO-1 and IL-33 mRNA. 
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2.24 Statistical Analysis 

 

All data analysis and graph drawing was performed using GraphPad Prism software.  

To determine whether data were normally distributed, and thus whether parametric or 

non-parametric statistical tests should be used, the Shapiro-Wilk statistic was 

examined, with a p-value of <0.05 indicating that the distribution deviated significantly 

from normally distributed data, and therefore that non-parametric tests should be 

performed.  Conversely, if p>0.05, parametric tests were used. 

 

For all tests where treatments were applied to different sets of cells from the same 

donor, repeated measure/before-and-after/paired analyses were used.  Furthermore, 

for analysis of transition metal variations between size fractions of underground 

railway PM, the same protocol was used as sets of different size fractions were 

obtained on each different sampling day. 

 

For comparison between several groups with normally distributed data, one-way 

repeated measures ANOVA was used, with Bonferroni correction to detect pairwise 

differences if the initial ANOVA found significant inter-group differences.  For non-

normally distributed data, a one-way repeated measures ANOVA on ranks (Friedman 

test) was used, with Tukey’s correction applied for pairwise analysis.  For analyses 

involving only two groups, a paired t-test was used to determine significance in the 

case of normally distributed data, while a Wilcoxon signed rank test was used in the 

case of non-normally distributed data. 

 

For all statistical analyses, significance was considered to be reached if p<0.05. 
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3 Physicochemical 

Characterisation of  

Particulate Matter 

3.1 Introduction 

 

The source materials and processes involved in the generation of particulate matter 

play a major role in determining the physicochemical properties of the particles and, by 

extension, their biological activity and potential toxicity.  However, the complex and 

varied chemistry of certain source materials, and the fact that this can be modified by 

equally complex processes involved in particle generation, such as combustion of fossil 

fuels involved in DEP and ROFA production, renders delineation of the importance 

of each of the separate constituents of these particles difficult and prone to variation, 

as evidenced by contradictory findings between many research groups.  Particulate 

composition may also vary depending on season and climate (54).  Furthermore, some 

particulate components, especially VOCs and polyaromatic hydrocarbons, are 

susceptible to change between collection and physicochemical/toxicological analysis 

(267). 

  

Underground railway systems are widely used mass transit systems in many major 

cities, some carrying several million passengers per day (418).  High mass 

concentrations of respirable PM with a mean aerodynamic diameter up to 10 µm 

(PM10; coarse), 2.5 µm (PM2.5; fine) or 0.1µm (PM0.1; ultrafine) have been observed in 

several underground railway systems (67, 80, 81).  In many cases, concentrations far 

exceed WHO recommended limits for 24 h average particle exposure of 50 and 25 

µg/m3 for PM10 and PM2.5 respectively, presenting a potential risk for regular 
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passengers and employees, although these limits only apply to outside environments 

(61).  Notably, PM0.1 levels are currently unregulated.  Importantly, exposure to PM has 

been noted to be greater for underground railway journeys than for equivalent 

journeys made by a variety of overground modes of transport (69), and time spent in 

underground railways has been suggested to be a better predictor of metal exposure 

than duration of exposure to traffic-derived metal pollutants (205). 

 

There is evidence to suggest that underground railway PM has high concentrations of 

Fe and other transition metals compared to ambient PM (64, 66, 206).  Transition 

metals are of interest as potential airborne toxicants because of their ability to generate 

the ROS superoxide (

O2

-), hydrogen peroxide (H2O2) and, by the Fenton reaction, 

hydroxyl radical (

OH) via successive single-electron reductions of molecular oxygen 

(245).  It is thought that many of the toxic effects of transition metals arise from 

oxidative stress due to ROS generation.  Defined as an excess of oxidative species that 

outweighs the antioxidant capacity of a system, oxidative stress can result in oxidation 

and functional modification of biomolecules such as lipids, proteins, and nucleic acids 

and can result in inflammation and tissue injury (196).  However, transition metals, and 

also a variety of other metals and metalloids such as lead and arsenic, can exert toxic 

effects via mechanisms other than direct generation of ROS; hence, study of 

concentrations of non-transition metals in airborne PM is also warranted. 

 

The composition of metal-rich PM from a wide variety of sources has previously been 

studied, including PM from steel mills, smelting plants, and welding fume (189, 191, 

192).  However, underground PM studies generally focus on coarse and fine fractions, 

without parallel analysis of ultrafine PM composition (419).  Although individual 

ultrafine particles have a lower surface area than fine or coarse particles (0.03 vs. 19.6 

and 314 µm2, respectively, for particles of 0.1, 2.5, and 10 µm diameter, assuming 

perfect sphericity), ultrafine PM is often present in a much greater number 

concentration than coarse or fine PM, and thus their contribution to overall PM 

surface area has the potential to be very important, possibly being a key determinant of 

toxicity (37).  Furthermore, coarse and fine particles tend to accumulate in the airways 

by impaction and are rapidly cleared by the mucociliary escalator, whereas ultrafine 

particles predominantly settle by diffusion in the alveoli, from where clearance is much 
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slower (20).  Ultrafine particles, unlike fine particles, are also able to translocate from 

the airway lumen to the pulmonary interstitium and potentially the systemic 

circulation, being detected in the liver, heart, kidneys, and brain (228, 420). 

 

Because there is evidence that underground PM is an important potential toxicant, the 

aim of this study was to determine the concentration of transition and non-transition 

metals in respirable, size-fractionated PM collected at an underground railway station 

and to compare this to PM collected from other process-specific sources, namely a 

woodstove, a roadwear generator, a road tunnel, and diesel exhaust. 

 

The work presented within this chapter has been published in the journal 

Environmental Science & Technology (421). 
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3.2 Results 

 

3.2.1 Particulate Chemical Analysis by ICP-MS 

 

PM was collected between 0830 and 1730 hours on three individual sampling days (all 

working weekdays in July 2010) at the underground railway station, yielding a 

mean±SEM underground railway PM10 mass concentration of 282±8 µg/m3, with 

coarse PM10-2.5 comprising 169±6 µg/m3, fine PM2.5 75.3±5.9 µg/m3, and ultrafine 

PM0.18 37.7±4.5 µg/m3 (Figure 3.1). 
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Figure 3.1.  Airborne mass concentration of underground railway PM. 

Underground railway PM (coarse PM10-2.5, fine PM2.5, and ultrafine PM0.18) was collected on three 

separate sampling days.  Bars represent mean±SEM airborne mass concentration of each fraction; 

n=3. 
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Chemical analysis by ICP-MS was carried out on underground railway PM as well as 

PM from the other three sources and, as an expected transition metal-poor source, 

DEP.  For woodstove, roadwear, and underground railway PM sampling, individual 

daily samples were analysed separately.  Road tunnel PM and DEP were analysed in 

the coarse fraction only, as well-characterised references for comparison.  In general, 

underground railway PM was the most transition metal-rich PM, with Fe the most 

abundant element, comprising 407±43, 404±70, and 484±82 mg/g for coarse, fine, 

and ultrafine fractions respectively.  Thus, Fe comprises greater than 40% of the total 

mass of the PM (Figure 3.2).  Conversely, while all other PM samples contained 

detectable levels of Fe, only coarse and ultrafine roadwear PM (21.5±0.1 and 18.1±3.5 

mg/g) and coarse road tunnel PM (27.7 mg/g) contained Fe levels greater than 1% of 

the total mass of the PM.  Cu was also elevated in underground railway PM compared 

to PM from other sites, although the Cu concentration (21.9±2.5 mg/g C, 20.7±3.9 

mg/g F, and 25.6±4.3 mg/g UF) was lower than that of Fe (Figure 3.3).  As with Fe, 

these Cu levels were considerably higher than those seen in any other sampling 

locations, across all fractions analysed.  Other transition metals that were present at 

high concentration in underground railway PM included Mn, Cr, and Zn, which are 

commonly added to steel to alter the properties of the finished material (Figure 3.3), 

and also Zr, Mo, and Sn.  In addition, levels of V, Cr, Ni, Nb, and Hf were higher in 

underground PM than other sources, although they were found at lower absolute 

concentrations.  Additionally, Ca was high in underground PM, particularly in the 

ultrafine fraction (54±31 mg/g), as was Ba, found in train braking systems (Figure 3.3) 

and also Mg, Ca, Zn, and Sb, with relatively high levels of Ga and As also noted (for 

all elements, see Figure 3.4).  Statistical analysis was performed to determine whether 

there was any significant difference in the concentration of any element assayed across 

each of the size fractions.  Only B showed any pairwise difference, the ultrafine 

fraction being high vs. coarse (p<0.05) and fine (p<0.01) fractions.   

 

Woodstove PM showed a marked enrichment for K (Figure 3.3), while levels of B and 

Zn were similar to underground railway PM and in excess of levels in other PM types.  

Furthermore, Rb (144±3.2 µg/g F, 192±1.8 µg/g UF), Cd (40.4±7.1 µg/g F, 58.0±5.4 

µg/g UF), and Pb (185±43 µg/g F, 266±37 µg/g UF) were also relatively high in 
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woodstove PM compared to other PM sources, although they were low in terms of 

absolute concentration. 

 

Roadwear PM possessed especially high concentrations of Al, with the three fractions 

showing concentrations of 71.0±31, 27.3±1.8, and 53.9±7.2 mg/g respectively.  These 

concentrations were second only to underground PM Fe concentrations in terms of 

the most prevalent metals found at any site.  Roadwear PM also contained notably 

high levels of Ti and to a lesser extent Sr, whereas levels of Sc, La, and Hg were found 

to be greater than other PM types, albeit at trace levels.  Pd was also higher in road 

tunnel PM, although only at a concentration of 0.129 µg/g, representing 0.0000129% 

of the total mass of this PM.  Indeed, Pd was generally the least abundant of all metals 

tested. 

 

Coarse road tunnel PM showed relatively high levels of Li, B, and Na.  Road tunnel 

PM also contained elevated levels of Pb relative to other PM samples at 516 µg/g.  

DEP was also analysed, as a source of PM expected to be low in transition metals.  As 

anticipated, the majority of elements analysed were present in lower concentrations in 

DEP compared to PM from the other sources tested, and many were not detected at 

all.  There were, however, some differences between DEP samples, especially the high 

concentrations of zinc and cerium found in diesel sample 1, from a diesel exhaust 

generator pipe, relative to the other diesel and other PM samples.  The potential causes 

of this are discussed later.  Due to their general paucity, the levels of transition metals 

in DEP are not included in the graphs in Figure 3.4, but are instead shown in 

Table 3.1.
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Figure 3.2.  The concentration of Fe in PM from various sources. 

Coarse (C), fine (F) and ultrafine (UF) PM was collected from a woodstove (WS; n=2), roadwear 

generator (RW; n=2), underground railway station (UG; n=3) and a road tunnel (RT; n=1).  After 

acid digestion, PM elemental composition was analysed by ICP-MS.  Bars represent mean±SEM Fe 

levels. 
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Figure 3.3.  The concentration of Mn, Cr, Zn, Cu, Ba, and K in PM from various sources. 

PM was collected and analysed as for Figure 3.2.  Bars represent mean±SEM elemental 

concentrations. 



Physicochemical Characterisation of Particulate Matter 

 

- 136 - 

 

P M  S o u rc e /F ra c t io n

[L
i]

 (
m

g
/g

)

F U F C F U F C F U F C

0 .0 0 0

0 .0 0 5

0 .0 1 0

0 .0 1 5

0 .0 2 0

W S R W U G R T

P M  S o u rc e /F ra c t io n

[B
] 

(m
g

/g
)

F U F C F U F C F U F C

0 .0

0 .5

1 .0

1 .5

W S R W U G R T

P M  S o u rc e /F ra c t io n

[N
a

] 
(m

g
/g

)

F U F C F U F C F U F C

0

1 0

2 0

3 0

4 0

5 0

W S R W U G R T

P M  S o u rc e /F ra c t io n

[M
g

] 
(m

g
/g

)

F U F C F U F C F U F C

0

1 0

2 0

3 0

4 0

5 0

W S R W U G R T

P M  S o u rc e /F ra c t io n

[A
l]

 (
m

g
/g

)

F U F C F U F C F U F C

0

2 0

4 0

6 0

8 0

W S R W U G R T

P M  S o u rc e /F ra c t io n

[S
c

] 
(m

g
/g

)

F U F C F U F C F U F C

0 .0 0 0

0 .0 0 2

0 .0 0 4

0 .0 0 6

0 .0 0 8

W S R W U G R T

P M  S o u rc e /F ra c t io n

[T
i]

 (
m

g
/g

)

F U F C F U F C F U F C

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

W S R W U G R T

P M  S o u rc e /F ra c t io n

[V
] 

(m
g

/g
)

F U F C F U F C F U F C

0 .0 0

0 .0 5

0 .1 0

0 .1 5

W S R W U G R T

P M  S o u rc e /F ra c t io n

[C
o

] 
(m

g
/g

)

F U F C F U F C F U F C

0 .0 0

0 .0 5

0 .1 0

0 .1 5

W S R W U G R T

P M  S o u rc e /F ra c t io n

[N
i]

 (
m

g
/g

)

F U F C F U F C F U F C

0 .0

0 .1

0 .2

0 .3

0 .4

W S R W U G R T

P M  S o u rc e /F ra c t io n

[G
a

] 
(m

g
/g

)

F U F C F U F C F U F C

0 .0

0 .1

0 .2

0 .3

0 .4

W S R W U G R T

P M  S o u rc e /F ra c t io n

[C
a

] 
(m

g
/g

)

F U F C F U F C F U F C

0

2 0

4 0

6 0

8 0

1 0 0

W S R W U G R T

  

Figure 3.4.  The concentrations of elements in PM from various sources. 

PM was collected and elemental content analysed as for Figure 3.2.  Bars represent mean±SEM 

elemental concentrations. 
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Figure 3.4 continued. 
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Figure 3.4 continued. 
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Element DEP1 ( µg/g) DEP2 (µg/g) DEP3 (µg/g) DEP4 (µg/g) 

Li 0.3 0.4 0.3 0.09 

B ND 12.6 ND ND 

Na 246 1777 2090 238 

Mg 157 1072 83.6 544 

Al 520 194 25.6 674 

K 66.3 7377 404 90.9 

Ca 4532 7052 842 1616 

Sc 0.04 0.1 ND 0.2 

Ti 12.6 8.8 1.9 136 

V 0.4 0.7 ND 2.6 

Cr 126 16.9 2.8 3.9 

Mn 49.1 44.0 2.6 28.8 

Fe 3160 220 9.4 795 

Co 1.0 0.8 0.4 0.7 

Ni 68.6 10.3 5.3 9.5 

Cu 13.3 30.7 6.6 8.4 

Zn 75827† 226 382 2458 

Ga 0.6 0.3 0.1 0.6 

As 0.2 ND 0.2 0.1 

Se ND ND ND ND 

Rb 0.2 4.8 0.6 0.3 

Sr 2.0 5.7 1.9 6.7 

Y 0.04 0.5 ND 0.3 

Zr 0.2 0.7 0.06 2.5 

Nb ND ND ND 0.6 

Mo 13.6 ND ND ND 

Pd ND ND ND ND 

Cd 0.2 0.2 0.8 0.02 

Sn 2.4 0.8 0.2 ND 

Sb 0.8 0.07 0.3 0.06 

Cs 0.008 0.02 0.006 0.007 
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Element DEP1 ( µg/g) DEP2 (µg/g) DEP3 (µg/g) DEP4 (µg/g) 

Ba 2.8 3.1 0.9 5.3 

La 0.05 0.06 0.005 0.5 

Ce 124 1.1 0.03 0.9 

Yb 0.007 0.07 ND 0.03 

Hf ND 0.002 ND 0.05 

Pt 0.02 ND ND ND 

Au ND ND ND ND 

Hg ND ND ND ND 

Pb 32.5 2.3 1.8 5.9 

Bi 0.5 0.03 0.007 0.005 

 

Table 3.1.  Concentrations of elements in diesel exhaust particulate matter from four different 

sources. 

DEP1 was collected from the outflow pipe of a diesel exhaust generator using CeO as an additive; 

DEP2 was collected from the roof of an inhalation chamber used for DEP exposure studies; DEP3 

was collected from a diesel exhaust filter set; DEP4 was collected from a diesel-powered generator. 

† - Zn in DEP1 potentially elevated by contamination from galvanized exhaust pipe.  ND – not 

detected above lower limit of detection. 

 

The data were further analysed to test for correlations between Fe and other elements 

across the underground railway PM samples, testing with Spearman’s rank correlation 

coefficient.  Sr was the element most strongly correlated with Fe (r=1.00; p<0.0001).  

However, this may be of limited importance due to the low overall concentration of 

Sr. generally below 100 µg/g.  Indeed, 32 of the 40 elements showed concentrations 

significantly correlated with those of Fe (p<0.05).  The strongest correlations among 

the abundant metals were observed for Mn, Ni, and Cu, while V was also strongly 

correlated with Fe (Figure 3.5).  Although no negative correlations with Fe were 

found, the crustal elements Na (r=0.517) and K (r=0.433) along with B (r=0.467) 

showed the weakest correlation with Fe. 
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Figure 3.5.  Correlations between Fe and other elements in underground railway PM. 

Coarse (C), fine (F), and ultrafine (U) underground railway PM (n=3 for each) were analysed for 

elemental composition by ICP-MS.  Each point represents a single PM sample (C = coarse, F = fine, 

U = ultrafine).  AnalysisbySpearman’srankcorrelationcoefficient. 

 

3.2.2 Particulate Anion Analysis 

 

Particulate anion concentration was assessed by sonicating PM suspensions for 1 h, 

followed by centrifugation and retention of the supernatant.  Ion chromatography 

analysis showed that road tunnel PM possessed the highest concentrations SO4
2-, Cl-, 

and NO3
- (Figure 3.6).  Roadwear PM generally showed the lowest SO4

2-, Cl-, and NO3
- 

concentrations of any of the PM tested, suggesting that these anions are derived from 

fuel combustion rather than road and mechanical sources in the road tunnel PM.  

When the concentrations of each species were compared between the three size 

fractions of underground PM, coarse and fine fractions showed similar levels of the 

three anions, but ultrafine underground railway PM showed enrichments of SO4
2-, Cl-, 

and NO3
-, and for SO4

2- this difference was of statistical significance versus coarse and 

fine fractions.  Each anion showed only weak positive correlation with Fe 

concentration (r=0.583, 0.483 and 0.367 for SO4
2-, Cl-, and NO3

-, respectively). 
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Figure 3.6.  Anion concentrations in PM samples from various sources. 

PM samples were collected as for Figure 3.2.  Samples were sonicated and centrifuged, and the 

supernatant analysed by ion chromatography.  Bars represent mean±SEM concentrations of SO4
2-

 

(left), Cl
-
 (centre), and NO3

-
 (right). 

 

3.2.3 PM Lipopolysaccharide Concentration 

 

Underground railway PM LPS concentration was assayed by Limulus amoebocyte 

lysate assay.  Only one of the three daily samples of underground railway PM was used 

in this analysis, that being the same sample set used for subsequent experiments in 

Chapter 4.  The assay was performed as per the kit instructions, and each size fraction 

was analysed in duplicate, with a mean taken to give a final LPS concentration.  The 

greatest concentration of LPS was found in the coarse fraction, at 8.5 EU/mg, with 

6.7 EU/mg in the ultrafine fraction and 5.6 EU/mg in the fine fraction.  Spiking of a 

sample of UF PM with 0.25 EU/ml LPS resulted in almost complete detection of this 

added LPS, suggesting that the interference of PM with the LAL assay is minimal. 

 



Physicochemical Characterisation of Particulate Matter 

- 143 - 

 

E
n

d
o

to
x

in
 C

o
n

te
n

t 
 (

E
U

/m
g

 P
M

)

C
o

a
rs

e

F
in

e

U
lt

ra
f i

n
e

0

2

4

6

8

1 0

 

Figure 3.7.  Lipopolysaccharide content of underground railway PM. 

LPS concentration in underground railway PM from a single sampling day, thenceforth to be used 

for in vitro experiments, was assayed using a colorimetric Limulus amoebocyte assay.  Bars 

represent mean of duplicate readings. 

 

3.2.4 Overall PM Composition 

The total mass concentrations of analysed transition metals, metals, and anions were 

calculated in order to determine their relative proportion in each size fraction of each 

PM sample (Figure 3.8).  Although the analysis was not exhaustive since some 

transition metals (e.g. Ta, Ir) and metals (e.g. Fr, Ra) were not analysed, these omitted 

elements were expected to be present in only trace amounts, and thus their omission is 

not expected to markedly alter the outcome of such a calculation.  It is clear that 

underground PM of all size fractions was the most transition metal-rich (442, 444, and 

532 mg/g for coarse, fine, and ultrafine fractions respectively).  Indeed, the next most 

transition metal-rich PM sample was coarse road tunnel PM, containing only 32 mg/g 

transition metals.  Conversely, there was a lesser degree of variation in non-transition 

metals, particularly if the metal-poor woodstove PM was excluded.  The total 

concentration of anions SO4
2-, Cl-, and NO3

- was much greater in road tunnel coarse 
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PM (495 mg/g) than in any other PM sample, with ultrafine underground railway PM 

being the second-most anion rich (162 mg/g).  There was also a substantial proportion 

of some of the PM samples, especially those from woodstove and roadwear, but also 

to a lesser extent coarse and fine underground railway PM and coarse road tunnel PM, 

which remained unidentified.  O was not analysed by ICP-MS, but x-ray dispersive 

spectroscopy (XDS) measurements performed on underground railway PM suggested 

that oxygen accounted for 29-43% by mass of these PM samples, which is well in 

excess of that accounted for by SO4
2- and NO3

- (data not shown).  C was also not 

analysed, and is likely to make up a significant proportion of the unidentified fraction, 

particularly for woodstove and road tunnel PM samples. 
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Figure 3.8.  The chemical composition of PM from various sources by category. 

Coarse (C), fine (F) and ultrafine (UF) PM was collected from a woodstove (WS; n=2), roadwear 

generator (RW; n=2), underground railway station (UG; n=3) and a road tunnel (RT; n=1).  After 

acid digestion, PM elemental composition was analysed by ICP-MS.  Bars show contribution of 

transitionmetals,metals,anions,and“other”unidentifiedconstituentstoeachPMsample. 
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3.2.5 Particulate Morphology Analysis 

 

A scanning electron microscope was used to examine at high resolution the 

morphology of underground railway particles, and in particular to try to discern any 

differences in particle morphology between size fractions (Figure 3.9). 

 

Examination of the coarse fraction of underground railway PM revealed that, in terms 

of particle numbers, most particles were well below the 10 µm size used as a cutpoint 

for this fraction, with a smallest dimension of 2-3 µm or less.  However, there was a 

clear population of particles with at least one dimension closer to the 10 µm cutpoint.  

The smaller particles were of non-uniform granular morphology, whereas the larger 

particles had a flake-like appearance with a relatively smooth face and jagged edges 

(Figure 3.9).  When examined at a greater magnification, the flat surfaces of these 

larger, flake-like particles were often marked by ridges or indentations.  Examination 

of the fine fraction of underground railway PM revealed a similar set of small particles, 

again with a largest diameter of approximately 2 µm.  Significantly, there was an almost 

complete lack of the flake-like structures compared to the coarse fraction.  The 

ultrafine fraction of underground railway PM was composed of particles with a non-

uniform granular shape.  All fractions contained some particles of a larger size than 

should theoretically have been permitted by the cutpoint of the virtual impactor.  

These larger particles were commonly composed of 1-2 µm particles agglomerated to 

form a single mass, suggesting agglomeration post-collection.  Indeed, agglomerates 

were observed in all fractions, particularly the coarse and fine fractions (Figure 3.9).  

These were often clearly composed of particles in the 1-2 µm size range, apparently 

attached to each other to form a larger entity which was, in some cases, far larger than 

would be permitted to pass through the relevant virtual impactor. 
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Figure 3.9.  Scanning electron micrographs of underground railway PM. 

Coarse PM (C; top left) comprised flake-like PM (arrowheads) characteristic of this fraction, and 

granular PM.  Fine (F; top right) and ultrafine (UF; bottom right) fractions were generally granular.  

Large agglomerates were seen, especially in the coarse and fine fractions (AGG; example bottom 

right).  All micrographs x5,000, except bottom left x30,000, scale bars 10 µm except bottom right 2 

µm.  
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3.3 Discussion 

 

This study examined the levels of transition and non-transition metals and selected 

metalloids in size-fractionated underground railway PM, with woodstove, roadwear, 

road tunnel, and diesel exhaust PM used as comparators.  ICP-MS analyses of a large 

range of metals, especially in the rarely studied ultrafine fraction, provides new 

information on the chemistry of underground airborne PM.  The underground railway 

station on which this study focused forms part of an international mainline railway.  

This is important because (1) the studied railway draws power from an overhead 

catenary, as opposed to an electrified rail, and (2) trains running on this line are larger 

than would generally be found on urban underground railway networks.  The effects 

of increased load on rail wear have been detailed previously (422). 

 

Elemental analysis of PM composition uncovered some interesting and remarkable 

findings.  First, underground railway PM of all size fractions was considerably more 

metal-rich than PM from all other sources analysed.  Furthermore, diesel exhaust PM 

was generally metal-poor compared to PM from other sources.  Examination of levels 

of each individual analyte element suggested that the concentrations of many metals 

were several fold higher in underground railway PM than in other PM but that, in 

absolute terms, Fe was the most elevated element although it was by no means the 

only element whose levels were notably higher.  Furthermore, certain other elements 

were found at greater concentrations in PM from other locations, such as Al and Ti in 

roadwear PM, and Cd in woodstove PM, while road tunnel PM contained considerably 

elevated levels of Na and Pb. 

 

Analyses of urban particulate matter frequently show trace levels of transition metals, 

such as Fe, Sn, Co, V, Zn, and Cu, generally in the coarse and fine size fractions of 

PM.  However, comparison between such urban PM studies and PM of the type used 

in this study is potentially misleading, because the samples used in this study are all 

from environments characterised by certain activities which could reasonably be 

expected to contribute significantly to the suspended PM. 
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The present study showed that underground railway PM contained a notably high 

concentration of iron.  This observation is in agreement with other studies, which have 

found high iron content in underground railway PM (e.g. 40%-59% in Stockholm 

underground railway PM10
 (64, 204), 61% and 41.8% from Paris RER and Metro PM10 

respectively (80)).  This metal-rich nature of underground railway PM is in clear 

contrast with samples from road traffic-predominant areas, which tend to be rich in 

elemental carbon (67). 

 

Unlike the majority of studies into underground PM, the present study also analysed 

the elemental composition of ultrafine PM (PM0.18), which is rarely studied.  In urban 

environments, ultrafine PM is generally observed to be metal-poor (36, 121, 255), and 

mainly composed of elemental C along with the products of secondary reactions 

between gaseous pollutants which condense to form PM (36, 87, 307).  In terms of 

their chemistry, these secondary ultrafine particles are thought to be of very little 

toxicological significance (423).  However. some processes involving high 

temperatures and resultant vaporisation or combustion of substrate material have the 

potential to generate metal-rich PM (239, 424).  Indeed, most metals analysed in this 

study were found in higher concentrations in the ultrafine fraction compared to the 

coarse and fine fractions, although the differences were not statistically significant for 

any metal.  Furthermore, the present study may underestimate the relatively metal-rich 

nature of the ultrafine fraction compared to the fine fraction as the VACES equipment 

includes some ultrafine PM in the PM2.5 fraction (113).  The majority of particles in 

underground railway PM samples are thought to be derived from interaction between 

wheels, rails, and brakes (67), generating particles that consist mainly of Fe but also 

contain among others Mn, Cr, V, Zn, and As (425).  Although abrasive forces between 

wheels, rails, and brakes can clearly generate coarse and fine PM due to shearing, there 

is evidence to suggest that ultrafine PM can be generated via the high temperatures of 

friction at interfaces between these components, with subsequent vaporisation of the 

substrate (422, 424).  There is also likely to be a contribution from arcing of the 

electrical current from the third rail or overhead catenary to the collector 

shoe/pantograph on the train through which electrical current is drawn (70, 76).  

Crucially, however, unlike most urban underground railway systems, which draw 

electric current through a third rail running parallel to the other rails, the railway in the 
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present study is powered by an overhead catenary, with the current drawn through a 

pantograph.    This may explain the levels of Cu found in underground railway PM, 

which are relatively high compared to other underground systems.  Contact wires 

which run above the railway line are generally composed of Cu, alloyed with 0.1-0.5% 

Ag, Sn, Mg, or Cd, such as those supplied by Liljedahl Bare Wire (Helsingborg, 

Sweden and Mannheim, Germany) or Lamifil (Hemiksem, Belgium), used on systems 

such as the French high-speed Thalys network, and also on the Eurostar network (426, 

427).  The precise composition of these wires depends on the speed reached by trains 

drawing current.  Similarly, Cu or Cu-Pb-Sn alloys form the contact material of the 

pantograph, although in this case it is generally as a component of a metallised carbon 

contact strip (428, 429).  However, it should be noted that the underground railway 

station, as well as accommodating commuter trains servicing the local metropolitan 

area, is also used as a stop on intercity networks, connecting the station to Paris, Berlin 

and, in the future, Brussels.  Therefore, while the exact composition of the contact 

wire at the underground railway station is not known, it is likely to be similar to these 

examples.  This can be contrasted with the third-rail system of power, where although 

similar materials are used on the current-collecting component (in this case a third-rail 

“shoe”), the third rail itself is an Al-stainless steel composite, with a thin layer of 

stainless steel rolled over an extruded rail of aluminium, to provide high conduction 

and low wear to the collector shoe (430).  As such, underground railways powered by 

overhead catenary may be expected to show increased airborne Cu and decreased Fe 

compared to those powered by electrified third-rail.  By using the previously stated 

underground airborne PM mass concentrations for each size fraction described above, 

in conjunction with the concentration of Mn in each fraction, the mean±SEM 

airborne Mn concentration over the three sampling days is calculated as 1010±93 

ng/m3, well in excess of the WHO recommended limit of 150 ng/m3 annual average 

(431).  This level still exceeds the limit after allowing for working a 35 h exposure 

period per week, with zero Mn exposure outside of working hours.  Because Mn 

overexposure in welders and miners has been linked to symptoms resembling those of 

Parkinsonism (432), further research is needed into the potential effects of chronic 

exposure to underground railway dust. 
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Perhaps the most comparable situation in terms of ultrafine metals is that of welding 

where, in a similar process to that seen on the underground, arcing of an electrical 

current is able to vaporise metal, resulting in formation of ultrafine metal PM (192, 

193).  Metal fume fever is a well-documented condition, and shows that transition 

metals in the ultrafine fraction of PM are able to exert quite serious effects after acute 

exposure (258).  As discussed in Chapter 1, coarse PM is thought to exert its effects 

through its chemistry, whereas ultrafine PM effects are thought to be due to its large 

surface area and penetrative ability.  Clearly, metal-rich ultrafine PM has the potential 

to exert effects through both mechanisms, and therefore further study of metal-rich 

ultrafine PM is required. 

 

As the antithesis of an element found to be relatively enriched in underground railway 

PM, K was particularly high in woodstove PM.  Wood combustion is a significant 

contributor to airborne K (49, 305, 433), so it is unsurprising that K was found at high 

levels in wood burner emissions.  Interestingly, woodstove PM displayed levels of Cd 

which, although in absolute terms were not as high as those seen with many of the 

other elements, were markedly greater than in other PM.  Cd is a characteristic waste 

product of many industrial processes such as metal mining and smelting, accumulates 

in the environment, and is toxic to several organs (434).  While it is beyond the scope 

of this research to identify a reason for the enrichment of Cd in the woodstove PM 

samples, one potential source is a large waste incineration plant in the vicinity of the 

area from which the wood for burning was obtained.  Waste incineration plants have 

been shown to release Cd and other heavy metals as part of the incineration process 

(435, 436), and so it could reasonably be suggested that such a facility may be the 

source of the elevated Cd in the woodstove PM.  Indeed, Pb was also enriched in 

woodstove PM compared to all other PM samples with the exception of road tunnel 

PM.  It is well documented that the alkali metals Rb and Cs (which was also elevated in 

woodstove PM compared to other PM, although only at trace levels) act as analogues 

for K, also an alkali metal, in plant cation uptake, explaining their accumulation in 

plant material (437). 

 

Both roadwear PM and road tunnel PM showed slightly increased levels of Ba 

compared to woodstove PM, although these were well below those seen in 
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underground railway PM.  Ba is also found in the brake shoes of trains; hence, brake 

wear is a possible source of the high Ba concentration in underground railway PM and 

this may be an indicator of brake wear (438), although Cu, another potential marker of 

brake wear, was found to constitute only 0.15% of road tunnel PM mass, and was 

almost absent from roadwear PM, although this may reflect low brake usage in these 

situations.  Both roadwear and road tunnel PM also have high concentrations of Na, 

while roadwear PM was relatively rich in Al, K, Ti, and Sr, and road tunnel PM in B 

and Pb.  These differences may reflect generation: roadwear PM is from an artificial 

roadwear generator designed to simulate PM generation from the action of studded 

tyres on the road, while road tunnel PM is from an operational road tunnel.  Ti and K 

are both found in brake pads (439), while road dust contains aluminosilicates (440).  

Elevated Na levels in road tunnel PM likely derive from the nearby (approximately 30 

km away) North Sea coast or from the use of road salt.  The elevated concentration of 

Pb in road tunnel PM is noteworthy in that lead is not currently used in Dutch petrol, 

where it was previously used as an anti-knocking agent to prevent auto-ignition of fuel.  

However, Pb, as well as Sr, has been detected in road dust samples in other studies 

(433, 439), and additional toxic anthropogenic metals, unlike the more commonly 

found crustal metals, have been found in especially high levels in the fine fraction of 

road dust (441).  The levels of lead in road tunnel PM probably reflects the greater 

volatility of Pb compared to other anthropogenically enriched toxic metals (441). 

 

Diesel exhaust particulates generally contained either very low or undetectable levels of 

metals.  Notable exceptions to this were in diesel sample 1, which contained high 

concentrations of Zn and Ce, and in diesel sample 2, which showed relatively high K 

levels.  The level of cerium in diesel 1 is due to the presence of CeO2 nanoparticles as a 

catalyst to reduce soot emissions.  The presence of Zn cannot easily be explained, but 

may be due to contamination from galvanised components of the diesel exhaust 

generator, either during diesel combustion or during particle collection.  Finally, the 

presence of relatively high levels of K in diesel 2 may be due to residue from biodiesel 

combustion – biodiesel manufacture involves the use of KOH as an esterification 

agent. 
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A limitation of the analysis here is that it does not inform about the precise nature of 

the particulate chemistry – only the elemental concentration.  While this information is 

important, a more detailed assessment of the biochemical impacts of these elevated 

metals would require data concerning their oxidation states.  For example, 

differentiation between iron in the ferrous Fe(II) or ferric Fe(III) oxidation states is 

important in evaluating the potential for participation in Fenton reactions and radical 

formation, due to the ability of Fe2+ to act as a reductant, with Fe3+ usually acting as an 

oxidant.  This subsequently influences interactions with biomolecules.  Furthermore, it 

does not identify the precise nature of the compound in which an element is found, 

and this can impact significantly on metal toxicity.  For example, environmental iron is 

often found in insoluble oxide form (184, 310), whereas metal chlorides are generally 

soluble, and therefore often used when the effects of elements are to be studied 

individually (303).  Indeed, more than one form of iron oxide has been observed in 

airborne PM, with urban PM iron being mainly in the form of the ferric oxide 

haematite (Fe2O3), while the predominant species of underground railway PM iron has 

been reported for different underground systems as being magnetite (Fe3O4, a complex 

of haematite and ferrous oxide wustite (FeO)) or metallic Fe, with minor haematite 

levels (204, 252).  While it is possible to separate ions prior to ICP-MS analysis by use 

of ion chromatography in series with the mass spectrometer, these facilities were 

unavailable.  Improved identification of particular compounds would be attained by 

use of x-ray diffraction (XRD) as has previously been used by other groups to 

distinguish between iron oxide species (204) and barium sulphate species in railway 

brake shoes (438), amongst others.  However, XRD is only able to show relative 

proportions of different moieties within a sample, and gives no information about 

absolute concentrations of elements between samples.  Therefore, while XRD may be 

useful for more in-depth analysis of samples, it would be of little use as a potential 

replacement for ICP-MS in studies such as this.  Furthermore, this study only 

considered the predominant isotope of each element for study.  Since ions are detected 

on the basis of their mass/charge ratio, only one isotope of each element was able to 

be detected.  However, there is no evidence that this could adversely affect the data 

presented here. 
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Analysis of metal concentrations in all PM samples showed a large degree of 

correlation between different elements.  In particular, Fe, which is one of the best 

characterised of these elements in terms of respiratory toxicity, was positively 

correlated with 32 of the elements assayed, including several of the most abundant 

transition metals, such as V, Cr, Mn, Co, Ni, Cu, and Zn.  It is likely that these 

correlations are due partly to elements coming from the same source, such as Fe being 

alloyed with other elements to modify the properties of steel, but also partly due to the 

level of mechanical activity contributing to the PM load. 

 

Ion chromatography analyses showed that road tunnel PM contained the highest 

concentrations of SO4
2-, Cl-, and NO3

-.  This finding is unsurprising, since much of the 

PM from a road tunnel is likely to be derived from fuel combustion, and be most 

representative of urban PM that is known to contain large concentrations of these 

anions (34, 78, 181, 433).  There is also likely to be a contribution from aged PM 

originating from outside the tunnel, which has accumulated these anions during 

transport to the sampling site.  The lack of these anions in roadwear PM compared to 

other particles analysed accords with their predominance in environments where 

combustion is taking place, which also explains the levels seen in woodstove PM.  

However, it may be noteworthy that, of all the PM sources, with the exception of road 

tunnel, underground railway PM showed the greatest concentration of anions.  Weak 

correlations of SO4
2-, Cl-, and NO3

- with Fe concentration indicates that they are 

unlikely to be derived from mechanical wear.  One source may be motor vehicles in 

the vicinity of the station.  The airport at which the underground railway station is 

located is, by passenger number, one of the busiest airports in the world, and there is a 

considerable level of motor vehicle usage in the vicinity of the airport.  In particular, 

the railway station lies beneath and adjacent to a complex of car parks, and also below 

the main drop off/pick-up point of the passenger terminal.  Thus, it is likely that PM 

from car exhaust is drawn into the station by the “piston action” of train movement, 

although the extent of this input is a matter of debate (72, 73, 442).    Indeed, there 

may also be contribution from road traffic emissions as two motorways pass close to 

the airport terminal building (within 1km and 2km respectively).   A second 

explanation is that diesel-powered goods trains pass through the station at night.  

Although no such trains passed through the station during sampling periods, particles 
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deposited by diesel locomotives could be re-entrained by trains passing during the day 

or by cleaning vehicles that are in regular use.  Finally, the contribution of aircraft 

particulate emissions cannot be ruled out (443), although the distance between the 

railway station and the runways of the airport means that this may be of limited 

significance.  

 

As this study focused on metals in PM, there remains a proportion of the mass of 

underground railway PM that was not identified in this study (446, 441, and 192 mg/g 

for coarse, fine, and ultrafine fractions respectively).  Although Si is theoretically 

detectable by ICP-MS, the use of hydrofluoric acid (HF) precludes this.  HF was used 

in order to digest the elemental carbon component of PM, but with the disadvantage 

the HF reacts with silicates to form the volatile compound silicon tetrafluoride.  As 

such, the potential for loss of silicon during the digestion process renders silicon 

quantification impossible after the acid digestion procedure used.  However, Si has 

been found in underground PM by other groups and has been ascribed to either brake 

blocks or the dumping of sand to improve wheel traction under braking (67, 81).  

However, this may vary between underground systems, with a paucity of Si contained 

in London Underground PM (77).  Furthermore, oxygen as found in metal oxides was 

not measured – only oxygen in SO4
2- and NO3

- were quantified.  Because underground 

railway PM contains substantial levels of iron oxide, it is likely that oxygen makes up a 

significant proportion of the unidentified PM mass (319).  Finally, carbon, either 

elemental or organic, was not assayed.  A wide range of organic compounds have been 

found in underground railway PM (419), and while these may be derived from diesel 

train passage, it has also been noted that PM in areas located immediately below 

ground level, as with the station in this study, may be more influenced by above-

ground sources than would be the case for deeper environments (444).  This is 

particularly pertinent in the present study as the underground station lies directly 

beneath a large multi-storey car park.  Indeed, underground railway PM is likely to 

contain toxicants such as polyaromatic hydrocarbons and redox active quinones (207), 

although the source of these is harder to verify.  They are likely to be derived from 

above-ground traffic sources, and their concentrations may vary depending on the 

underground system (e.g. ventilation controls), above-ground urban pollution levels, 

and weather conditions. 
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This study also examined the morphology of underground railway PM because 

morphology can often serve as an indicator of the source of the particulates or at least 

the processes involved in their creation (67).  In terms of particle numbers, most 

particles in all size fractions had a granular appearance, with rough, uneven faces.  No 

fibrous structures were observed.  However, coarse PM contained a considerable 

number of particles of a flake-like, angular appearance, characteristic of generation by 

abrasion and shearing.  Such flakes may have considerably lower aerodynamic 

diameters than geometric diameters, resulting in an increased likelihood of evading the 

particle-trapping features of the upper airways and subsequent deposition in the 

respiratory tract.  Similar morphology has previously been observed in underground 

railway PM from other systems (67, 81, 204).  This angular morphology can be 

contrasted with the flocculated and wispy appearance of soot (41).  Very few flake-like 

particles were observed in the fine fraction, while none were seen in the ultrafine PM.  

The relevance of these flake-like particles is not fully understood.  Whether particulate 

angularity affects uptake by cells or particle-particle interactions is not known.  

However the angular nature of these particles may allow them to impinge upon the 

structure of the cell, possibly posing a risk to cell membrane integrity and embedding 

themselves into the cell (204). 

 

Particle agglomerates were seen in all fractions, smaller structures comprising fewer 

than ten individual particles, while larger structures were also observed, well in excess 

of the respective VACES cutpoint, suggesting that the agglomerate had formed after 

collection.  It was also observed that some particles, particularly in the ultrafine 

(PM0.18) fraction were clearly larger than the stated cutpoint, although this may be 

reconciled by understanding of the virtual impactor and the collection process.  When 

the particles are drawn into the virtual impactor, they are separated into the minor 

airflow for collection, or the major airflow for rejection, based upon their aerodynamic 

diameter.  Aerodynamic diameter relates to aerodynamic behaviour equivalent to a 

sphere of unit-density of a set diameter (445).  Therefore, aerodynamic diameter is a 

function of particle shape, size, and density.  As such, a particle may have an 

aerodynamic diameter lower than that suggested by consideration of only its largest 

dimension (222), particularly for fibrous structures such as asbestos or carbon 
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nanotubes.  Furthermore, the stated VACES cutpoint is not an absolute value but a 

50% elimination value, meaning that, although 50% of particles lower than the 

cutpoint of 0.18 µm are eliminated, some larger particles, including up to 5% of those 

above 0.5 µm, may remain (113).  There also exists the possibility for smaller particles 

to enter larger cutpoint fractions by adhering to larger particles (425). 
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3.4 Conclusion 

 

This aim of this research was to characterise some of the physicochemical properties 

of particulate matter from various sources.  The results show that underground railway 

PM contains a high concentration of Fe, correlated with levels of other transition 

metals, notably Mn, Ni, Cu, and V, which are significantly elevated compared to PM 

from woodstove, roadwear generator, and road tunnel.  Crucially, ultrafine 

underground railway PM was at least as rich in metals as coarse and fine underground 

railway PM, which may have important implications for potential hazards to health 

posed by underground PM, and warrants further study of the hitherto neglected 

ultrafine fraction in particular.   
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4 In Vitro Activity of  

Underground Particulate 

Matter 

4.1 Introduction 

 

It has long been known that air pollution can exert harmful, and even potentially fatal 

effects, with the Meuse Valley pollution incident of 1930 and the London smog of 

1952 being amongst the first scientifically studied air pollution events (26, 28).  

However, such studies tended to examine the outcomes of such air pollution, with less 

emphasis on the causative agents within the pollution.  In 1993, a seminal study 

looking at air pollution and health effects in six US cities found that coarse and fine 

PM was linked to mortality from lung cancer and cardiopulmonary disease (42), while 

other studies have looked at the epidemiology of health effects due to pollution from 

more specific sources (57, 388).  However, it is only relatively recently that 

investigations have moved beyond epidemiological studies of the effects of air 

pollution, and into the laboratory, to attempt to understand the precise nature of the 

toxicants involved, and the mechanisms by which they exert their deleterious effects. 

 

Special interest is focused on the differences in toxicity between samples from 

different areas.  Attempts are then made to link these differences in toxicity to 

fundamental characteristics of the PM – size fraction and surface chemistry, for 

example (36, 213).  These characteristics are in turn determined by the processes 

involved in PM generation, and thus studies of locations and characterisation of 

certain PM properties which are typical of that particular site or environment are 

driving understanding of the hazard posed by air pollution in a variety of situations. 
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Such toxicity can be measured in vivo or in vitro.  In vitro techniques generally involve 

examining cell death or inflammatory mediator release, while in vivo techniques can 

examine protein or cellular markers of these in BALF, and also look at airway damage 

through influx of plasma protein into the airway lumen.  They are also able to examine 

lung function, the latter being more often seen in humans compared to laboratory 

animals, although this is not exclusively so. 

 

Interest has focused on particular components of airborne particulates, such as 

transition metals, polyaromatic hydrocarbons and VOCs, and allergens.  In terms of 

uptake and localisation within cells, coarse and fine PM have generally been seen to be 

sequestered within lipid-bound vesicles, while ultrafine PM may pose a greater risk due 

to its greater surface area and its potential to enter mitochondria (255). 

 

Transition metals are of key importance in particulate toxicity due to their ability to 

catalyse generation of ROS (196, 245).  Although this reaction involves a series of 

oxidation and reduction reactions between oxygen-containing species, it can be 

simplified as a series of successive one-electron reductions, with molecular oxygen 

(O2) as the species participating in the initial reduction: 

 

O2  •O2
-  H2O2  •OH 

 

In this series, each reaction involves a one-electron reduction of, successively, 

molecular oxygen, superoxide, and hydrogen peroxide, with the final product, the 

hydroxyl radical, being formed in the Fenton reaction (188, 245, 253).  While 

superoxide and hydrogen peroxide are able to exert toxic effects, it is the hydroxyl 

radical which is particularly toxic in light of its ability to react with most biomolecules 

with a rate constant so rapid that reactions are generally limited only by rate of 

diffusion (188).  The electrons for these reactions come from transition metals, which 

have a characteristic ability to exist stably in different oxidation states, and thus can act 

as electron donors for such reactions. 
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ROS are able to react with a range of biological molecules such as DNA, proteins, 

lipids, and antioxidants, and also with nitric oxide to form reactive nitrogen species, 

possibly perturbing nitric oxide signalling (188, 398).  As a means of protection against 

ROS attack, cells are able to upregulate production of antioxidant molecules and 

enzymes such as glutathione peroxidase, HO-1, and superoxide dismutase (SOD), 

although asthmatics may be defective in their antioxidant responses (254, 400, 408).  If 

increased antioxidants are unable to ameliorate the presence of ROS, an inflammatory 

response may be seen.  Finally, if ROS attack continues, cell death may occur (271, 

272). 

 

Airborne particles found in underground railways have been seen to possess markedly 

raised levels of transition metals, and have also been shown to be more toxic than 

particles from other sources by certain measures of toxicity (299, 319).  Furthermore, 

research has shown that the treatment of metal-rich particulates with metal chelators is 

able to attenuate the toxicity of such particles (80).  Therefore, it appears that 

transition metals within airborne PM can exert toxic effects.  However, in vivo studies 

of the effects have proven inconclusive, with reports suggesting increased levels of the 

procoagulant factors PAI-1 and fibrinogen in the blood of underground train drivers, 

and elevated hs-CRP in the blood of platform workers, suggestive of increased 

systemic inflammation (89).  Other studies have suggested effects on T cells, and 

differences in these effects between healthy and mildly asthmatic volunteers possibly 

indicating a greater susceptibility to underground railway PM-induced inflammation in 

asthmatic airways (64, 446).  However, deleterious effects on lung function (84), and 

incidence of myocardial infarction (90) and lung cancer (92) have not been found. 

 

The aim of the research contained within this chapter was to examine the effects of 

coarse, fine, and ultrafine PM collected from the underground railway station on 

cultured bronchial epithelial cells using measures of pro-inflammatory mediator 

release, cell death, ROS generation, perturbation of epithelial barrier function, and 

induction of gene expression.  The hypothesis being tested was that underground 

railway PM would be able to elicit a pro-inflammatory and antioxidant response in a 

size-dependent manner, by virtue of its iron content.  The results suggest that, at 

subcytotoxic concentrations, all three size fractions are able to elicit modest pro-
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inflammatory changes, generate ROS in a manner dependent on their size and iron 

content, and induce changes in gene expression. 
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4.2 Results 

 

4.2.1 Initial Determination of Dose-Response Relationship for IL-8 

Release with Underground Railway PM in PBEC Monolayers 

 

In order to characterise basic dose-response relationships between PBECs and 

underground railway PM, PBECs were seeded in 24-well plates at 20,000 cells per well 

and cultured as monolayers until 80-90% confluent before being challenged with 

underground railway PM in suspension for 24 h.  Underground railway PM 

concentrations expressed as mass per cell culture surface area were 1.1 µg/cm2, 2.2 

µg/cm2, 5.6 µg/cm2, and 11.1 µg/cm2, corresponding to 5 µg/ml, 10 µg/ml, 25 µg/ml, 

and 50 µg/ml respectively (dose metric conversions in Table 2.1 in Methods section).  

The maximum PM concentration used was limited by the concentrations of PM in the 

stock suspensions supplied, as concentration of suspensions by evaporation was 

avoided to minimise modification of PM prior to application to cells, and to avoid 

bacterial growth which has been observed previously in the process of concentrating 

PM suspensions by evaporation (447) .  Because PM was used as a suspension in 

water, controls were performed with varying concentrations of PBS to account for 

potential changes in osmolarity.  After 24 h, supernatants were removed and stored for 

ELISA analysis, and untreated control cell lysates kept for LDH assay, all at -80 °C 

 

Measurement of release of the neutrophil chemoattractant cytokine IL-8 into 

monolayer supernatants of PBEC monolayers grown from healthy donor cells showed 

a general increase in IL-8 concentration (Figure 4.1).  However, the highest 

concentration of coarse PM, 11.1 µg/cm2, did not elicit a statistically significant 

increase in IL-8 release (median 225% of control, IQR 188-245%).  Conversely, 11.1 

µg/cm2 of the fine fraction elicited a significant increase in IL-8 release (234% of 

control, IQR 185-383%, p<0.05), while the 11.1 µg/cm2 of the ultrafine fraction 

induced a supernatant IL-8 concentration 315% of the control (IQR 280-1302%, 

p<0.01).  None of the underground railway PM fractions induced significant IL-8 

release from these cultures below the highest concentration of 11.1 µg/cm2.  However, 
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it was notable that 10 ng/ml TNFα resulted in a median IL-8 release 1453% of control 

(IQR 739-1848%), suggesting that the concentrations of underground railway PM used 

were unable to elicit a response anywhere near the maximum possible.  Incubation of 

the highest concentration of ultrafine PM (50 µg/ml) with IL-8 standard at 250 pg/ml, 

followed by centrifugation as per the experimental protocol, gave an IL-8 reading of 

231 pg/ml, compared to a reading of 249 pg/ml of the standard as prepared.  This 7 

% decrease in detected IL-8 indicated that PM did not markedly influence the 

detection and measurement of IL-8. 

 

The same experiment was then performed with PBEC monolayers grown from 

severely asthmatic donor cells, to investigate whether asthma status affected IL-8 

release (Figure 4.1).  As with the response in healthy donor PBEC monolayers, there 

was a general trend for increasing IL-8 concentration in supernatants as underground 

railway PM concentration was increased.  In this case, only the highest concentration 

of the fine fraction was able to elicit a significant response, giving a median IL-8 

concentration 241% of the control concentration (IQR 189-845%).  As with the 

healthy donor PBECs, even the maximum concentration of coarse underground 

railway PM was unable to elicit significant IL-8 release at a median 208% of control 

release (IQR 140-533%).  However, while 11.1 µg/cm2 of the ultrafine fraction elicited 

a significant increase in IL-8 release from healthy donor PBEC monolayers, there was 

no such significance seen in severely asthmatic donor cultures, reaching a median 

196% of control concentrations (IQR 188-394%).  Interestingly, 10 ng/ml TNFα 

elicited a median response of 775% of control IL-8 concentration (IQR 519-1780%).  

This not only shows that, as for the healthy donor PBEC experiments, none of the 

PM concentrations elicited a near-maximal release of IL-8 but also that the maximal 

response of severely asthmatics may be lower than that of healthy cells (1453% in 

healthy donor cultures, 775% in severely asthmatic donor cultures).  Furthermore, in 

terms of absolute IL-8 release (i.e. not control corrected), there was a bell-shaped 

concentration-response relationship, with decreased release of IL-8 with 11.1 µg/cm2 

PM of all size fractions compared to 5.6 µg/cm2.  However, this was seen in the 

corresponding controls to an even greater extent, suggesting that it was not an effect 

of the particulate matter itself. 
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Figure 4.1.  The effect of underground railway PM on IL-8 release from healthy and severely 

asthmatic donor PBEC monolayers. 

Epithelial cell monolayers grown from cells of healthy (top) or severely asthmatic (bottom) donors 

were exposed to varying concentrations of coarse, fine, or ultrafine underground railway PM for 24 

h.  Supernatant IL-8 concentration was analysed by ELISA, with supernatants assayed in duplicate.  

IL-8 release is expressed as percentage of IL-8 release from cells incubated in control medium for 

24 h.  Results presented as median with 25
th

 and 75
th

 percentile, whiskers represent 10
th

 and 90
th

 

percentiles.  Analysis by Friedman testwithTukey’scorrectionforpairwiseanalysis, * - p<0.05 vs. 

control, ** - p<0.01 vs. control. n = 5 healthy donors, 5 severely asthmatic donors. 
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4.2.2 Measurement of Underground Railway PM-Induced 

Cytotoxicity  

 

Having observed a decrease in absolute IL-8 release with the highest concentration of 

underground railway PM, and also for the corresponding PBS control, cytotoxicity was 

considered as a potential cause of this drop.  Since an overarching aim of this work 

was to study the effects of underground railway PM beyond merely a cytotoxic 

concentration effect, future experiments were to be performed using concentrations of 

underground railway PM below those which would cause significant and frank 

cytotoxicity.  As such, LDH assays were performed on supernatants from these 

experiments.  LDH is a constitutively present cytosolic enzyme which is released from 

cells if permeability of the cell membrane increases.  Since permeabilisation of the cell 

membrane is a marker of cytotoxicity and cell death, supernatant LDH concentrations 

can be measured as a means of determining the level of cytotoxicity exerted by a 

certain treatment.  Lysis of a particle-free, PBS-free medium treated culture with 1% 

Triton X-100 can be used as a means of determining total cellular LDH content, 

against which LDH release from test cultures can be compared.  The percentage 

cytotoxicity induced by a particular treatment was determined as the percentage of 

LDH activity in supernatant compared to the LDH activity of the lysate.  The relevant 

control percentage cytotoxicity was then subtracted to give a corrected cytotoxity 

induced by PM. 

 

Treatment of healthy donor PBEC monolayer cultures did not induce significant 

release of LDH for any PM fraction/concentration combination (Figure 4.2).  A 

similar outcome was noted in severely asthmatic donor PBEC cultures.  Clearly, there 

was no significant increase in cytotoxicity with underground railway PM. 
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Figure 4.2.  The effect of underground railway PM on LDH release from PBEC monolayers. 

Healthy (top) and severely asthmatic (bottom) donor PBEC monolayers were treated as for 

Figure 4.1.  LDH release as a result of 24 h challenge was measured and calculated as a percentage 

change from control values compared to total cellular LDH.  Results presented as median with 25
th

 

and 75
th

 percentile, whiskers represent 10
th

 and 90
th

 percentiles,  n = 6 healthy donors, 5 severely 

asthmatic donors. 
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Despite its continued widespread use, there has been some doubt cast upon the 

reliability of the LDH assay to determine cytotoxicity induced by particulates.  

Therefore, cultures were also examined by light microscope to verify that there was no 

marked cell death (Figure 4.3).  While sometimes displaying patches of cell death, 

cultures generally appeared in good condition after 24 h treatment.  Importantly, there 

appeared to be no obvious difference in cell morphology and detachment levels 

between cultures treated with underground railway PM and cultures treated with the 

corresponding PBS-supplemented controls. 

 

The combination of negative LDH assay results and visual examination of cultures 

therefore suggests that underground railway PM, at concentrations up to 11.1 µg/cm2, 

is unable to cause significant cell death.  However, the bell-shaped dose-response 

curve of absolute IL-8 release suggested that 2.2 µg/cm2 or 5.6 µg/cm2, although not 

inducing significant IL-8 release, may be the optimum for further study of the effects 

of underground railway PM, since the drop in IL-8 release between 5.6 µg/cm2 and 

11.1 µg/cm2 could not be explained by the occurrence of increased cell death. 
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Figure 4.3.  Healthy PBEC monolayers after 24 h treatment with underground railway PM. 

Coarse, fine, or ultrafine underground railway PM was applied to PBEC monolayer cultures as a 

suspension for 24 h.  Images show 11.1 µg/cm
2
 cultures.  LDH assay suggested no significant 

cytotoxic effect, and examination of cells under a light microscope supported this observation.  All 

images taken at x10 magnification, scale bar represents 200 µm. 
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4.2.3 Characterisation of Reactive Oxygen Species Generation by 

Underground Railway PM 

 

Increased IL-8 release has been suggested to be as a result of ROS generation by PM.  

Since underground railway PM is extremely rich in transition metals, predominantly 

iron, and such elements are known to be able to catalyse generation of ROS via 

electron donation, examination of the ROS-generating capacity of underground 

railway PM was warranted.  The dye DCF was used as a measure of ROS, being 

undetectable in its reduced form, but fluorescing at an emission wavelength of 530 nm 

(excitation wavelength 485 nm) when oxidised.  This dye was loaded into cells for 30 

min, following which cells were washed and exposed to underground railway PM, with 

DCF fluorescence being monitored over time. 

 

Initially, DCF fluorescence was measured over time after challenge of healthy donor 

PBEC monolayers with 0.6 µg/cm2, 3.1 µg/cm2, 6.3 µg/cm2, and 12.5 µg/cm2 of 

coarse, fine, or ultrafine underground railway PM, along with respective PBS-

supplemented controls.  Fluorescence was then calculated as the fold change 

compared to the fluorescence of the respective control. 

 

The lowest concentration of PM, 0.6 µg/cm2, resulted in a progressive increase in 

fluorescence vs. control over the entire 24 h duration of monitoring, reaching 1.5±0.1, 

2.0±0.2, and 2.3±0.2 times the level of fluorescence seen in control wells for coarse, 

fine, and ultrafine fractions respectively (Figure 4.4 and Figure 4.5).  However, for the 

three higher concentrations of PM, no such progressive increase was observed.  For 

3.1 µg/cm2 PM, fluorescence peaked vs. control at 3 h after the start of the experiment, 

4.1±0.5, 5.7±0.4, and 6.1±0.3 times control fluorescence, before steadily decreasing.  

For 6.3 µg/cm2, peak fluorescence was reached even sooner, at 2 h, with peak 

fluorescence vs. control of 6.4±0.5, 9.1±0.5, and 9.8±0.8 times control levels for the 

three respective fractions.  A similar outcome was observed with 12.5 µg/cm2, with 

peak fluorescence vs. control at 2h with 8.0±1.0, 10.0±0.3, and 12.4±1.0 for the three 

respective fractions. 
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Figure 4.4.  Changes in DCF fluorescence over time with underground railway PM. 

Healthy donor PBEC monolayers were loaded with DCF-DA, and incubated with underground 

railway PM.  DCF fluorescence was measured over time for 24 h.  Data expressed as mean 

fluorescence intensity of two replicate wells for each exposure divided by mean fluorescence 

intensity of cells exposed to PBS-supplemented culture medium as controls.  Background 

fluorescence was negligible.  Points represent mean fold change, error bars represent SEM, n = 4-5 

healthy donors. 
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Figure 4.5.  Changes in DCF fluorescence after 3 h with underground railway PM. 

Data as for Figure 4.4, with only 3 h timepoint illustrated.  Analysis by one-way repeated measures 

ANOVA with Bonferroni correction for pairwise analysis.   *** - P<0.001 vs. control.  # - p<0.05, ## - 

p<0.01, ### - p<0.001 vs. respective concentration of coarse PM, n = 5 healthy donors. 

 

After 24 h, it was noticed upon removal of the supernatant and measurement of 

fluorescence of supernatant and HBSS--washed cells separately that the vast majority 

(usually >99%) of the fluorescence was located in the supernatant, with extremely low 

levels of fluorescence in the washed cells.  Furthermore, this was also noted if the 

reaction was terminated after 4 h.  It therefore appears that DCF is leaking out of the 

cells following the start of the experiment.  The implications of this are discussed later. 

 

Despite the fact that two of the PM concentrations showed a greatest fluorescence 

relative to control at 2 h, the 3 h timepoint with a concentration of 3.1 µg/cm2 was 
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selected for further investigation for four reasons.  First, the preparation of the plate 

took approximately 10 minutes from addition of the first sample to addition of the last 

sample.  Therefore, at 2 h, cells in the final wells to which challenge was added had 

been exposed for almost 10% less time than those exposed first, with this percentage 

difference being less for a reading 3 h post-challenge.  Second, addition of hydrogen 

peroxide after 24 h of exposure to PM failed to elicit an increase in fluorescence, 

suggesting that by 24 h, all DCF had been oxidised (data not shown).  It was likely that 

the apparent drop in fluorescence relative to control after the early peak was due to a 

decrease in reduced DCF available for oxidation, and therefore DCF may act as a 

limiting step in detecting ROS generation by PM at later timepoints.  Third, there was 

generally little difference between the 2 h and 3 h readings even for those 

concentrations which peaked at 2 h.  Finally, further investigation was to involve 

attempts to modify PM oxidative activity with additional reagents.  It was thought that 

if any modifying effects were to be seen with these reagents, they were likely to require 

lower concentrations if used with a lesser concentration of PM; this was advantageous 

because there would be less likelihood of off-target effects than at higher 

concentrations of DFX and NAC.  Indeed, at 3 h, 3.1 µg/cm2 underground railway 

PM produced an obvious marked and significant increase in DCF fluorescence, albeit 

one which was not as great as seen with the higher concentrations of PM. 

 

Examination of the relative DCF fluorescence vs. control elicited by all concentrations 

of underground railway PM after 3 h incubation (Figure 4.5) shows that, at all but the 

lowest PM concentration used, coarse, fine, and ultrafine fractions all induced 

significant increases in fluorescence compared to control.  Furthermore, at the two 

intermediate concentrations, both fine and ultrafine fractions induced a significantly 

greater increase in fluorescence than did the coarse fraction (p<0.01 for F vs. C, 

p<0.001 for UF vs. C).  At the highest concentration of 12.5 µg/cm2 however, only the 

ultrafine fraction was significantly more efficacious in inducing fluorescence than the 

coarse fraction (p<0.035). 

 

In light of the apparently greater potential of the ultrafine fraction to generate ROS 

compared to fine and coarse fractions, and its metal-rich nature, further work was 

carried out to investigate ROS generation by this fraction, using 3.1 µg/cm2 at a 3 h 
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timepoint, as explained previously.  This work focused on the use of two reagents – 

DFX and N-acetylcysteine (NAC).  These experiments were performed using 

monolayers of the bronchial epithelial cell line 16HBE, due to the requirement for a 

large number of cells for repeat experiments.  Considering the previous observation 

that when experiments were performed with PBEC monolayers, the great majority of 

DCF fluorescence was in the supernatant and not the cells themselves and that this 

was noted even at early time points in the experiments, it was thought likely that the 

reduced, non-fluorescent form of DCF was leaking out of the cells after loading, and 

subsequently being oxidised by ROS generated by underground railway PM, and 

therefore the cells were acting as a leaking pool of DCF. 

 

DFX is a bacterial siderophore, chelating free iron and also binding to solid phase iron, 

rendering it unable to undergo change in oxidation state (448).  Therefore, since redox 

inactivation should prevent iron acting as an electron donor in ROS generation, DFX 

can be used to determine the extent to which ROS generation is mediated by iron.  3.1 

µg/cm2 PM was prepared in suspension as for previous experiments, except with the 

addition of DFX to varying concentrations.  DCF fluorescence was measured after 3 h 

incubation (Figure 4.6).  The lowest concentrations of DFX had no noticeable ability 

to inhibit ROS generation by ultrafine PM, and in fact induced a slight increase in ROS 

generation.  However, a DFX concentration of 1.6 µM inhibited ultrafine PM-induced 

ROS generation by a mean (±SEM) 66.2±4.1%.  At DFX concentrations above 1.6 

µM, there was a further increase in inhibition of fluorescence, albeit to a lesser degree, 

with maximal inhibition seen with 40 µM DFX, inhibiting fluorescence by a mean of 

82.9±1.4%. 

 

NAC is a cysteine derivative which, by virtue of its thiol group, is able to act as an 

antioxidant and free radical scavenger.  Therefore, NAC was added to ultrafine 

underground railway PM suspensions immediately prior to exposure of cells, to 

determine whether oxidation of DCF was mediated via ROS intermediates, or by a 

direct interaction between DCF and PM.  As with DFX, the lowest concentrations of 

NAC caused an increase in DCF fluorescence, although the effect was more 

pronounced with NAC than with DCF.  40 µM NAC increased DCF fluorescence by 

a mean of 73.1±14.6%.  However, increasing the NAC concentration to 1 mM 
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inhibited DCF fluorescence by 60.4±3.5%, and 25 mM NAC resulted in a mean 

inhibition of 77.6±4.1%. 

 

These results therefore suggest that the majority of oxidation of DCF by ultrafine 

underground railway PM is iron-mediated and occurs via free radical intermediates, and 

not by direct interaction of DCF with ultrafine PM. 
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Figure 4.6.  Modulation of ROS generation by desferrioxamine and N-acetylcysteine. 

The effect of increasing desferrioxamine (DFX; top) and N-acetylcysteine (NAC; bottom) on DCF 

fluorescence induced by ultrafine underground railway PM was studied by challenging 16HBE 

monolayers with 3.1 µg/cm
2
 ultrafine PM mixed with varying concentrations of either DFX or NAC.  

DCF fluorescence was measured after 3 h incubation.  Data were calculated as mean fluorescence 

intensity of two replicate wells for each exposure divided by mean fluorescence intensity of cells 

exposed to PBS-supplemented culture medium with the corresponding concentration of DFX or 

NAC as controls.  Analysis by pairwise repeated-measures t-test, ** - p<0.01, *** - p<0.001 vs. 

DFX/NAC-free culture, n = 3 for DFX experiments, n = 4 for NAC experiments. 
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4.2.4 The IL-8 Response of ALI Cultures to Underground Railway 

PM 

 

Having characterised basic responses to underground railway PM of PBEC 

monolayers in terms of IL-8 release, LDH release, and ROS generation, further work 

was aimed at assessing responses in ALI cultures of PBECs.  PBECs cultured at an air-

liquid interface over 21 days in the presence of retinoic acid as a driver of 

differentiation are different to monolayers cultured from the same cells in a number of 

ways.  First, ALI cultures, in having both apical and basolateral compartments with the 

potential for differences between them express apicobasal polarity, with the apical and 

basolateral sides of cells being different, for example in terms of their membrane 

proteins and mediator release.  Furthermore, the application of toxicants or drugs to a 

single surface allows for a more physiologically representative assessment of the 

actions of xenobiotics.  Second, ALI cultures exhibit cellular differentiation, with the 

development of cilia on the apical surfaces of populations of cells, and the formation 

of goblet cells.  As a result of the presence of goblet cells, the surface of ALI cultures 

is coated with mucus, which may be an important modifier of cellular responses by 

influencing the access of stimuli to the underlying epithelial cells.  Initial experiments 

were conducted with monolayers for reasons of cost, so that a reasonable 

concentration range could be established.  However, more detailed investigations 

warranted the more physiologically accurate representation afforded by ALI cultures. 

 

As a direct comparison of the responses of PBEC ALI cultures to PBEC monolayers, 

ALI cultures were exposed to 2.2, 5.6, or 11.1 µg/cm2 coarse, fine, or ultrafine 

underground railway PM for 24 h, after which time apical and basolateral supernatants 

were harvested and processed exactly as for the monolayer experiments.  Basolateral 

IL-8 release was assayed by ELISA.  In contrast to the previous results with 

submerged PBEC monolayers, challenge of ALI cultures did not result in a 

significantly altered concentration of IL-8 in the basolateral compartment in either 

healthy or severe asthmatic donor cultures (Figure 4.7).  In the course of performing 

these experiments it was observed that, unlike for PBEC monolayers unprotected by a 

mucous layer, where after removal of the supernatant and washing with HBSS- there 
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still remained a visible quantity of PM apparently either stuck to, embedded in, or 

located within the cells, the same procedure in ALI cultures left no PM remnants 

visible under light microscope.  Furthermore, immediately prior to removal of the 

supernatants, PM in ALI cultures appeared to be suspended and exhibited some 

movement as the microscope stage was moved.  Conversely, much of the PM in 

monolayer cultures did not move, lending further support to the notion of it being 

attached to the cells in some way.  The observations are supported by the formation of 

small greyish pellets in the apical supernatants after post-harvest centrifugation (16,000 

x g, 10 min, 4 °C), which was generally not observed when the same experiments were 

performed with PBEC monolayers. 
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Figure 4.7.  The effect of underground railway PM on basolateral IL-8 release from healthy and 

severely asthmatic donor PBEC ALI cultures. 

Cells were treated exposed to underground railway PM for 24 h before medium was harvested.  IL-

8 was assayed by ELISA.  Results presented as median with 25
th

 and 75
th

 percentile, whiskers 

represent 10
th

 and 90
th

 percentiles, n = 5 healthy donors, 5-6 severely asthmatic donors. 
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4.2.5 Changes in Epithelial Barrier Permeability in the Presence of 

Underground PM 

 

As well as being intricately involved in the mounting of inflammatory responses after 

PM inhalation, the airway epithelium also acts as a physical barrier to prevent 

ingression of inhaled toxicants.  If this barrier is compromised, access of pollutants, 

allergens, bacteria and viruses to the subepithelial tissue may be facilitated, with 

potentially damaging consequences.  In the case of underground railway PM, any 

impairment in the ability of the epithelium to provide a physicochemical barrier may 

result in ingression of PM or PM constituents to the subepithelial tissue.  Therefore, 

the effect of underground railway PM on epithelial paracellular permeability in PBEC 

ALI cultures was measured using the macromolecule dextran, tagged with the 

fluorophore FITC.  4 kDa dextran was used, with increased passage of dextran to the 

basolateral compartment indicating increased epithelial permeability, and thus an 

increased likelihood of transgression of ultrafine PM and soluble PM components 

through the epithelium.  To determine whether these responses were dependent on 

PM concentration or size fraction, three concentrations of each PM were used – 2.2 

µg/cm2, 5.6 µg/cm2, 11.1 µg/cm2, with incubations performed over a 24 h incubation 

period as for previously described experiments.  PBEC ALI cultures were exposed to 

underground railway PM for 24 h, followed by aspiration of PM solutions and 

application of FITC-dextran solution.  Following further 24 h incubation, basolateral 

FITC fluorescence was measured and FITC-dextran concentration was determined 

from a standard curve.  Basolateral FITC-dextran concentration as a result of a 

particular concentration of underground railway PM was then corrected by subtracting 

the basolateral FITC-dextran concentration seen as a result of exposure to the 

corresponding PBS-supplemented medium control.  Thus, a positive value indicated in 

increase in permeability compared to control, while a negative value indicated a 

decrease in permeability. 

 

For ALI cultures of PBECs from healthy donors, there was no significant change in 

epithelial permeability induced by any concentration of any of the three fractions 

(Figure 4.8).  Coarse PM showed a tendency to slightly decrease epithelial permeability 
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with increasing concentration, from a median increase over control of 35 µg/ml 

basolateral FITC-dextran (IQR -16-113  µg/ml) with 2.2 µg/cm2, to a median of -21 

µg/ml (IQR -60.1-22 µg/ml) with 11.1 µg/cm2.  Fine PM showed an inverse bell-

shaped dose-response effect, with 5.6 µg/cm2 eliciting a control-corrected basolateral 

concentration of -13.7 µg/cm2 (IQR -88-86 µg/ml), with the lowest and highest 

concentrations of fine PM having little effect on permeability.  Conversely, ultrafine 

PM also produced a bell-shaped dose-response curve for epithelial permeability, but 

unlike fine PM, the peak response here was towards an increase in permeability with 

23.3 µg/ml FITC-dextran (IQR -47-118 µg/ml).  Therefore, although some changes in 

permeability were noted, these were not statistically significant.  Furthermore, in terms 

of raw levels of FITC-dextran detected in the basolateral compartment, the greatest 

median level of FITC-dextran in the basolateral compartment, 174 µg/ml (IQR 69-269 

µg/ml) after 2.2 µg/cm2 coarse PM, was considerably less than the median 504 µg/ml 

(IQR 448-524 µg/ml) detected in the basolateral compartment after the same 

procedure was performed on a well which had not been seeded with cells, representing 

free diffusion (not shown on graph).  Comparing this to the perturbation of FITC-

dextran passage over the concentration range used, it is clear that underground railway 

PM had little effect on epithelial permeability to 4 kDa FITC-dextran. 

 

When ALI cultures of PBECs from severely asthmatic donors were tested, a similar 

outcome was observed, suggesting that there was no obvious impairment of epithelial 

barrier function by underground railway PM in severely asthmatic donor cell ALI 

cultures. 
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Figure 4.8.  The effect of underground railway PM on epithelial barrier function. 

ALI cultures were exposed to underground railway PM for 24 h, following which cells were washed 

once before 100 µl 2 mg/ml FITC-dextran solution was applied apically.  Basolateral FITC-dextran 

was measured after 24 h, determined by FITC fluorescence intensity using a standard curve.  

Results presented as median with 25
th

 and 75
th

 percentile, whiskers represent 10
th

 and 90
th

 

percentiles, n = 5 healthy donors, 4 severely asthmatic donors. 
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4.2.6 Cellular Antioxidant Responses to Ultrafine PM 

 

Having determined that ultrafine underground railway PM is able to generate ROS in 

an iron-dependent manner, but that only a modest cytokine response to any fraction is 

seen after 24 h incubation, experiments were performed to determine whether PBECs 

mount an antioxidant defence after challenge with ultrafine PM.  Since previous work 

had suggested that maximal responses in terms of uncorrected IL-8 release were seen 

at approximately 5.6 µg/cm2, this concentration was selected for stimulation of cells.  

Ultrafine PM suspension, or PBS-supplemented culture medium, was applied to the 

apical surface of ALI cultures from healthy donors and incubated for either 2, 4, 6, 8, 

24, or 48 h, at which time cells were lysed with Trizol.  RNA was extracted, reverse 

transcribed to cDNA, and gene expression was measured using qPCR. 

 

Expression levels of two antioxidant genes were quantified – HO-1 and NQO1 

(Figure 4.9).  HO-1 expression rose steadily to a peak at 24 h, a significant mean fold 

increase of 7.2±1.5 over control levels (p<0.05).  By 48 h, levels had begun to fall, 

although still remained elevated compared to control.  For NQO1, a biphasic response 

was seen, albeit much less pronounced than the response by HO-1.  NQO1 levels rose 

to an initial peak at 6 h, 1.6±0.3 times greater than control levels.  After a slight drop 

at 8 h, levels peaked at 24 h, 2.3±0.4 times control levels, before falling at 48 h, as was 

seen for HO-1.  Although HO-1 was considerably more responsive to ultrafine 

underground railway PM than was NQO1, increasing to an extent more than three 

times greater than that seen for NQO1 at 24 h, expression of both antioxidants 

nonetheless reached a peak after 24 h of exposure, and decreased thereafter. 

 

Gene expression of IL-8 was also analysed, and showed a profile of induction over 

time similar to HO-1, with a peak at 24 h of 4.0±2.4 fold over control, which had 

fallen to 1.7±0.4 fold over control by 48 h. 

 

As a comparator, gene expression of the Th2 cytokines TSLP and IL-33 were 

investigated.  TSLP is released by epithelial cells and potently activates dendritic cells 

to release a battery of cytokines which then act on CD4+ T-cells to switch them to a 
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Th2 phenotype (449).  TSLP is of interest in development of an allergic phenotype, 

and also because dendritic cells have been seen to play a role in particulate uptake 

(450).  IL-33 is a novel cytokine whose release may be triggered by the action of the 

alarmin ATP on the P2Y2 receptor, and which is linked to development of a Th2 

phenotype (451, 452).  Both TSLP and IL-33 exhibited similar profiles of induction 

over time, peaking at 6h, where there was an increase in TSLP of 2.5±1.2 fold over 

control, and in IL-33 of 2.1±0.8 fold over control.  However, there was a notable 

degree of inter-donor variability, and neither of these increases reached statistical 

significance. 

 

The aim of these initial experiments was to gain an idea of the time course of gene 

induction when healthy donor PBECs were cultured at ALI and exposed to 5.6 

µg/cm2 ultrafine underground PM.  The results, although generally not repeated 

enough times to achieve statistical significance, suggest that the genes examined peak 

at either 24 h (HO-1, IL-8), 6 h (TSLP, IL-33), or show a biphasic response, with 

peaks at both 6 h and 24 h (NQO1).  Since HO-1 showed the greatest induction of the 

genes tested, HO-1 was chosen for further examination.  Furthermore, since this 

increase in HO-1 expression was most apparent after 24 h exposure, further 

experiments were conducted over exposure periods of 24 h, matching the time course 

of experiments for determination of release of IL-8 and LDH, and effects on epithelial 

barrier permeability. 
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Figure 4.9.  Changes in antioxidant and inflammatory cytokine gene expression with time after 

challenge with ultrafine underground railway PM. 

Healthy donor PBEC ALI cultures were challenged with 5.6 µg/cm
2
 ultrafine underground railway 

PM.  At various time points, cells were lysed and gene expression determined by RT-qPCR.  Data 

calculatedbytheΔΔCtmethod, normalising first to housekeeping gene (UBC/GAPDH) expression, 

and then to expression of control (PM-free) wells for each timepoint.  Data presented as 

mean±SEM.  Analysis by one-way repeated measures ANOVA with Bonferroni correction for 

pairwise analysis, * - p<0.05 vs. UF PM-free control at respective timepoint, n = 3 healthy donors. 
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Previous experiments showed that the ROS generating activity of ultrafine 

underground PM could be abrogated by either the iron chelator and redox inactivator 

DFX or the free radical scavenger NAC.  Therefore, cells were challenged with 5.6 

µg/cm2 ultrafine PM in the presence of either DFX or NAC.  Initially, the previous 

DCF experiments were used as a guide to the concentrations of DFX and NAC which 

may be required.  Concentrations of 2 µM and 20 µM DFX and 0.2 mM and 2 mM 

NAC were chosen, since these ten-fold different concentrations resulted in close to 

zero inhibition or maximal inhibition respectively of ultrafine underground PM-

induced DCF fluorescence.  However, these concentrations of DFX and NAC proved 

insufficient to have any inhibitory effect on the induction of HO-1 expression by 

ultrafine PM, and indeed the lower of the two concentrations of DFX and NAC both 

resulted in increased HO-1 expression, similar to the increased DCF fluorescence in 

the presence of NAC and DFX at the lower end of the concentration range (data not 

shown).  Therefore, increased concentrations, roughly matching those used in the 

literature were adopted, specifically 200 µM DFX and 20 mM NAC.  Fold change in 

HO-1 was determined relative to cells in the absence of UF PM, with DFX or NAC to 

correspond to the UF PM-challenged cells. 

 

Exposure of healthy donor PBEC ALI cultures to 5.6 µg/cm2 ultrafine underground 

railway PM resulted in a median 8.6-fold increase in HO-1 expression (IQR 5.7-17).  

DFX 200 µM significantly inhibited this effect, with ultrafine PM only eliciting a 

median 2.0-fold induction of HO-1 (IQR 1.9-2.3, p<0.01 vs. DFX-free UF PM).  

Similarly, NAC moderately ameliorated HO-1 induction by ultrafine underground PM 

to 5.1-fold (IQR 4.2-6.1), although this did not reach significance (Figure 4.10).  These 

data suggest that the increase in HO-1 elicited by ultrafine underground PM is 

predominantly due to the iron content of the PM.  Interestingly, a 10-fold increase in 

DFX concentration did not further inhibit HO-1 induction, suggesting that there is an 

approximate 2-fold induction in HO-1 which is not due to the iron content of the 

ultrafine PM, similar to the 1.7-fold increase in DCF fluorescence induced by UF PM 

which could not be inhibited by DFX (Figure 4.6)  Although the higher concentration 

of NAC decreased the induction of HO-1 by underground PM, the lack of significance 

means that the induction of HO-1 cannot be definitely attributed to the presence of 

ROS. 
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Figure 4.10.  The effect of an iron chelator (DFX) and a free radical scavenger (NAC) on HO-1 

induction by ultrafine underground PM. 

Healthy ALI cultures were incubated for 24 h with 5.6 µg/cm
2
 ultrafine underground PM, after 

which time RNA was harvested.  HO-1 expression was determined by RT-qPCR in duplicate and 

normalised to PM-freeincubations(withDFX,NAC,orneither)bytheΔΔCtmethod.Individualdata

points are shown, line represents median value.  Analysis by FriedmantestwithTukey’scorrection

for pairwise analysis, ** - p<0.01, n = 4 healthy donors. 
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4.2.7 Uptake of Underground Railway PM by ALI Cultured PBECs 

 

The results outlined thus far suggest that underground railway PM is able to elicit 

modest increases in inflammatory cytokine release in submerged monolayer cultures 

lacking a mucous layer, and that despite protection from such a mucous layer, ALI 

cultures of differentiated epithelial cells are in some way accessed by ultrafine 

underground railway PM, responding with upregulation of antioxidant expression, 

although epithelial barrier function appears unperturbed.  These effects prompt the 

question as to whether PM is excluded from the inside of cells, and exerts effects 

extracellularly, or whether PM is able to enter cells, with the potential for intracellular 

sites of action.  Therefore, PBECs cultured at ALI were exposed to underground PM 

of each size fraction, at concentrations of 3 and 12 µg/cm2 for 24 h.  Cultures were 

then fixed, embedded in resin, and sectioned for TEM.  At least five sections from 

each of two distinct sites within the embedded culture were examined. 

 

TEM suggested that underground railway PM is indeed able to enter epithelial cells.  

The aim of this work was not to attempt to quantify PM uptake, which would have 

required examination of a large number of sections from multiple donors.  Given the 

time needed to find PM within cells of each section observed, much time would have 

been required for such a study.  Nonetheless, intracellular PM was observed for each 

of the three size fractions used.  PM was observed in various intracellular 

compartments, including free within the cytosol, in membrane-bound vesicles, and in 

structures which resembled mitochondria, particularly in their double-membraned 

structure (Figure 4.11), although no PM was observed within the nucleus.  However, 

the scale of PM uptake appeared to be low, with cells generally containing no more 

than a maximum of five separate particulates/particulate aggregates.  Furthermore, the 

majority of cells did not appear to contain intracellular PM.  Finally, those cells in 

which intracellular PM could be seen were not noticeably morphologically different 

than those with no observable intracellular PM. 

 

In order to confirm that the observed intracellular PM was, in fact, underground 

railway PM, and not an artefact arising from contamination of cells with, for example, 
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airborne dust during fixing, embedding, or sectioning of the cells for TEM, PM-like 

structures were analysed for elemental composition by energy-dispersive x-ray analysis 

(EDAX).  Analysis was performed on four particles, three of which showed a peak 

consistent with the presence of iron, while one did not (Figure 4.12).  The 

predominant metal peaks were representative of osmium and uranium, from contrast 

agents used prior to the sample embedding stage, and lead from the lead citrate stain 

used after the sections were cut.  Although the analysis was performed on point and 

area sections, rather than the whole field of view, copper was also detected, probably 

from the grid on which the samples were mounted, despite the fact that the area of 

analysis was not in the same field of view as any section of the grid.  None of these 

peaks overlapped with the area on the spectrum where iron would be observed if it 

were present.  Spot analysis of a part of the section outside of the cells showed a 

reduced, although not absent, signal for these elements.  These findings therefore 

validate the observation that metal-rich particles are able to enter PBECs cultured at 

the air-liquid interface.  Although it cannot be proved conclusively that the particles 

within the cells were from the applied underground railway PM, their iron-rich nature 

makes it highly unlikely that they are artefactual. 
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Figure 4.11.  Intracellular localisation of underground railway PM in PBEC ALI cultures after 24 h 

incubation. 

Healthy donor ALI cultures were incubated with underground railway PM for 24 h, after which time 

they were washed, fixed, and embedded for transmission electron microscopy.  At least eight 

ultrafine sections were viewed for each of two areas per culture, with areas at least 100 µm apart.  

PM can be seen free in the cytosol in proximity to a mitochondrion (A), within a membrane-bound 

vesicle (B), and within a mitochondrion itself (C).  No PM was observed within cell nuclei.
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Figure 4.12.  X-ray analysis of intracellular PM. 

The sections were prepared for viewing as for Figure 4.11.  Intracellular PM-like structures were 

located using TEM, after which time imaging was switched to scanning TEM, as shown in the upper 

left panel of each image above.  Energy dispersive x-ray analysis was performed on four individual 

particle-like structures.  Three of these (top left, top right, middle left) showed emission peaks 

characteristic of iron, strongly suggesting that these were particulates applied at the beginning of 

the incubation period, and not artefactual.  One particulate (middle right) did not show an 

emission peak for iron.  As a negative control, a spot of the resin section outside the cell and not 

covering a particulate was analysed (bottom centre). 
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4.3 Discussion 

 

There is a considerable body of evidence which suggests that airborne particulate 

matter is both toxic to epithelial cells of the respiratory system, and inflammogenic 

even at sub-cytotoxic concentrations.  The majority of such studies are carried out 

using urban or ambient particulate matter, either collected by the researchers or by use 

of a standard such as NIST1648, an urban particulate matter standard reference as 

supplied by the National Institute of Standards and Technology in the United States 

(298, 300, 453).  However, other environments, particularly those associated with a 

specific activity such as woodburning or oil combustion can have considerably 

different profiles, both in terms of the resulting airborne concentration of particulate 

matter, and also the chemical composition of the particulate matter (122, 319, 454).  

Since both concentration and chemistry are thought to influence the toxicity of 

airborne particulates, studies of particles from sources beyond urban PM are required 

to understand the potential risks.  The particles used in this study, from a mainline 

underground railway station, have been characterised in terms of their metal content 

and morphology (Chapter 3), and it was hypothesised that the high metal content, and 

particularly the high iron content, of the particles would confer upon them the ability 

to exert damaging effects on bronchial epithelial cells, the cells which form the 

deposition site for much of the inhaled PM. 

 

Initial experiments used monolayers to characterise cellular responses to four 

concentrations of coarse, fine, and ultrafine underground railway PM.  Although 

monolayers are a poor approximation of the cellular configuration of the airway 

epithelium, since they contain only one cell type, do not permit the expression of 

apicobasal polarity, and do not differentiate into ciliated epithelial cells and mucus-

secreting goblet cells, they are an acceptable alternative in the case of basic dose-

response characterisation, particularly where results will be used to inform smaller 

concentration sets for further experiments on other culture systems which may be 

more expensive in terms of labour or equipment costs.  The underground railway 

particulate matter used in this study was supplied as a suspension in water at varying 

concentrations for each size fraction, the lowest being the ultrafine PM at a 
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concentration of 119 µg/ml, and therefore initial experiments were carried out using a 

high concentration of 50 µg/ml, to allow for upward extension of the concentration 

range if merited by initial results.  There has been much debate about the correct way 

to measure the applied concentration of PM, the so-called “dose metric”, in terms of 

how to measure the quantity of PM, either by mass, surface area, PM number, or other 

more derivative metrics such as oxidative stress.  Mass is by far the easiest to measure, 

and although surface adsorption methods such the Brunauer-Emmett-Teller (BET) 

method of measuring the adsorption of nitrogen to the surface of a sample of 

particulates can be used to determine PM surface area, this is difficult in cases where 

there is a limited availability of particles, and therefore is perhaps more suited to 

commercially available engineered metal nanoparticles (215, 455).  Particle number is 

somewhat difficult to measure and is not generally used in dose metrics.  In addition, 

there is little agreement between studies about whether the applied concentration, 

when expressed in the mass form, should be calculated per volume of culture medium 

or per area of cells.  Although the solubility of the underground railway particles used 

here has not been studied, other studies have reported that iron, which accounts for 

over 40% of the mass of each fraction, is found in the form of relatively water-

insoluble oxides (66, 204, 252, 419, 438, 456).  Therefore, since dissolution of the 

particles is expected to be low, and mass is the only viable method of measuring PM 

load in the current study, concentrations are expressed as micrograms per square 

centimetre of cell culture area (µg/cm2).  As PM was supplied as a suspension in water, 

required concentrations were also calculated as micrograms per millilitre (µg/ml) – 

conversion between these metrics is shown in Table 2.1. 

 

Altered release of IL-8 is one of the most commonly measured effects of PM in 

bronchial epithelial cell cultures, with IL-8 functioning as a neutrophil chemoattractant 

and activator (457-460), and appears to be important in epithelial wound repair (461-

463).  Here, a linear relationship was observed between PM concentration and IL-8 

release.  Interestingly, in the present work, there was little difference in IL-8 response 

between cultures from healthy donors and those from severe asthmatics.  Asthmatic 

airways have been seen to have lower levels of antioxidants, which may be important 

in defending against the potential toxic effects of airborne PM.  However, it appears 

that there is no work on assessing whether these differences are reproduced in cell 



In Vitro Activity of Underground Particulate Matter 

 

- 194 - 

 

culture models as used here.  Furthermore, it is possible that mechanisms other than 

those involving oxidants are involved in inducing IL-8 release, in which case any 

potential defect in antioxidant defences in asthmatic donor cells may be of little 

relevance.  Importantly, the extent to which IL-8 release could be induced by any of 

the fractions of underground railway PM at the tested concentrations was markedly 

lower than was induced by 10 ng/ml TNFα, suggesting that the cells are not mounting 

a maximal response to underground railway PM in terms of IL-8 release.  Although 

PM concentrations of up to 22.2 µg/cm2 (100 µg/ml) were feasible, 11.1 µg/cm2 was 

not exceeded due to the bell-shaped dose response relationship seen at the 

concentrations initially employed.  Subsequent work suggested than gene expression of 

IL-8 in response to underground railway PM is greatest after 24 h.  Therefore, it may 

be that 24 h was not sufficient to observe the greatest IL-8 effect, and therefore 

further incubations of up to a week could be performed to examine an expanded time-

course of IL-8 release. 

 

Cell death is often observed at the upper concentrations of PM used in published 

work.  There are a number of ways of quantifying cell death, including cell counts with 

Trypan blue exclusion dye to discount dead cells, tetrazolium dyes such as MTT, XTT, 

and WST-1, which change colour when reduced, indicating the metabolic activity of 

the cells in the culture tested, and the LDH assay, which involves measurement release 

of the cytosolic enzyme LDH, which increases with cell membrane integrity decreases.  

The present study measured concentrations of LDH in culture supernatants, with no 

change in LDH concentration as a percentage of total cellular LDH, as a measure of 

percentage cell death.  However, the LDH assay, although arguably the most 

commonly used of these assays, has drawbacks.  Whereas the other assays involve 

incubation with PM followed by, for example, incubation with the tetrazolium dye 

after the PM exposure period, the LDH assay measures an analyte which may have 

accumulated in the supernatant over the entire 24 h incubation.  Since LDH is 

susceptible to degradation over time, it is conceivable that the cytotoxicity of PM 

which causes an initial rapid release in LDH may be underestimated if the LDH is 

degraded prior to collection.  There have also been doubts raised concerning the 

interaction of particles with the assay.  It is possible that PM could deactivate LDH, 

rendering it undetectable by the assay used here either by inactivating or binding the 
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enzyme (464).  PM-bound LDH would then be removed from the supernatant by the 

centrifugation step and not detected.  However, the tetrazolium dye-based methods of 

measuring cytotoxicity do not measure cell death per se, but rather mitochondrial 

metabolic activity, and the continued widespread use of the LDH assay suggests that 

these drawbacks are insufficient to stop its use.  Indeed, since inspection of cultures 

under a light microscope after 24 h incubation also suggested that cell death was 

minimal, it appears unlikely that the LDH assay was under-reporting the genuine level 

of cell death.  This provided reassurance for any further work using this concentration 

range of ultrafine PM, since the aim of the study was to examine effects on cells which 

were not due to overt cell death – that is, effects towards the lower and middle 

sections of the hierarchy of PM effects suggested by Nel and co-workers (271). 

 

Although the increases in IL-8 release were statistically significant, their biological 

significance is more debateable in light of the much greater release of IL-8 which could 

be induced by TNFα.  Therefore, since ROS are considered to be a major intermediate 

by which airborne PM exerts its effects, ROS generation was measured using the dye 

DCF.  These experiments indicated that underground railway PM generates ROS in a 

concentration-dependent manner, dependent upon the iron content of the PM.  DCF 

is loaded as DCF-DA, the reduced form of the dye with two acetate groups attached 

to the central carbon ring.  These acetate groups render the dye lipophilic, allowing it 

to enter the cell, whereupon the acetate groups are cleaved by cytosolic esterases, the 

dye becomes hydrophilic, and is “locked” within the cell (465, 466).  In the present 

research, it was noted that even after 3 h incubation with underground railway PM, the 

great majority of the detectable fluorescence was within the supernatant, and not the 

cells themselves.  This indicates that either the reduced form of the dye is somehow 

exiting the cell and becoming oxidised to its fluorescent form within the supernatant, 

or that it is being oxidised within the cell and subsequently leaking into the 

supernatant.  Indeed, this propensity of DCF to leak from the cell has been noted 

previously (467, 468), may be dependent on cell type (465), and is potentially related to 

the cleavage, or lack thereof, of the acetyl groups, as result of either differential 

esterase activity or differential partitioning of DCF-DA inside the cell (469).  There are 

alternative forms of the dye available which may offer improved intracellular retention, 

such as carboxy-DCF-DA, whose carboxyl groups endow the molecule with additional 
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negative charges to increase lipophobicity, and chloromethyl DCF-DA and 

succinimidyl ester DCF-DA, which covalently bind intracellular thiol and amine 

groups respectively.  However, trials with these alternative forms were unsuccessful at 

preventing apparent leakage of DCF (data not shown).  Furthermore, the LDH assay 

data and microscopic evaluation of cultures did not indicate any significant cell lysis, 

suggesting that leaking of DCF following cell death is unlikely.  Therefore, these 

results do not allow conclusions to be drawn about whether underground railway PM 

induces intracellular ROS generation.  However, it is clear that the PM can generate 

ROS, which may be still be toxic if generated extracellularly, since ROS are known to 

be able to attack cell membrane lipids, and indeed the products of such reactions may 

be used as a measure of PM toxicity.  For instance, malondialdehyde and TBARS are 

products of membrane lipid peroxidation which can be detected as a result of ROS 

attack in vitro (174, 270) while malondialdehyde may also have applications for 

determining oxidative stress in vivo when measured in lung fluid or exhaled breath 

condensate (318).  Furthermore, some studies incubate DCF-DA with PM in a cell-

free compartment, with prior use of sodium hydroxide or medium supplemented with 

serum containing acetylases, to cleave the acetate groups since DCF is more readily 

oxidised once the acetate groups are removed (466, 470).  These studies are thus only 

powered to examine generation of ROS in a cell-free solution.  In spite of the apparent 

leakage of DCF from cells in the present study, there remains the possibility of 

amelioration of ROS generation by antioxidants secreted from the cells, and therefore 

the method used in the present research provides a more realistic account of the 

potential for ROS generation in vivo than do experiments conducted in the absence of 

cells. 

 

Another caveat for the use of DCF is its specificity.  DCF is usually described as being 

a reagent for the detection of ROS.  Furthermore, since superoxide and hydrogen 

peroxide do not react directly with DCF (471), it is generally considered that DCF 

fluorescence is due to the presence of the hydroxyl radical.  However, there is good 

evidence to suggest that DCF is capable of reacting with species other than these, such 

as reactive nitrogen species and carbonate anion radicals, while the second electron 

reduction may proceed with molecular oxygen, forming fluorescent DCF and 

superoxide (see review by Kalyanaraman et al (472)).  Furthermore, cytochrome c, 
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which may be released from mitochondria, is able to reduce DCF to its fluorescent 

form (473, 474), while free ferrous iron may be mobilised by lysosomal membrane 

permeabilisation as part of apoptosis or necrosis, favouring the reduction of DCF 

(475).  Similar observations have been made regarding haem (476), while it has also 

been suggested that DCF may itself participate in the generation of reactive oxygen 

species (477).  Therefore, although DCF fluorescence is able to indicate the presence 

of oxidative stress in a system, it may also reflect increased concentrations of one or 

more of these species. 

 

The aforementioned limitations notwithstanding, the results of the experiments with 

DCF yielded three important findings.  First, on an equal mass concentration basis, 

underground railway PM generated ROS to a greater extent as particle size decreased.  

The PM surface area/volume ratio is an important determinant of PM reactivity since, 

unless a particle is soluble, only the surface of the particle is able to interact with the 

surrounding milieu – the part of the particle hidden within is not accessible to the 

surrounding environment.  There is a dramatic increase in the percentage of a 

particle’s constituent atoms which are located on the surface as particle size decreases 

(212).  However, while surface area can influence ROS generation in particles where 

chemical composition is constant across size fractions, it does not necessarily follow 

that ultrafine PM must be more potent in generating ROS than coarse PM, since 

surface chemistry is also important.  For example, transition metals are often found in 

greater abundance in coarse PM than ultrafine PM, which may be composed of the 

products of secondary reactions between gases around a carbon core.  However, a 

novel finding from Chapter 3, that in size fractionated underground railway PM the 

ultrafine fraction is at least as rich in iron and other transition metals as the coarse and 

fine fractions, suggests that ultrafine underground railway PM may be the most potent 

ROS generator of the three fractions.  This was supported by DCF fluorescence levels 

after 3 h incubation, whereby UF > F (not significant), and UF > C (significant), with 

further size effects with F > C (significant). 

 

Further work on the ultrafine fraction using the iron (Fe3+) chelator DFX showed that 

this ROS generation is mediated via the iron content of the ultrafine PM, while the 

decrease in fluorescence in the presence of NAC indicates that DCF was oxidised via 
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ROS intermediates, and not merely by direct interaction with the ultrafine PM.  The 

implications of having a metal-rich ultrafine PM capable of significant ROS generation 

are discussed later. 

 

There is an important caveat in the interpretation of these results, in that they show 

elicitation of IL-8 release and DCF fluorescence on the basis of particle mass 

concentration as applied to cell cultures.  However, in terms of relating these results to 

the underground railway environment, it is important to remember that the three size 

fractions are not present in equal mass concentrations in the air.  The mean 

concentrations of coarse, fine, and ultrafine fractions of PM over the three sampling 

days was 169 µg/m3, 75 µg/m3, and 38 µg/m3 respectively, which may be expressed as 

a ratio of approximately 4.5 : 2 : 1.  This means that, for a given outcome in vitro, a 

given mass concentration of ultrafine PM would have to have 4.5 times the effect of 

coarse PM in order to indicate that airborne ultrafine PM may be more toxic than 

coarse PM.  Taking the mean DCF fluorescence induced by 6.3 µg/cm2 PM 

(Figure 4.5), it can be seen that although ultrafine PM has a greater effect than coarse 

PM, it does not approach 4.5 times the effect of coarse PM (fluorescence vs. control of 

6.3, 8.4, and 9.0 for coarse, fine, and ultrafine PM respectively).  Similarly, 11.1 µg/cm2 

of the three fractions increased median IL-8 release by 225%, 234%, and 315% 

respectively.  This emphasises that, per unit volume of air as found in the underground 

station, coarse PM possesses the greatest ability to induce IL-8 release and ROS 

generation.  However, a further level of complexity is added when it is considered that 

airway deposition is not the same across the three size fractions.  Coarse particles are 

more likely to be trapped by the particle-trapping mechanisms of the upper airways, 

while ultrafine particles are able to penetrate more deeply into the terminal airways, 

alveoli, and possibly translocate into the circulation.  Furthermore, they have the ability 

to enter cells, where their long-term consequences are completely uninvestigated, but 

their presence in a number of organelles suggests the potential for long-term toxicity.  

Therefore, when attempting to measure the potential toxic effects of each size 

fraction, an ideal approach would also take into account the deposition sites of such 

particles, as well as their likely retention times and potential for translocation into cells 

and the circulation, all of which are likely to result in a relative increase in toxicity as 

particle size decreases. 
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Since data now showed that, in spite of having only moderate effects on IL-8 release 

and no clear effects on cell death, the underground railway PM was capable of 

inducing ROS generation in a size- and iron-dependent manner, ALI cultures of 

PBECs were used for further experiments.  As previously noted, these cultures 

provide a more realistic model of the airway epithelium since they express apicobasal 

polarity and facilitate differentiation of the seeded cells to form ciliated epithelial cells 

and mucus-secreting goblet cells.  Although the cultures are differentiated for 21 days 

at air-liquid interface, with culture medium in the basolateral compartment, but the 

apical surface of the culture exposed to air, PM exposures were performed with PM in 

suspension, and therefore the air-liquid interface was not present over the period of 

exposure.  ALI cultures of PBECs from healthy donors were exposed to underground 

railway PM at the same concentrations (by µg/cm2
 and µg/ml) as were the monolayers.  

After 24 h incubation, basolateral medium was harvested and IL-8 was measured by 

ELISA.  Interestingly, whereas there was a moderate but significant concentration-

dependent increase in IL-8 release vs. control seen in the PBEC monolayer 

experiments, no such increase was seen with ALI cultures.  All concentrations of 

coarse, fine, and ultrafine PM produced slight increases in IL-8 release, but there was 

no clear trend with concentration, and significance was not reached for any PM 

concentration with any of the three size fractions of PM.  When the same experiments 

were performed with ALI cultures of PBECs from severely asthmatic donors, there 

was again no statistically significant change in IL-8 release, and again no clear trend. 

 

The most likely explanation for this apparent lack of effect compared to that seen in 

the monolayer cultures may lie in the mucus secreted by the goblet cells which have 

differentiated from the seeded cells over the 21 day ALI culture period.  

Centrifugation of the apical supernatant after incubation produced a clear, albeit small, 

grey pellet on the side of the eppendorf tube, seemingly particulate matter, which was 

not seen when supernatants from the monolayer incubations was centrifuged.  

Furthermore, after removal of the supernatant, very little PM remained, and this was 

removed with a single wash of HBSS-.  Conversely, after removal of the monolayer 

supernatants and an identical wash step, there still remained a clear presence of PM, 

either within, partially embedded inside, or adhered to the surface of the cells.  These 
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observations, although somewhat rudimentary and arbitrary, suggest that the mucus is 

protecting the cells from at least the insoluble component of the underground railway 

particulate matter.  However, subsequent electron microscopy studies suggested that 

some PM is still able to penetrate the mucous layer within the 24 h incubation period. 

 

Another explanation for the lack of observed pro-inflammatory effect of underground 

railway PM is that the increase in pro-inflammatory cytokines is not necessarily global, 

with different PM and PM constituents being able to elicit increases in different 

cytokines (232, 310). 

 

In addition to having no significant effect on IL-8 release, underground railway PM 

was also seen to have no effect on epithelial barrier permeability as measured by 

passage of 4 kDa FITC-labelled dextran.  Passage of dextran from the apical to the 

basal compartment is a measure of the macromolecular permeability of the epithelium 

to macromolecules smaller than 4 kDa and particles smaller than the hydrodynamic 

radius of the FITC-dextran – in this case, 4 kDa FITC-dextran has a hydrodynamic 

diameter of 2.8 nm.  Conversely, TER measures ionic flux across the epithelium, and 

therefore degraded epithelial function may be observed by TER without a 

concomitant effect on dextran passage.  In this case, FITC-dextran was chosen as a 

more relevant measure to indicate the potential for particle transgression, although 

TER measurements also indicated little perturbation in terms of ionic flux (not 

shown).  Indeed, TER has been suggested to be an indicator of viability after exposure 

to nanoparticles (478), and therefore this lack of effect on TER correlates well with the 

lack of effect of underground railway PM on LDH activity in monolayers.   

 

Since most in vitro studies of the effect of PM on airway epithelium are conducted 

using monolayers, permeability studies such as this are rarely performed.  An in vivo 

study of the effect of urban PM on mouse gut epithelium found increased 4 kDa 

FITC-dextran in the blood after application by gavage following 48 h particulate 

dosing, and this increased permeability was replicated by decreased TER readings in 

Caco-2 cells grown on cell culture inserts (479).  Studies using TER are more 

common, although the effect of PM on epithelial barrier function is nonetheless rarely 

investigated, but produce conflicting results.  Bayram and colleagues showed that 
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normal human bronchial epithelial cells increased TER in response to DEP in a 

concentration-dependent manner (480).  Conversely, Lehmann and co-workers found 

that 125 µg/ml DEP reduced 16HBE monoculture TER accompanied by deranged 

tight junction occludin distribution when the epithelial cells were in monocultures 

(177).  Other studies have indicated that zinc oxide and copper oxide nanoparticles 

both exert deleterious effects on transepithelial resistance in rat alveolar epithelial cell 

cultures and Calu-3 cells respectively (258, 478).  In addition, studies examining the 

effects of tracheobronchial instillation of PM or inhalation of aerosolised PM in rats 

have observed increased levels of protein in BALF, suggesting increased epithelial 

permeability, for instance when humans have been exposed to coarse PM collected in 

the vicinity of a steel mill (481), or when rats have been exposed to underground 

railway, traffic-related, or oil fly ash PM (80, 203, 305), although the time-points at 

which these observations were made varies between studies.  The present study, 

however, found no such effect.  One possible explanation for this is the presence of 

mucus, as detailed above.  It is also possible that epithelial permeability is modified by 

the presence of other cells or factors secreted by other cells with may be present in the 

airways in vivo but which are not present in epithelial cells in monoculture in vitro.  For 

instance, the aforementioned study by Lehmann and co-workers which found a 

decrease in 16HBE monoculture TER in the presence of DEP found that there was 

no such decrease in a triple cell co-culture of 16HBE, macrophages, and dendritic cells 

(177).  Indeed, although macrophages and dendritic cells fulfil roles as phagocytic and 

antigen presenting cells, there is also evidence that they can express tight junctional 

proteins and participate in the formation of a tight epithelial barrier (450, 482).  

Conversely, macrophages have been observed to secrete TNFα in response to urban 

PM10 (285, 483), which may be at least partly due to the presence of LPS on the PM 

(118, 122).  TNFα has been demonstrated by other groups to cause impairment of 

epithelial barrier function in the intestine (484, 485) although a search of the literature 

suggests that the effect of TNFα on airway epithelial permeability has not been 

studied.   

 

Although there appeared to be no pro-inflammatory or cytotoxic effects of 

underground PM, their ability to generate ROS suggested that it would be rational to 

examine effects towards the lower end of Nel’s hierarchy by examining effects on 
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antioxidant gene expression.  Only ultrafine underground railway PM was examined 

since the metal content of this fraction was the most novel finding of the research 

performed thus far.  A concentration of 5.6 µg/cm2 was chosen since this was the 

concentration which produced maximal uncorrected IL-8 release, whereas using a 

higher concentration may have mirrored the apparently reduced response as seen for 

IL-8 release.  A lower concentration was not used since DCF experiments suggested 

increased ROS generation across the entire PM concentration range.  In order to 

determine the optimum time-point at which to examine antioxidant gene expression 

levels, ALI cultures were exposed to PM for 2-48 h. 

 

Two antioxidant genes, HO-1 and NQO1, were examined, both of which have been 

seen to be upregulated by particulate matter in the literature.  HO-1 in particular was 

markedly upregulated, while NQO1 was upregulated to a lesser extent.  The time 

course of induction of the two genes was also different, with NQO1 gene induction 

showing a smaller peak at 6 h, whereas HO-1 induction followed a monophasic time 

course.  Furthermore, IL-8 followed a similar time course to HO-1, albeit with a lesser 

maximal induction, whereas the Th2 cytokine genes TSLP and IL-33 both peaked after 

6 h.  Very few studies have examined the effect of PM on TSLP.  Exposure of primary  

human bronchial epithelial cell monolayers to a concentration of DEP (3 µg/cm2) 

similar that of ultrafine underground railway PM used in the RNA work in the present 

study resulted in an increase in TSLP mRNA of 11- and 15-fold at 4 h and 18 h 

incubation respectively, along with increased release of TSLP, and these effects were 

reduced in the presence of NAC (486).  Through this process, DEP can induce Th2 

polarisation of dendritic cells (486, 487).  This has subsequently been suggested to 

involve the aryl hydrocarbon receptor, perhaps explaining a lack of effect in 

underground PM, which has a lower aromatic hydrocarbon content than DEP and 

ambient PM, which elicited similar effects (488).  However, this does not appear to be 

the only pathway by which PM can induce TSLP (488).  Data on IL-33, which may 

function as an alarmin, are scarce.  Intratracheal instillation of multi-walled carbon 

nanotubes in mouse lung result in an increased release of IL-33 (489) and upregulated 

expression of IL-33 mRNA (490), which may then result in development of airways 

hyperresponsiveness (491).  However, there is a paucity of studies of IL-33 responses 

to more frequently encountered PM, and these reports are inconclusive, for example 
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the lack of change in BEAS-2B cell IL-33 mRNA in response to DEP after 4 h 

incubation (492). 

 

Since responses in antioxidant genes were of principle interest, and since induction of 

HO-1 was notably higher than NQO1, HO-1 was selected for further study whereby 

the effects of DFX and NAC in the underground railway PM were studied.  The iron 

chelator DFX greatly reduced the ability of ultrafine underground railway PM to elicit 

expression of HO-1, while NAC more moderately, non-significantly, reduced HO-1 

expression induced by ultrafine underground railway PM.  Similarly, HO-1 mRNA has 

been seen to be increased in RAW 264.7 macrophages in response to ambient ultrafine 

PM and amine-coated polystyrene nanoparticles, and this effect was inhibited by NAC 

(234).  Furthermore, ZnO nanoparticles have been seen to increase HO-1 mRNA and 

protein levels in RAW 274.7 and BEAS-2B cells (493) although, interestingly, Fe2O3 

nanoparticles induced only a moderate increase in HO-1 mRNA in RAW 264.7 cells 

and no increase in A549 alveolar epithelial cells (494).  However, this surprising result 

is suggested to derive from differences in the Nrf2 system, whereby A549 cells lack the 

Nrf2 anchor Keap1, meaning that in these cells Nrf2 is constitutively active and thus 

there is a lesser potential for further activation.  This suggestion is supported by 

generally reduced perturbation of the expression of Nrf2-controlled genes in the study 

(494).  DEP and organic extracts thereof can also induce expression of HO-1 and 

NQO1, while HO-1 expression in rats was not affected by inhalation of carbon 

nanoparticles (266, 316).  Knockout of Nrf2 in mice diminished the effects of DEP on 

HO-1, further indicating a key role for Nrf2 in regulating oxidant-induced antioxidant 

expression, although other work has shown that knockout of Keap1 in Clara cells 

leads to increased expression of NQO1 but not HO-1 (274, 275).  These observations 

suggest that, although Nrf2 may act as a master regulator of antioxidant expression, 

the process is likely to be further controlled by other co-activators or repressors (274).  

Thus, further work examining altered levels of Nrf2 and Keap1 in response to 

underground railway PM, and also nuclear translocation of Nrf2, would shed light on 

the processes controlling the response to such PM. 

 

Interestingly, the ultrafine PM was able to elicit a moderate increase in HO-1 

expression even in the presence of DFX, and this increase was of a similar magnitude 
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to the increase seen when the optimal concentration of DFX was used in the 

previously discussed DCF assay.  In both instances, an approximately two-fold greater 

response was observed even in the presence of DFX.  This is potentially due to the 

fact that DFX is able to chelate ferric iron (Fe3+), while showing no detectable affinity 

for ferrous iron (Fe2+) (448).  The consequence of this is that although DFX may be 

able to inhibit the reduction of Fe(III) to Fe(II) as occurs in the Haber-Weiss reaction 

series in redox cycling of iron, which is itself a source of ROS,  it may be unable to 

prevent the successive series of reductions of molecular oxygen to hydroxyl radical, 

including the Fenton reaction, as catalysed by ferrous iron (207, 402).  As such, DFX 

may inhibit the progression of: 

 

Fe3+ + H2O2  Fe2+ + •O2
- + 2H+ 

 

Fe3+ + •O2
-  Fe2+ + O2 

 

Fe2+ + H2O2 + H+  Fe3+ + H2O + HO• 

 

but with ostensibly no effect on: 

 

Fe2+ + O2  Fe3+ + •O2
- 

 

Fe2+ + •O2
- + 2H+  Fe3+ + H2O2 

 

Fe2+ + H2O2 + H+  Fe3+ + H2O + HO• 

 

DFX may be able to shield particulate iron from the surrounding milieu, but no redox 

inactivation of Fe2+ is likely to occur.  Such an effect has been observed 

experimentally, where the antioxidant depleting ability of various types of PM was 

ameliorated to a greater extent by diethlyene triamine pentaacetic acid (DTPA, which 

chelates both ferrous and ferric iron) than by DFX, although this may also be 

attributable to other transition metals which can be chelated by DTPA (172).  Indeed, 

in addition to reduction by reaction with hydrogen peroxide as per Haber-Weiss 

cycling, ferric iron may also be reduced to ferrous iron by antioxidants, as are present 
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in the respiratory tract, and as has been demonstrated experimentally by increased  

formation of dihydrobenzoic acids from oxidation of salicylic acid after addition of 

various antioxidants to ferric iron and also cuprous copper (495).  It has been 

suggested that there is a “crossover”, whereby low concentrations of antioxidants may 

be detrimental because although they are less effective at reducing transition metals to 

an oxidation state in which they are primed to partake in Fenton chemistry, they are 

also less able to terminate radical generation reactions.  For example, in vivo 

administration of 500 mg ascorbate per day led to an increase in lymphocyte 8-

oxoadenine levels, a marker of oxidative damage to DNA, although levels of 8-

oxoguanine were unaffected (496).  However, the physiological effects of ascorbate are 

a matter of debate, and may depend on experimental design (497). 

 

Another possible reason for the residual effect of ultrafine PM after DFX addition is 

that there is a component of ROS generation by the ultrafine underground railway PM 

which is not caused by the iron within the PM, or that there is a constituent of the 

particles which is able to induce ROS generation by the cell without itself being a 

generator of ROS.  One potential constituent is LPS, which induces increased HO-1 

gene expression in rat lung epithelial cells, as well as in RAW 264.7 macrophages (498).  

This could be further investigated by pre-treating PM with the antibiotic polymyxin B, 

to chelate LPS, reducing its activity (119).  However, in the present study, levels of 

LPS in the ultrafine fraction were low (6.65 EU/mg), which compares well with other 

studies of underground PM LPS levels (Chapter 3), and thus it is unlikely that the LPS 

is responsible for the increased levels of HO-1 in these experiments.  Indeed, the 

aforementioned work found marked increases in HO-1 expression only with LPS 

concentrations of at least 100 ng/ml (498).  Conversely, using the LPS concentration 

of ultrafine underground railway PM from Chapter 3, and working on the basis that 1 

EU = 0.1 ng LPS (499, 500) indicates that concentrations in the work presented here 

were approximately 16.6 pg/ml, almost four orders of magnitude lower. Furthermore, 

epithelial cells lack CD14 which is required for binding of LPS in order to activate 

TLR4 – unless cells either possess CD14 or there is soluble CD14 in the medium, such 

as from serum, LPS generally has little effect on epithelial cells (117).  Alternatively, it 

is possible that in both cases the concentration of DFX required to maximally inhibit 

ROS generation was not used – in the experiments using DCF to measure ROS 
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generation, successive DFX concentrations were five-fold different from each other, 

and therefore greater inhibition may have been achieved by exploring the 

concentration-inhibition curve further. 

 

Therefore, while PBECs grown at ALI did not respond to underground railway PM of 

any fraction in terms of IL-8 release or altered barrier permeability, an increase was 

seen in antioxidant gene expression induced by the ultrafine fraction of underground 

railway PM, and this increase was principally as a result of the iron content PM.  This 

may indicate that the antioxidant defence mounted by the epithelial cells against the 

PM is, in the ALI cultures, sufficient to diminish the oxidative stress to a level below 

that at which pro-inflammatory effects would be seen.  Alternatively, as suggested 

previously, it may be that inflammatory cytokines other than IL-8 show an increase 

after exposure of cells to PM.  Indeed, it may be that the presence of mucus shifts the 

oxidative stress to a lower level than would be seen in the monolayers.  Therefore, to 

better understand the interaction of underground railway PM with the ALI cultures of 

PBECs, healthy donor ALIs were incubated for 24 h in the presence of coarse, fine, or 

ultrafine PM, and subsequently fixed, embedded, and sectioned for viewing by TEM.  

The results here compare well with those seen in other studies, whereby PM was able 

to enter the cell and was found free in the cytosol, within lipid-bound vesicles and also 

in mitochondria.  Importantly, there was no nuclear PM noted.  Several studies have 

examined cellular uptake of particles, most often nanoparticles, although attempts to 

study uptake have yielded inconsistent results.  A study of the uptake of carbon black 

and titanium dioxide nanoparticles by MRC5 fibroblasts and 16HBE epithelial cells 

showed that uptake is not necessarily PM concentration-dependent, and that uptake 

does not appear to be linked to cytotoxicity (223).  Uptake of nanoparticles by Calu-3 

and 16HBE epithelial cells was seen to be less than in A549 alveolar epithelial cells and 

LK004 fibroblasts (224), but a comparison of the uptake of titanium dioxide 

nanoparticles between A549 cells and NHBE cells found no difference after 2 h and 

24 h incubation, although differences in uptake between different nanoparticle types 

were seen, and suggested to be related to the stability of nanoparticle agglomerates, 

with nanoparticles forming more stable agglomerates being less readily taken up (501).  

Furthermore, A549 cells have been seen to take up lead sulphate nanoparticles more 

readily than calcium sulphate or zinc sulphate nanoparticles, although the latter 
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resulted in the apparent presence of zincosomes in the cytoplasm (502).  In the present 

study, PM was found free in the cytosol and in cytoplasmic membrane-bound vesicles, 

with one instance of PM within mitochondria noted, but all PM-containing cells 

appeared intact.  Exposure of 16HBE cells to a similar concentration of DEP resulted 

in the presence of cytoplasmic phagosomes with a similar lack of overt damage in 

DEP-containing cells (308), while other studies have noted that intracellular PM is 

generally found in vesicles or free within the cytosol in 16HBE and A549 cells, and 

almost never in the nucleus (223, 298, 502, 503).  However, there are isolated reports 

of PM being seen within mitochondria and the nucleus, such as copper oxide 

nanoparticles in A549 cells (504).  It seems that much higher concentrations of PM, 

such as 100 µg/cm2, are required to cause cell destruction by particle overload (503).  

The first step in particle uptake seems to be adsorption of the particle or particle 

agglomerate to the cell surface, causing morphological changes to the cell (298). 

 

The mechanisms potentially involved in particle uptake have been reviewed 

thoroughly elsewhere (505).  However, the major candidate mechanisms appear to be 

active (i.e. not diffusion) via phagocytosis/endocytosis or macropinocytosis (503, 504).  

Additionally, it has been suggested that vesicle-enveloped particles might be able to be 

excreted apically, at least in air-liquid interface cultures of NHBE cells repeatedly 

exposed to fine ambient PM (506).  Once inside the cell, particles may induce oxidative 

stress and inflammation, both of which have been correlated with levels of particle 

uptake (214).  Furthermore, particles of around 39 nm diameter or less (including 

protein corona) appear to have the potential to enter the nucleus via the nuclear pore 

complex, although this was not observed in the present study, nor in much of the 

published literature, perhaps due to the time taken for such a process to occur, or 

perhaps due to intrinsic properties of the particles making this unlikely (507).  These 

smallest particles have also been observed as being able to enter the mitochondria in 

RAW 264.7 macrophages and BEAS-2B cells, causing mitochondrial damage and 

destruction which was not caused by coarse or fine PM from the same sources, 

sequestration of which was limited to cytoplasmic vacuoles (255).  Mitochondrial 

damage by ultrafine particles and their constituents is generally focused on the electron 

transport chain, and may result in reduced mitochondrial membrane potential and 

increased ROS generation due to uncoupling of the electron transport chain (257).  In 
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fact, mitochondrial damage and increased ROS may itself be a consequence of 

particulate-mediated ROS generation (508), since iron-rich underground railway PM10 

from Stockholm was found to induce mitochondrial depolarisation to a lesser extent 

than DEP, but to a greater extent than roadwear or street PM10 (509).  Another study 

found that copper (II) oxide nanoparticles caused greater mitochondrial membrane 

depolarisation than did micrometer particles of the same composition, which were 

nonetheless more damaging than haematite or magnetite nanoparticles (218).  More in-

depth investigation into the effects of ultrafine ambient PM on mitochondrial activity 

has suggested that increased mitochondrial calcium levels are seen alongside 

mitochondrial swelling and a rapid depolarisation of the mitochondrion.  The resultant 

toxicity could be ameliorated with NAC, but this may be via effects on mitochondrial 

ROS, since NAC also reduced toxicity induced by cationic amide-coated polystyrene 

nanoparticles.  Interestingly, this cationic surface coating endowed the polystyrene 

NPs, which were able to penetrate into mitochondria, with greater toxicity than the 

mitochondrial-impermeant carboxylated polystyrene nanoparticles, indicating a role for 

surface charge in effects on mitochondria (234).  Such effects may not only apply to 

PM-exposed cells, but persist in the progeny of the exposed cell (256). 

 

Particles may also cross the epithelial barrier by transcytosis, which may be more 

common for ultrafine and nanoparticles than coarse or fine PM (41, 212).  However, 

in the present study, no particles were observed in the intercellular space, and nor were 

there any particles trapped between the basal side of the cells and the Transwell 

membrane, suggesting that there was negligible movement of particles in this manner.  

Since particle retention is considered to be more of a problem than the low level of 

particle translocation via the transcellular pathway (223), the effects of intracellular 

accumulation of underground railway PM, and particularly the metal-rich ultrafine 

fraction, require more work.   

 

Validation that the particles observed intracellularly in such studies are not merely 

artefacts of contamination during the dehydration/embedding process, or from 

contamination of the section prior to viewing, is an important step sometimes missing 

from work in the literature, perhaps due to the lack of suitable equipment.  Here, 

EDAX was used to assess the iron content of PM-like structures, confirming that of a 
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small sample of PM analysed, most contained iron, therefore suggesting that they were 

unlikely to be the result of contamination.  However, although iron was the most 

predominant element in the underground railway PM used here, it nonetheless only 

accounted for 40.7%, 40.4% and 48.4% by mass of coarse, fine, and ultrafine fractions 

respectively.  It is likely that a significant proportion of the underground railway PM is 

carbon based, and indeed a small number of particles observed within the cell had the 

appearance of carbon PM which has been noted previously (41, 510).  However, the 

processing of resin-embedded sections involved the use of three contrast stains: uranyl 

acetate, osmium tetroxide and, prior to viewing, lead citrate.  As such, EDAX of all 

sections showed peaks representing uranium, osmium, and lead, as well as copper, a 

major constituent of the grids upon which sections are mounted for viewing.  These 

peaks can obscure peaks for other elements, especially if such elements are present in 

relatively small amounts, and therefore show smaller peaks.  The contrast agents listed 

were used to produce good quality images of the ultrastructure of the cells, since the 

main aim of the TEM work was to identify whether any PM was able to enter the cells 

and, if so, where it was located in the ultrastructure of the cells.  The omission of 

contrast agents at the electron microscopy processing stage would improve chemical 

speciation of the PM, but at the cost of reduced image quality, and therefore no such 

sections were produced.   
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4.4 Conclusion 

 

In summary, these results indicate that coarse, fine, and ultrafine fractions of 

underground railway PM are able to induce a modest pro-inflammatory response from 

both primary bronchial epithelial cells, which may be ameliorated in the presence of 

mucus.  Generation of ROS by underground railway PM is size-dependent, and is due 

mainly to the presence of iron in the particles.  Although the epithelial barrier is not 

weakened by underground railway PM, it appears that the presence of the PM is 

detected by the cells since there is marked upregulation of antioxidant genes and also 

genes involved in the inflammatory response and Th2-type responses.  The 

antioxidant response also seems to be due to the presence of iron within the PM.  

Furthermore, in spite of protection conferred by the mucous layer, PM is able to enter 

the epithelial cells and is found not only sequestered in membrane-bound vesicles but 

also free in the cytosol and in mitochondria. 

 

Given the unusual iron rich nature of the ultrafine fraction, and its potency in 

generating ROS, further work is required to determine whether the ultrafine fraction in 

particular of underground railway PM has the potential to damage health. 
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5 The Effect of  Alternaria 

on Bronchial Epithelial 

Cells 

5.1 Introduction 

 

Asthma is a chronic inflammatory airways disease characterised physiologically by 

airway hyperresponsiveness to innocuous stimuli, and pathologically by Th2 

inflammation and structural remodelling of the airways.  The majority of asthma is 

associated with atopy, where an IgE response to specific aeroallergens has developed.  

The airway epithelium which forms a physical barrier and an interface with the 

immune system via expression of adhesion molecules and secretion of a myriad 

cytokines, chemokines, and inflammatory mediators (3, 9, 511), is the first tissue 

encountered by such inhaled allergens.  However, recent evidence has suggested that 

the asthmatic bronchial epithelium is structurally perturbed, resulting in impairment of 

barrier function (512). 

 

Allergens from fungi including species of Alternaria, Cladosporium, and Aspergillus 

present a major risk factor for the development of asthma, with evidence supporting a 

link between sensitisation to fungi and prevalence or severity of asthma (130, 155), and 

also between spore prevalence and asthma (346, 513).  Further reports have found 

links between sensitivity to the ubiquitous Alternaria species of fungi, particularly 

Alternaria alternata, and asthma (156, 158, 345, 346, 514).  Unlike with pollens, exposure 

to fungi can occur year-round, and may occur both outdoors and indoors (156, 158).  

Interestingly, fungi including Alternaria and Cladosporium species have been found in the 

air of underground railway stations in London (515), Milan (516), St Petersburg (517), 
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and Cairo (518), and their levels have been found be greater in such stations than in 

the outside air (515).   The airway epithelium is the first tissue encountered by such 

inhaled allergens.  Pathogenic fungi secrete a range of proteases (138), and have been 

implicated in epithelial cell detachment and cytokine production (519).  Proteases of 

the serine class have been particularly associated with asthma (520).  In vitro studies 

have shown that serine proteases from Aspergillus fumigatus and Alternaria alternata 

induce production of IL-8 and IL-6 via NF-κB and NF-IL-6, as well as causing 

epithelial cell detachment (135, 136, 147).  This action is reported to occur via 

activation of PAR-2 (143, 149), a receptor activated by proteolytic cleavage of a 

tethered-ligand, which has been observed to be upregulated in the bronchial 

epithelium of asthmatic subjects (521), and can be replicated by use of a synthetic 

PAR-2 activating peptide (148).  Similar effects have been seen with the HDM serine 

and cysteine protease allergens Der p 1 and Der p 3 (149, 522), and also serine 

proteases from German cockroach extract (140).  Alternaria-induced PAR-2 cleavage 

has also been suggested to be responsible for TSLP release from epithelial cells, and 

the activity of proteases as adjuvants in allergic sensitisation (142, 159, 523). 

 

Aside from their activity towards PARs, proteases can also perturb the epithelial 

barrier by directly cleaving tight junction proteins, facilitating permeation of allergens 

and pathogens to the underlying tissue.  Der p 1 can degrade occludin and trigger ZO-

1 breakdown, resulting in tight junction disassembly and increased paracellular 

permeability (15, 151).  Similar effects have also been seen with HDM serine proteases, 

although only at levels above those required to induce cytokine release, suggesting that 

inflammatory response is seen before TJ degradation occurs (152).  The Penicillium 

allergen Pen ch 13, a serine protease, has been reported to cleave occludin (524), and 

effects on occludin, ZO-1, and claudin-1 have been noted with serine and cysteine 

proteases in pollen from a variety of sources (150). 

 

Previous studies have focused on the use of epithelial cell lines which are not covered 

by a cytoprotective mucous layer that protects the airways in vivo, which may explain 

their susceptibility to the proteolytic effects of allergen-derived proteases.  The 

additional observation that there is impaired epithelial barrier function in asthma (512) 

prompted investigation into the effect of Alternaria on epithelial barrier function, and 
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study of whether there is a differential response to Alternaria extract between fully 

differentiated cultures of primary human bronchial epithelial cells (PBECs) from 

healthy donors and those from asthmatic donors.  As Alternaria has been observed to 

be both pro-inflammatory (147) and to induce development of a Th2-type response 

(451, 525), vectorial secretion of IL-8, TNFα, TSLP, IL-18 and IL-33 was also 

analysed. 

 

The hypotheses to be tested within these experiments were: 

 

1. Alternaria extract is able to induce inflammatory cytokine release and impair 

epithelial barrier function in polarised 16HBE cells. 

 

2. This effect is due to protease activity within the extract. 

 

3. Air-liquid interface cultures of primary bronchial epithelial cells from severely 

asthmatic donors are more susceptible to the effects of Alternaria extract than 

those cells from healthy donors. 

 

4. Priming healthy primary bronchial epithelial cells with ultrafine underground 

railway particulate matter before exposure to Alternaria extract will make 

cultures more susceptible to the effects of Alternaria. 

 

Therefore, the aims of this work were to study the effect of Alternaria extract on 

polarised 16HBE cells to confirm its effects on cytokine production and epithelial 

barrier disruption, and to extend this by studying mode of action.  Further work was 

aimed at studying the interaction of asthma status and exposure to ultrafine 

underground railway PM on responses in primary bronchial epithelial cell ALI 

cultures. 

 

The work presented within this Chapter, with the exception of that examining the 

interaction between ultrafine underground railway PM and Alternaria, has been 

published in the journal PLOS ONE (526). 
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5.2 Results – The Effects of Alternaria on 16HBE Cells 

 

5.2.1 The Effect of Alternaria on the Release of Pro-Inflammatory 

Cytokines by 16HBE Cells 

 

Since Alternaria extract is a complex biological substance, initial experiments aimed to 

characterise its effects on 16HBE cells and compare these to published data.  Polarised 

16HBE cells were challenged with Alternaria extract, and inflammatory mediator 

release after 24 h was measured by ELISA.  Alternaria induced a concentration-

dependent increase in apical IL-8 release (Figure 5.1), with 100 µg/ml Alternaria extract 

(Alt100) stimulating a release of 5900±1100 pg/ml, compared to 2300±340 pg/ml for 

control (p<0.001).  IL-8 release in the presence of Alt100 was also significantly higher 

than that stimulated by 100 µg/ml heat-treated Alternaria extract (Alt100HT) 

(p<0.001), and 100 µg/ml Cladosporium extract (Clad100) (p<0.001).  While Alt100 

induced a significant increase in basolateral IL-8 release of 6300±700 pg/ml compared 

to control of 4500±590 pg/ml (p<0.001), this was less marked than apical release.  

Clad100 did not increase basolateral IL-8 release above baseline, and heat treatment of 

the Alternaria extract reduced the capacity of Alternaria to elicit IL-8 release, to 

1700±300 pg/ml apically (p<0.001 vs. Alt100), whereas there was no significant effect 

on basolateral IL-8 secretion. 

 

Analysis of TNFα release after Alternaria challenge revealed similar results to IL-8 

analysis (Figure 5.2).  Alternaria induced a concentration-dependent increase in TNFα 

release into the apical compartment, from 850±90 pg/ml in control to 1800±140 

pg/ml after challenge with Alt100 (p<0.001), an increase of similar magnitude to that 

seen for IL-8.  Again, this increase was abolished by prior heat-treatment of the 

Alternaria (p<0.001), and was significantly higher than induced by Clad100 (950±130 

pg/ml; p<0.001).  Basolaterally, Alt100 resulted in increased TNFα release, of a lesser 

magnitude than apically (960±40 pg/ml vs. 730±70 pg/ml for control; p<0.01).  As 

with IL-8, the reduction in TNFα release seen when Alternaria was heat-treated did not 
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reach significance in the basolateral compartment, perhaps due to the lesser degree of 

Alternaria-stimulated release of TNFα into this compartment in general. 
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Figure 5.1.  The effect of Alternaria extract on IL-8 release from polarised 16HBE cells. 

Polarised 16HBE cells on Transwells were challenged apically with varying concentrations of 

Alternaria (Alt) or Cladosporium (Clad) fungal extracts, or heat-treated Alternaria extract (HT).  

Apical and basolateral supernatants were harvested 24 h post-challenge.  IL-8 concentration was 

determined by ELISA.  Analysis by one way repeated measures ANOVA with Bonferroni correction 

for pairwise analysis.  Bars represent mean±SEM; *** - P<0.001; n=4-9 
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Figure 5.2.  The effect of Alternaria onTNFα release from polarised 16HBE cells. 

Polarised 16HBE cells on Transwells were challenged apically with Alternaria (Alt) or Cladosporium 

(Clad) fungal extracts as for Figure 5.1.  Apical and basolateral supernatants were harvested 24 h 

post-challenge.  TNFα concentration was determined by ELISA.  Analysis as for Figure 5.2.   Bars 

represent mean±SEM; ** - p<0.01, *** - p<0.001; n=3-9. 
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5.2.2 The Effect of Alternaria on 16HBE TER 

 

Having observed the effects of Alternaria on the induction of cytokine release, the 

effect of Alternaria on epithelial permeability was investigated by measuring changes in 

TER, indicative of alterations in ionic permeability of the epithelium.  A significant 

concentration-dependent decrease in TER was observed 1 h after challenge, with 

drops of 51±8% and 74±4% for 50 µg/ml (Alt50) and 100 µg/ml (Alt100) 

respectively (Figure 5.3).  With Alt50, the drop in TER began to reseal almost 

immediately, particularly from 3 h onwards, reaching control levels by 6 h (Figure 5.3).  

After challenge with Alt100, the TER remained significantly lower than control even 

24 h post-challenge (Figure 5.3).  As found with cytokine release, Alt100HT showed 

no significant effect on TER at any time point.  Similarly, Clad100 did not affect TER.  

This concentration-dependent, heat-labile increase in epithelial permeability was 

confirmed by studies with FITC-labelled 4 kDa dextran, suggesting that Alternaria 

affects both ionic and macromolecular permeability; however the extent to which 

passage of the 4 kDa macromolecule was facilitated by exposure of the epithelium to 

Alternaria was small compared to the effect of the calcium chelator EGTA (50 µM) 

(Figure 5.4).  None of the challenges induced significant LDH release compared with 

control cultures (data not shown). 
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Figure 5.3.  The effect of Alternaria on TER in polarised 16HBE cells. 

Polarised 16HBE cells on Transwells were challenged apically with varying concentrations of 

Alternaria (Alt) or Cladosporium (Clad) fungal extracts, or heat-treated Alternaria extract (HT).  TER 

was measured before challenge and at regular intervals thereafter.  Analysis as for Figure 5.1.  Bars 

and points represent mean±SEM; *** - P<0.001; n=4-15 



The Effect of Alternaria on Bronchial Epithelial Cells 

- 219 - 

 

B
a

s
o

la
te

r
a

l 
[F

IT
C

-D
e

x
tr

a
n

] 
( 

g
/m

l)

C
o

n
tr

o
l

A
lt

5
0

A
lt

1
0
0

A
lt

1
0
0
H

T

C
la

d
1
0
0

E
G

T
A

0

5 0

1 0 0

4 0 0

5 0 0

**

**

 

Figure 5.4.  The effect of Alternaria extract on epithelial macromolecular permeability. 

Polarised 16HBE cells on Transwell inserts were challenged with Alternaria or Cladosporium 

extracts or 50 µM EGTA 1 h before addition of 2 mg/ml 4 kDa FITC-dextran.  After 24 h challenge, 

basolateral FITC-dextran concentration was determined fluorimetrically against a standard curve.  

Analysis as for Figure 5.1.  Bars represent mean±SEM; ** - p<0.01; n=4. 

 

5.2.3 Protease Activity of Alternaria Extract 

 

To determine the type(s) of protease activity in Alternaria extract, a fluorescent 

protease assay was performed in the presence of a variety of protease inhibitors 

(Figure 5.5).  The serine protease inhibitor AEBSF reduced the protease activity of 

Alternaria extract to 32±6% of the uninhibited Alternaria (p<0.001).  Pepstatin A had 

only a small effect on the protease activity of Alternaria, reducing it to 79±8% (p=non-

significant) of that seen when Alternaria was incubated with the same concentration of 

Pepstatin A diluent (10% glacial acetic acid in methanol).  The cysteine protease 

inhibitor E-64 had no effect on Alternaria protease activity, with E-64-treated Alternaria 

having 107±10% of the activity of untreated Alternaria.  Heat-treatment of the 
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Alternaria extract reduced protease activity to below the detection limit of the assay.  

No inhibitor possessed intrinsic proteolytic activity. 
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Figure 5.5.  Protease activity of Alternaria extract. 

FITC-labelled casein was incubated with Alternaria extract (500 µg/ml) alone or in the presence of 

either AEBSF (2.5 mM), E-64 (500 µM), Pepstatin A (5 µg/ml) or heat-treated.  Soluble fluorescence 

was measured after 24 h, relative to a trypsin standard.  Protease activity of 100 µg/ml Alternaria 

was equivalent to 6.7±2.5 µg/ml trypsin; for comparison, Cladosporium protease activity was 

equivalent to 3.3±0.0 µg/ml trypsin.  Analysis as for Figure 5.1.  Bars represent mean fluorescence 

relative to inhibitor-free control±SEM; *** - p<0.001; n=4 separate experiments, assayed in 

duplicate. 

 

5.2.4 The Effect of Protease Inhibitors on Pro-Inflammatory 

Cytokine Release Elicited by Alternaria 

 

To examine whether proteases contributed to the effect of Alternaria on epithelial cell 

cytokine release, Alt100 was pre-incubated with protease inhibitors prior to challenge 

of the epithelial cultures; control cultures were tested in the presence of inhibitor 

alone.  Inhibition of cytokine release was calculated by subtracting the cytokine release 
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in the presence of inhibitor alone from the cytokine release in the presence of 

Alternaria and inhibitor together, and dividing this value by the cytokine release in the 

presence of Alternaria alone, after similar subtraction of the Alternaria- and inhibitor-

free cytokine concentration.  This value was then expressed as a percentage.  Apical 

release of IL-8 in response to Alt100 was not significantly affected by any of the 

protease inhibitors; in contrast both AEBSF and Pepstatin A significantly reduced 

basolateral IL-8 release, to -3±54% and 4±17% of uninhibited levels (p<0.05 for 

both) (Figure 5.6).  In addition, the effect of a p38 MAPK inhibitor was investigated, 

as this has previously been shown to inhibit pollen-induced apical IL-8 release, without 

affecting transcription (527).  This inhibitor, SB203580, significantly reduced apical IL-

8 release to 34±10% of the uninhibited level without affecting basolateral release 

(Figure 5.6). 

 

Apical release of TNFα elicited by Alt100 was not significantly affected by any of the 

inhibitors tested, although the degree of inhibition was greatest with E-64 and 

SB203580, at 57±14% and 54±27% of uninhibited release respectively.  While 

basolateral release was also not significantly affected by any of the inhibitors, both 

AEBSF and Pepstatin A tended towards significant inhibition at 10±77% and 

28±12% of uninhibited release respectively, as had been seen previously for IL-8 

release (Figure 5.7).  The large error for the AEBSF-treated Alternaria-induced 

basolateral TNFα release is due to one outlier.  If this outlier is removed, the mean 

value becomes higher, at 86%. 
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Figure 5.6.  Inhibition of Alternaria-induced IL-8 release by protease and p38 MAPK inhibitors. 

The effect of Alternaria extract (100 µg/ml) on 16HBE cells was tested alone or in the presence of 

AEBSF (250 µM), E-64 (50 µM), Pepstatin A (0.5 µg/ml) or SB203580 (25 µM).  IL-8 release 24 h 

post-challengewascalculatedas“Release(%control)=((AltINHIB – No AltINHIB) / (AltNO INHIB – No AltNO 

INHIB) x100”,tocorrectforanyeffectoftheinhibitorsonbaselineIL-8 release without Alternaria.  

Analysis as for Figure 5.1.  Bars represent mean±SEM; * - p<0.05, ** - p<0.01; n=3-8.
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Figure 5.7.  Inhibition of Alternaria-inducedTNFαreleasebyproteaseandp38MAPKinhibitors. 

The effect of Alternaria extract (100 µg/ml) on 16HBE cells was tested alone or in the presence of 

AEBSF (250 µM), E-64(50µM),PepstatinA(0.5µg/ml)orSB203580(25µM).TNFαrelease24h

post-challengewascalculatedas“Release(%control)=((AltINHIB – No AltINHIB) / (AltNO INHIB – No AltNO 

INHIB)x100”,tocorrectforanyeffectoftheinhibitorsonbaselineIL-8 release without Alternaria.  

Analysis as for Figure 5.1.  Bars represent mean±SEM; * - p<0.05, ** - p<0.01; n=3-8. 
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5.2.5 The Effect of Protease Inhibitors on the Permeabilising 

Activity of Alternaria 

 

To explore further the effect of protease inhibition, TER changes were investigated 

using Alt100 pre-treated with the same inhibitors (Figure 5.8)  At 1 h post-challenge, a 

72±9% drop in TER with Alternaria was ameliorated to a 55±4% drop in the presence 

of E-64 (p<0.01).  AEBSF and Pepstatin A did not significantly inhibit the ability of 

Alternaria to induce a drop in TER after 1 h exposure.  At 24 h post-challenge, while 

inter-treatment differences approached significance, the significance threshold was not 

crossed.  However, there was a notable attenuation of the effect of Alternaria on TER 

from 21±8% drop in TER with Alternaria alone to 3±3% with AEBSF and 7±5% with 

Pepstatin A. 
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Figure 5.8.  Inhibition of Alternaria-induced epithelial leakiness by protease inhibitors. 

The effect of Alternaria extract (100 µg/ml) on 16HBE cells was tested alone or in the presence of 

AEBSF (250 µM), E-64 (50 µM), or Pepstatin A (0.5 µg/ml).  TER was measured at 1 h and 24 h post-

challenge, calculated as percentage change from pre-challenge, and corrected for any effect of the 

inhibitor alone by subtracting the percentage change in TER in the absence of Alternaria from the 

percentage change in TER in the presence of Alternaria, with each respective inhibitor or inhibitor-

free condition.  Analysis as for Figure 5.1.  Bars represent mean±SEM; ** - p<0.01; n=3-6. 
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5.3 Results – The Effects of Alternaria on PBEC ALI 

Cultures 

 

5.3.1 The Effect of Alternaria on Pro-Inflammatory Cytokine 

Release in PBEC ALI Cultures 

 

Having observed the significant inflammogenic and barrier-modulating properties of 

Alternaria using the 16HBE cell line, experiments were performed using primary 

bronchial epithelial cells grown and differentiated at an air-liquid interface (ALI), since 

this is a more accurate representation of the airway epithelium.  Preliminary studies 

showed that higher concentrations of Alternaria were required to elicit responses in 

ALI cultures compared to 16HBE, and therefore concentrations of 25, 100, and 400 

µg/ml were used, along with 400 µg/ml heat-treated Alternaria (Alt400HT) and 

Cladosporium (Clad400). 

 

In ALI cultures from healthy donors, the highest dose of Alternaria (Alt400) 

significantly induced an approximate doubling of IL-8 release apically versus heat-

treated Alternaria, at 3400 pg/ml (IQR 1700-7600 pg/ml) compared to 1500 pg/ml 

(IQR 1100-2400 pg/ml) respectively (Figure 5.9).  Alternaria also tended to cause a 

concentration-dependent increase in the basolateral release of IL-8, significant for 

Alt400 with IL-8 levels eight-fold higher than control (5200 pg/ml (IQR 3700-7700 

pg/ml) vs. 650 pg/ml (IQR 520-1700 pg/ml).  Cladosporium extract had no significant 

effect on IL-8 release.  Thus, in a reversal of what was seen in 16HBE cells, basolateral 

IL-8 release appeared to be more responsive to Alternaria than was apical IL-8 release 

(Figure 5.10), with all donors showing increased basolateral IL-8, although the degree 

of inter-donor variability makes it difficult to draw robust conclusions regarding this 

directionality.  When the same experiments were performed in ALI cultures of severely 

asthmatic donor PBECs, none of the challenges elicited a significant increase in release 

of IL-8 into either compartment (Figure 5.9).  TNFα levels were generally below the 

lower detection limit of the high-sensitivity ELISA kit (0.5 pg/ml). 
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Figure 5.9.  Differences in Alternaria-induced IL-8 release between healthy and severely 

asthmatic donor ALI cultures. 

ALI cultures from healthy (n=8-12) or severely asthmatic (n=6-7) donors were differentiated at air-

liquid interface, prior to challenge with Alternaria (Alt) or Cladosporium (Clad) fungal extracts.  IL-8 

release 24 h post-challenge was determined by ELISA.  Box shows median and 25
th

/75
th

 percentiles, 

whiskers show 10
th

/90
th

 percentiles.  Analysis by Friedman testwithTukey’s correction for pairwise 

analysis; * - p<0.05. 
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Figure 5.10.  The differing effects of Alternaria on apical and basolateral IL-8 release in ALI 

cultures. 

ALI cultures were treated as for Figure 5.1.  IL-8 release 24 h post-challenge was determined by 

ELISA.  Lines represent difference in individual donor cultures between control and Alt400-

stimulated IL-8 release.  Analysis by Wilcoxon Matched Pair test; *** - p<0.001. 

 

Given the previous association of Alternaria with development of a Th2 phenotype 

(451, 525, 528), further analysis was performed to determine the release of IL-18, IL-

33, and TSLP by ALI cultures after exposure to Alternaria.  Using commercially 

available ELISA kits, these cytokines were undetectable (see Table 2.2 for lower limits 

of detection) in either apical or basolateral supernatants across all groups.  However, 

using an “in-house” TSLP ELISA developed by Novartis Plc., basolateral TSLP was 

detectable but there was no significant difference in TSLP secretion comparing 

untreated or Alternaria-stimulated ALI cultures from either healthy or severely 

asthmatic donors (Figure 5.11) .  No apical secretion of TSLP was detectable. 
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Figure 5.11.  Differences in Alternaria-induced TSLP release between healthy and severely 

asthmatic donor ALI cultures. 

ALI cultures were treated as for Figure 5.9.  TSLP 24 h post-challenge was determined by ELISA.  

Top: Box shows median and 25
th

/75
th

 percentiles, whiskers show 10
th

/90
th

 percentiles.  Bottom: 

Lines represent difference in individual donor cultures between control and Alt400-stimulated TSLP 

release. 

 

5.3.2 The Effect of Alternaria on ALI Culture Transepithelial 

Electrical Resistance 

 

In ALI cultures from healthy donors, Alternaria had a significant effect on TER after 3 

h (Figure 5.12).  By 24 h, TERs in the healthy donor ALIs were all increased to 8-14% 

of their baseline levels, with no difference between challenges.  In contrast, cultures 

derived from severely asthmatic donors responded to Alternaria challenge with a rapid 

dose-dependent decrease in TER of 24±7% at 3 h (p<0.01 vs. control) compared to 

control (8±4%) and heat-treated Alternaria (5±6%, p<0.05 vs. Alt400HT).  By 24 h 

post-challenge, no difference existed between treatments.  These results suggest that, 
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unlike ALI cultures from healthy donors, asthmatic donor ALI cultures are susceptible 

to a rapid loss of epithelial barrier function after exposure to Alternaria.  The heat 

lability of this effect suggests that it is protease-mediated.  
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Figure 5.12.  Differences in Alternaria-induced epithelial leakiness between 

healthy and severely asthmatic donor ALI cultures. 

Healthy (n=7-9) and severely asthmatic (n=6-7) donor ALI cultures were treated as for Figure 5.9.  

TER was measured pre-challenge and at 4 h and 24 h post-challenge.  Results are expressed as 

percentage change in TER relative to pre-challenge readings and are shown as mean±SEM.  

Analysis as for Figure 5.1.  * - p<0.05, ** - p<0.01. 
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5.4 Results – The Effects of Pre-Treatment with 

Underground Railway PM on Responses to Alternaria 

 

5.4.1 The Effect of Pre-Treatment with Underground Railway PM 

on Alternaria-Induced IL-8 Release 

 

Previous results have shown that ultrafine underground railway particulate matter is 

rich in transition metals, especially iron, allowing it to generate ROS and induce 

oxidative stress (Chapter 4).  The results within the present chapter suggest that 

Alternaria extract can induce pro-inflammatory changes in ALI cultures of PBECs 

from healthy donors.  Since Alternaria fungus has been found in several underground 

railway systems, the effect of the two in combination was studied by pre-treating 

healthy donor ALI cultures with either 5.6 µg/cm2 ultrafine underground railway PM 

or a PBS-supplemented control for 24 h, removing this, and then challenging with 

either BEBM, 400 µg/ml Alternaria extract, or 400 µg/ml heat-treated Alternaria 

extract. 

 

As seen in previous experiments, Alternaria extract induced a marked increase in IL-8 

release (Figure 5.13).  Apically, release increased from 2200 pg/ml (IQR 1000-5400 

pg/ml) with BEBM to 5400 pg/ml (IQR 5000-9600 pg/ml) with Alt400 in cells not 

primed with ultrafine underground railway PM, and from 2600 pg/ml (IQR 2500-6100 

pg/ml) to 5900 pg/ml (IQR 3700-10000 pg/ml) in cells subjected to the ultrafine PM 

pre-treatment.  Importantly, for cells treated with either BEBM or Alt400, there was 

very little difference in response between those pre-treated with ultrafine PM and 

those not.  As expected, apical release of IL-8 after exposure to Alt400HT was similar 

to control levels in cells not pre-treated with ultrafine PM.  In pre-treated cells, there 

was an IL-8 concentration intermediate between control and Alt400-treated cultures, 

although this was due to one sample only – the other two sets of cells showed little 

difference. 

 



The Effect of Alternaria on Bronchial Epithelial Cells 

 

- 232 - 

 

As with previous results, the basolateral release of IL-8 was more responsive to 

Alternaria than was the apical release.  In cells not pre-treated with ultrafine PM, IL-8 

rose from 1100 pg/ml (IQR 670-2600 pg/ml) to 7200 pg/ml (IQR 5400-10000 

pg/ml) while in those cells pre-treated with ultrafine PM, the rise was from 1300 

pg/ml (620-2800 pg/ml) in control cells to 7700 pg/ml (IQR 5300-9000 pg/ml) in 

those challenged with Alt400.  As for apical release, there was little effect of pre-

treatment with ultrafine underground railway PM and, as expected, heat-treated 

Alternaria had little effect over control regardless of PM pre-treatment. 
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Figure 5.13.  The effect of ultrafine PM on IL-8 release with Alternaria. 

ALI cultures from healthy donors were pre-treated with either 5.6 µg/cm
2
 ultrafine underground 

railway PM or PBS-supplemented BEBM as control.  After 24 h, apical medium was removed, 

basolateral medium replaced, and cells were challenged with Alternaria as for Figure 5.9.  Points 

represent IL-8 concentrations for each donor, with different symbols representing different donors.  

Line represents median IL-8 release.  n=3. 
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5.4.2 The Effect of  Pre-Treatment with Underground Railway PM 

on Alternaria-Induced TER Changes 

 

Previous experiments showed that there was no effect of Alternaria on epithelial barrier 

permeability if cultures were grown from cells donated by healthy individuals.  At 3 h 

after Alternaria was applied, the TER change for each Alternaria treatment was not 

significantly different between cells which had been pre-treated with ultrafine 

underground railway PM and those which had not (Figure 5.14).  Although Alternaria 

appeared better able to elicit a drop in TER in cells not pre-exposed to ultrafine PM 

compared to those which where, this is likely due to the small sample size used here 

(n=3), since previous experiments here indicated a lack of effect on TER in healthy 

donor cultures.  After 24 h exposure, all TER values were raised, and there was no 

clear difference between TERs with either Alternaria treatment type or ultrafine PM 

pre-exposure. 
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Figure 5.14.  The effect of ultrafine PM on Alternaria-induced epithelial leakiness. 

Cultures were treated as for Figure 5.13.  TER was measured at 3 h and 24 h post-challenge.  

Results are expressed as percentage change in TER relative to pre-Alternaria challenge readings, 

shown as mean±SEM.  n=3 . 

 

5.4.3 The Effect of Underground Railway PM on Alternaria-

Induced Changes at the mRNA Level 

 

In order to further examine the potential interaction between ultrafine underground 

railway PM and Alternaria, cells treated as above were washed and lysed after 24 h 

Alternaria challenge.  After RNA extraction and cDNA synthesis, qPCR was 

performed to determine gene expression levels of HO-1 and IL-33.  Interestingly, 
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although there was no effect of pre-treatment with ultrafine underground railway PM 

in cells subsequently exposed to Alt400, nor in those cells incubated with BEBM, in 

cells exposed to Alt400HT, there was a greater increase in both HO-1 and IL-33 gene 

expression for those cultures which had previously been treated with ultrafine PM 

compared to those which had not (1.3±0-fold and 1.4±0-fold respectively vs. cells not 

pre-treated with ultrafine PM (both p<0.05; Figure 5.15)). 
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Figure 5.15.  The effect of ultrafine PM on Alternaria-induced changes in HO-1 and IL-33 gene 

expression. 

Cultures were treated as for Figure 5.13.  Cells were lysed after 24 h challenge with Alternaria.  

Bars represent mean±SEM fold increase in gene expression in cells pre-treated with ultrafine 

underground railway PM vs. no PM pre-treatment,calculatedbytheΔΔCtmethod.* - p<0.05 vs. 

no change.  n=3 . 
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5.5 Discussion 

 

This study investigated the potential of Alternaria proteases to perturb airway epithelial 

barrier function using cultures that are fully differentiated and covered by a layer of 

cytoprotective mucus as occurs in vivo, and to determine whether these responses are 

different in cultures from severely asthmatic donors.  The main findings were that ALI 

cultures from severely asthmatic donors exhibited a more variable IL-8 response to 

Alternaria extract relative to those from healthy donors, while only cultures from 

severely asthmatic donors were susceptible to the barrier-weakening effects of 

Alternaria.  Furthermore, while previous studies with cell lines have suggested that 

exposure to Alternaria extracts leads to production of cytokines that promote a Th2 

response, it was not possible to detect any epithelial release of IL-33 or IL-18 (451, 

528), while basolateral TSLP secretion did not change in response to Alternaria. 

 

5.5.1 Effects and Mechanism of Action of Alternaria on 16HBE 

Cells 

 

Induction of inflammation has previously been shown to increase upon challenge with 

fungal serine proteases from Aspergillus fumigatus (136) and Alternaria extract (146, 529) 

via an NF-κB-dependent mechanism (135).  However, such studies did not take into 

account apicobasal polarisation, and were thus unable to study the apicobasal 

directionality of cytokine release, which is important in the context of the role of 

establishing a chemotactic gradient for IL-8 to act as a neutrophil chemoattractant 

(458, 459, 530, 531).  The results of this study suggest that Alternaria extract increases 

release of IL-8 and TNFα both apically and basally but that, in 16HBE cells, the 

predominant direction of increased IL-8 is towards the apical compartment.  However, 

it cannot be stated unequivocally that this increased apical IL-8 is due purely to 

increased apical release, as the effect could alternatively be ascribed to increased 

diffusion of IL-8 from the basal side to the apical side.  However, in contrast to IL-8, 

the baseline TNFα concentration was predominantly apical.  This apical bias became 

more pronounced with Alternaria, suggesting vectorial release.  Since TNFα is larger 
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than IL-8 (17kDa(532) compared to 8kDa(457)) it is possible that IL-8 is 

predominantly induced basolaterally, but that the Alternaria-damaged epithelium 

facilitated basolateral-to-apical diffusion, with the larger size of TNFα precluding its 

apical-to-basolateral diffusion.  Experiments with FITC-dextran show that there is 

increased permeability of the Alternaria-challenged epithelium to molecules of at least 4 

kDa in size, but further work with dextrans of varying size would be needed to 

confirm the precise size-selectivity of any leakage.  The results of this study also 

emphasise the importance of cell differentiation since Alternaria-induced release of IL-

8 and TNFα was, unless the aforementioned transepithelial diffusion constituted the 

major determinant of IL-8 concentration, predominantly apical for 16HBE cells, 

whereas for differentiated ALI cultures the greatest fold stimulation was observed for 

the basolateral compartment (median 2.9-fold vs. 7.1-fold basolateral in healthy donor 

cultures).  Also of note is the observation that TSLP is released exclusively into the 

basolateral compartment, highlighting the importance of epithelial polarisation for 

vectorial cytokine secretion.  This may be significant in terms of establishing 

appropriate concentration gradients for chemoattractants that direct cells to the 

luminal or subepithelial compartments. 

 

Inflammatory cytokine release was markedly affected by the inhibitors in Alternaria-

free medium, particularly AEBSF, which markedly increased release of IL-8 and 

TNFα, and E-64 and SB203580, which both reduced TNFα secretion.  However, 

given the role of TNFα in stimulating IL-8 release via NF-κB (457, 458, 533) it must be 

considered that this could also have interfered with IL-8 release as well.  Indeed, given 

the importance of proteases in cell function, it is to be expected that such effects may 

occur, and thus care must be taken when interpreting results of protease-modulation.  

Furthermore, it is possible that the increase in cytokine release due to inhibitors may 

reduce the extent to which the cell can be further stimulated by Alternaria, thus falsely 

suggesting protease inhibition.  Bearing this caveat in mind, results here suggest that 

Alternaria-induced IL-8 release into the basolateral compartment was markedly 

inhibited by AEBSF and Pepstatin A, suggesting a protease-mediated effect.  

Conversely, protease inhibition failed to affect apical IL-8 release, which was instead 

sensitive to inhibition of p38 MAPK, which is thought to play a role in stabilising IL-8 

mRNA (534).  On the other hand, apart from inhibition of basolateral release of 
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TNFα by Pepstatin A which approached significance, none of the inhibitors used 

affected TNFα release into either compartment.  Although it has been well established 

that some growth factors are selectively sorted to the basolateral surface via 

information that usually resides in the cytoplasmic tail of the cargo (535), this does not 

explain how trafficking of a protein such as IL-8 is differentially regulated towards the 

apical or basolateral domains.  Although this question has not been explored in detail, 

it has recently been shown that trafficking of IL-8 in ALI cultures challenged with 

grass pollen extract is post-transcriptionally regulated with apical release being 

selectively regulated by p38 MAPK (527), as observed in the present study using 

Alternaria.  While the PAR-2 agonist trypsin, as well as a PAR-2 activating peptide, 

have been shown to activate p38 MAPK expression weakly (536), it seems unlikely 

that PAR-2 activation lies upstream of p38 MAPK activation in mediating Alternaria-

induced apical IL-8 release as this response was insensitive to protease inhibitors. 

 

NF-κB was not investigated in the present study, but it has been shown that PAR-2 

activation results in activation of NF-κB (537), while the increased secretion of IL-8 in 

response to proteases from Aspergillus fumigatus, but not the baseline, unstimulated 

release of these cytokines, is mediated in part by NF-κB (135).  Therefore, ERK1/2 

and NF-κB would be transcription factors of interest to study in order to further 

delineate the mechanisms by which Alternaria extract induces release of IL-8. 

 

Although HDM serine and cysteine proteases have been reported to increase epithelial 

permeability (151, 152), there is a paucity of work on the effect of fungal extracts on 

epithelial permeability, particularly using Alternaria.  The present study suggests that 

heat-labile activities in Alternaria extract significantly and rapidly weakens the epithelial 

barrier, initially due to cysteine protease activity, and also via a p38 MAPK-mediated 

mechanism.  However, both E-64 and SB203580 exhibited non-specific barrier-

weakening effects at the 1 h time point, and this may be a factor in the apparent 

reduction of activity of Alternaria in this respect.  At 24 h a lesser degree of non-

specific barrier-weakening activity was displayed by the inhibitors, and serine and 

aspartate protease inhibition appeared to show a trend for inhibition of the reduction 

in TER caused by Alternaria. 
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Numerous studies of HDM proteases have been published suggesting that serine and 

possibly cysteine protease activity is able to rapidly degrade tight junction structure in 

MDCK and 16HBE cells, but that repair can be completed within 24 h, in agreement 

with our findings on TER (150, 152).  In partial agreement with these studies, present 

attempts to characterise Alternaria protease activity in barrier degradation suggested 

that cysteine protease was responsible for the early barrier-weakening effects of 

Alternaria via p38 MAPK, although non-specific effects of the inhibitors in decreasing 

TER were apparent. 

 

Fungal proteases fulfil a number of functions, particularly the external digestions of 

macronutrients, but are also intrinsic to the pathogenesis of diseases arising from 

fungal exposure (538).  Taken together, these results suggest that the effects of 

Alternaria at the epithelium are predominantly due to serine and, to a lesser extent, 

aspartate protease activity, with the involvement of proteases in general being 

supported by a lack of activity of heat-treated Alternaria extract.  This is in agreement 

with the results of a cell-free fluorescence-based protease assay presented in the 

current report, indicating that the majority of protease activity in Alternaria extract is of 

the serine protease type, while there is also a detectable, albeit non-significant, level of 

aspartate protease activity, but no detectable cysteine protease activity.  Recent reports 

have suggested a role for serine and aspartate proteases in the cellular effects of 

Alternaria but this appears to be the first work which suggests that both classes of 

protease exert significant effects. 

 

Recent in vivo experiments by Boitano and co-workers have suggested that the active 

component of Alternaria in the induction of inflammatory response is serine, and not 

aspartate, protease-dependent, and this was also demonstrated using a fluorescence 

assay kit of the same type used in the present study (529), although this has not been 

confirmed in vivo (539).  In contrast, Matsuwaki and colleagues have suggested recently 

that the action of Alternaria in inducing cytokine release from epithelial cells, and 

inducing eosinophil degranulation, is sensitive to aspartate protease inhibition, but not 

to serine or cysteine protease inhibition (144, 145, 540).  The presence of PAR-2 

receptors in both epithelial cells and eosinophils probably absolves cell-type 

differences as being the cause of the differences in this instance.  In the present 
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studies, serine proteases were the dominant activity in the protease assays, although 

inhibition of either serine or aspartate protease activity had a potent suppressive effect 

on IL-8 release.  This discrepancy may be explained by the relative sensitivity of the 

fluorescence assay for serine and aspartate proteases or alternatively it is possible that 

the effect of Pepstatin A on IL-8 release may be due in part to the inhibition of 

endogenous proteases.  For example, it has been reported that challenge of epithelial 

cells with Aspergillus fumigatus triggers the release of lysosomal enzymes including the 

aspartate protease, cathepsin D (541), which may affect subsequent cytokine 

responses.  The use of inhibitors to study proteases and their effects is made more 

difficult by the differing IC50 values for each inhibitor.  Although these values are 

available for archetypal targets such as trypsin and renin, there is variability between 

IC50 values across proteases within a target class such that, for example, a single serine 

protease inhibitor may have different IC50 values for inhibition of various serine 

proteases (542, 543).  Therefore, since the identity of the protease(s) in Alternaria is 

unknown, it is impossible to test inhibitors on the basis of identical inhibitory ability.  

However, it is documented that the proteases used in the present study are class 

specific (542-544), and therefore the effects of AEBSF, E-64, and Pepstatin A can be 

attributed to inhibition of serine, cysteine, and aspartate proteases respectively, and not 

to non-specific inhibitory effects .  Furthermore, the effects on baseline responses of 

cells in the present study suggests that increased concentrations would be unsuitable 

for use, while similarity to concentrations stated in the literature indicates that this is 

unlikely to be a significant source of error.  Indeed, the great majority of protease 

activity in the fluorescence protease assay was accounted for by serine and aspartate 

protease inhibition. 

 

In addition to proteases, other constituents of Alternaria extract such as β-glucans and 

chitin (cell wall components) have been noted to exert immunomodulatory effects 

(545-547).  However, the lack of residual effect after heat-treatment of Alternaria in the 

present study suggests that the effect of β-glucans was negligible in our studies, 

although the effect of other unidentified components, either proteinaceous or small 

molecules, which may be affected by heat treatment, cannot be excluded. 
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There is also a possibility that variation between studies may be the result of 

differences in the preparation of the Alternaria extract used.  The Alternaria extracts 

used in the present study were produced by Greer Laboratories Inc. and grown under 

Current Good Manufacturing Practice (cGMP) regulations, whereby seed cultures are 

maintained and controlled to help assure lot-to-lot consistency, and to assure the 

identity and purity of each lot.  Fungi are grown in medium in which secretions are 

collected, and this culture medium is then extracted and lyophilised (548).  The 

controlled conditions of this process suggest that there is little potential for inter-batch 

variability in content.  Since the great majority of published studies also use Alternaria 

extract from Greer, it is likely that the Alternaria extract used in the present study is not 

significantly different to that which is used in other studies, and is unlikely to underlie 

any differences in the findings from various studies. 

 

It is unlikely differential inhibitory effects were due to insufficient or excess inhibitor 

concentrations, as such concentrations were seen to have inhibitory effects in the 

current fluorescence assay, and these concentrations were generally within the limits of 

those used in other studies for AEBSF (137, 150), E-64 (142, 146, 149, 150, 522), and 

Pepstatin A (529).  Additionally, while all concentrations were within respective 

manufacturers’ recommendations, increasing further these concentrations may 

increase the inherent effects of the inhibitors on cells, and thus is not a viable option. 

 

5.5.2 Interaction of Alternaria with Asthma Status in ALI Cultures 

 

The study was then extended to examine primary bronchial epithelial cells in ALI 

cultures, as a more accurate model of human airway exposure.  ALI cultures from 

non-asthmatic donors exhibited increased IL-8 release in response to Alternaria, while 

responses of cultures from asthmatic donors exhibited a trend of being blunted and 

not statistically significant, although considerable inter-individual variability was 

observed. 

 

ALI cultures from healthy donors were resistant to the increase in epithelial 

permeability seen when ALI cultures from severely asthmatic donors were challenged 
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with Alternaria.  This appears to be the first study which has examined differential 

responses to Alternaria between healthy and asthmatic donor ALI cultures.  The 

implications are potentially significant: if the permeability of the bronchial epithelium 

in asthma is significantly increased by Alternaria, passage of inhaled allergens to the 

subepithelial tissue may be facilitated, and epithelial homeostasis disrupted.  Since ALI 

cultures from asthmatic donors also displayed a lack of response to Alternaria in terms 

of IL-8 secretion, the ability to upregulate recruitment of neutrophils and clearance of 

allergens and toxicants in response to Alternaria may be affected.  This impaired 

response of the epithelial cells from asthmatic donors to Alternaria is unlikely to be due 

to a carry-over of corticosteroids used for asthma control therapy, as it has previously 

been shown that similar ALI cultures respond to pollen extract with a significant 

increase in IL-8 release irrespective of whether they were derived from healthy or 

severely asthmatic donors (527). 

 

Using commercially available ELISA kits, it was not possible to detect any release of 

IL-18, IL-33 or TSLP by ALI cultures.  IL-33 release has been shown to be increased 

by Alternaria in murine BAL fluid and in normal human bronchial epithelial cells 

(NHBE) (451), however in the latter case the epithelial cell cultures were 

undifferentiated.  It is of note that in the present work, a four-fold higher 

concentration was required to elicit IL-8 responses in differentiated ALI cultures 

compared 16HBE cells, which may be due to the presence of mucus-secreting goblet 

cells in in the ALI cultures, and either subsequent inactivation of proteases by 

components of the mucus or the action of the mucus in forming a physical barrier.  

This supports findings from the previous chapter, where the induction of IL-8 release 

by underground railway PM was reduced in mucus-covered ALI cultures compared to 

PBEC monolayers without such a mucous layer.  In contrast, others have failed to 

detect IL-33 or TSLP secretion from either NHBEs challenged with Alternaria (528) or 

mouse lung epithelial cells challenged with Aspergillus fumigatus (547).  It was also not 

possible to detect IL-18, despite a recent report of a marked rapid release of IL-18 

after Alternaria challenge of NHBE cells (528).  However, control experiments 

performed in the same laboratory as the present work and assayed at the same time 

showed detectable IL-18 and TSLP production in response to rhinovirus challenge 

(data not shown), suggesting that the lack of any observable effect with Alternaria was 
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not due to defective epithelial synthesis or release of these mediators.  Although there 

was an initial failure to detect TSLP with a commercial ELISA (from R&D Systems), 

use of an alternative “in-house” ELISA (developed by Novartis Plc.) enabled detection 

and quantification of basolateral TSLP release, however no apical secretion was 

evident.  It is postulated that this difference in detection is due to differences in 

antibody recognition of recombinant and native TSLP, making the commercial ELISA 

kit much less sensitive for detection of the naturally produced protein.  Having 

observed such a large difference in sensitivity for detection of TSLP, it is conceivable 

that the ELISAs employed for the measurement of IL-33 and IL-18 may be similarly 

compromised. 

 

TSLP is secreted by epithelial cells and potently activates human dendritic cells to 

release a battery of cytokines which results in Th2-skewing of naïve CD4+ T cells 

(449).  Alternaria has been shown to increase TSLP expression and release from airway 

epithelial cells in vitro via PAR-2 activation (142).  However, even with the increased 

confidence in the “in-house” ELISA system, we found no significant change in TSLP 

release in response to Alternaria.  One likely explanation is the use of fully 

differentiated ALI cultures in the present work, as opposed to undifferentiated 

monolayers in the previous studies, emphasising the importance of using models that 

closely mimic the in vivo state.  While there is strong evidence to suggest that Alternaria 

exposure can induce Th2-type responses in vivo, and that TSLP release from structural 

cells can act as a potent mediator for Th2 skewing (16), it is possible that epithelial 

cells require the presence of other cell types of multiple stimuli for Alternaria to have 

such an effect.  For example, IL-4 and double-stranded RNA potently synergise to 

stimulate TSLP release from bronchial epithelial cells in vitro (549). 

 

5.5.3 Interaction of Alternaria with Ultrafine Particulate Matter 

 

A literature search revealed little by way of previous work examining a potential 

interaction between particulate air pollution and the effects of airborne fungus.  A 

2004 study which found a potential synergistic relationship between aeroallergen levels 

and ozone levels on asthma hospitalisations (348), and a further study by the same 
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group in 2012, showed that the risk of asthma hospitalisation with increasing 

concentration of deuteromyocytes (a group of fungal species including Alternaria) was 

heightened by increased PM10 levels (550).  There is also evidence that the grass pollen 

allergen Lol p 1 can bind to diesel exhaust particles, suggesting that inhaled particles 

may be able to act as a delivery vehicle for allergens into the lungs, and possibly into 

cells (551). 

 

Previous results in this chapter have shown that Alternaria can induce inflammatory 

cytokine release and asthma-dependent TER decreases as a result of heat-labile activity 

which could be inhibited by protease inhibitors.  Pre-treatment of ALI cultures with 

ultrafine underground railway PM had no effect on the subsequent ability of Alternaria 

to elicit IL-8 release or a change in TER.  However, when expression of the 

antioxidant gene HO-1 and the Th2-type cytokine and alarmin IL-33 were examined, 

heat-treated Alternaria extract induced a greater increase in the genes when cells were 

primed with ultrafine PM compared to cells not subject to PM pre-exposure.  

Crucially, this pre-exposure made no difference in cells exposed to fresh Alternaria or 

controls incubated in BEBM.  This suggests that there is a component(s) of Alternaria 

which is not heat-labile, and which can exert certain effects on cells primed with 

ultrafine underground railway PM.  It is unclear as to why fresh Alternaria extract, 

which must also contain such components, does not exert similar effects.   It is 

possible that there are heat-labile components of Alternaria which reduce HO-1 and 

IL-33 responses in PM-primed cells compared to non-primed cells, and so the effect in 

of heat treatment unmasks the effects of the heat-stable components.  Indeed, IL-33 

expression induced by Alternaria tended to be lower in cells pre-primed with ultrafine 

PM although this did not reach significance – repeat experiments would allow more 

rigorous statistical analysis of this effect to be performed.  It is also possible that 

ultrafine PM pre-treatment activates certain defence mechanisms in the cultures which 

can ameliorate the effects of heat-labile components of Alternaria extract, but are less 

able to affect heat-stable components.  To this end, it would be useful to determine 

cellular production of antiproteases after exposure to ultrafine PM.  Additionally, 

identification of the heat-stable component of Alternaria extract may be aided by 

treatment of the Alternaria extract with β-glucanase or chitinase enzymes, since these 

are two components of fungal cell walls which have previously been reported to exert 
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effects upon cells (see Chapter 1).  This work could also give rise to similar 

experiments with ultrafine underground railway PM and Alternaria extract being 

applied to cells simultaneously, or with the cells being pre-treated with Alternaria for 

either 3 h, when maximal response on TER was seen, or for 24 h, by which time IL-8 

has accumulated.  Simultaneous incubation may provide a better idea of the risks of 

co-exposure as might occur in an underground railway, and might also facilitate the 

uptake of components of the fungal extract when adhered to particles, as has been 

suggested in the literature (551) although such an experimental protocol may also 

make it more difficult to identify precisely the causative agent of any observed 

changes. 

 

This work only investigated one possible exposure scenario – that of exposure to 

underground dust priming cells for subsequent exposure to Alternaria.  There are, 

however, other possible exposures which were not investigated.  For example, since 

Alternaria is found in underground stations, it could be argued that simultaneous 

challenge with ultrafine underground railway PM and Alternaria extract may better 

represent the actual exposure scenario.  Conversely, since Alternaria was seen to have 

maximal impact on TER after 3 h exposure, it may be equally rational to treat cells 

with Alternaria for 3 h, and then to replace the Alternaria extract with underground 

railway PM, to simulate a potential “worst case” scenario.  The protocol used in the 

present work was designed on the basis of reports in the literature indicating that 

ambient PM levels may aggravate the subsequent response to airborne Alternaria, 

resulting in increased hospital admissions (550).  Nonetheless, investigations of the 

other possible scenarios would be equally valid and may shed more light on the 

mechanism of interaction. 

 

This preliminary identification of a potential role for heat-stable components of 

Alternaria extract in interacting with ultrafine underground railway PM exposure 

suggests that, in addition to the reported effects of fungal proteases on inflammation 

and allergy induction, there may also be a role for non-proteolytic components in the 

development of a Th2 phenotype.  These components are relatively understudied in 

the literature, perhaps on account of their inability to elicit a response in the 

frequently-measured cytokine IL-8.  Further work should be performed to determine 
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whether other Th2 cytokines may be affected by an interaction between PM pre-

treatment and heat-stable components of Alternaria.  Furthermore, since asthma is a 

disease which can exhibit decreased lung antioxidant status and a Th2 phenotype, 

these experiments should be repeated in severely asthmatic donor cultures to 

determine the effects of heat-stable components of Alternaria on expression of IL-33 

and other Th2 cytokines. 
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5.6 Conclusion 

 

This study demonstrates that Alternaria extract is able to significantly induce release of 

inflammatory cytokines and to increase the permeability of a polarised airway epithelial 

cell line.  These effects were attributed to a heat-labile component of the Alternaria, 

identified as being serine and possibly aspartate protease mediated.  Crucially, this 

study is the first to demonstrate that fully differentiated epithelial cultures from 

severely asthmatic donors appear to have a blunted IL-8 response to high levels of 

Alternaria, while at the same time being more susceptible to the barrier-weakening 

effect of Alternaria, than those from healthy donors.  Furthermore, heat-stable 

components of Alternaria may interact with ultrafine underground railway PM to exert 

additional deleterious effects which merit further investigation.
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6 Final Discussion and 

Future Work 

6.1.1 Novel findings 

 

The work which constitutes this thesis contributes to the field of respiratory 

toxicology, and in particular furthers knowledge of the effects of underground railway 

particulate matter, in a number of ways.  The finding that ultrafine underground 

railway PM is just as rich in metals as coarse and fine PM, with over 40% by mass of 

the particles being iron (Chapter 3) raises several important issues.  Ultrafine PM is 

generally thought to pose a risk on account of its surface area which acts as a good 

predictor of toxicity (493) while chemically, although ultrafine PM can contain 

transition metals and redox-generating organic molecules, it is often composed of the 

anionic products of secondary reactions, which are thought not to be toxic (483).  This 

finding suggests that underground railway ultrafine PM may exert effects as a result of 

both its surface area and chemistry.  Second, the use of ALI cultures of primary 

bronchial epithelial cells is not usual in particulate toxicology, with cell lines being 

more commonly used than primary cells, and monolayers more common than 

polarised or air-liquid interface cultures.  The use of primary cells allows the disease 

status of the donor to be taken into account, and provides a more accurate 

representation of the cells in the human airways in vivo.  Culture of these cells at ALI in 

the presence of retinoic acid allows them to differentiate, forming ciliated columnar 

epithelial cells and goblet cells.  This was illustrated by the significant (albeit moderate) 

effect of fine and ultrafine underground railway PM on IL-8 release in undifferentiated 

monolayers from both healthy and severely asthmatic donors, but not in ALI cultures 

from donors of either disease state (Chapter 4).  This finding has implications for 

other studies in which PM is applied to monolayers, since it is possible that such 

models overestimate the effects of PM on mucus-coated airway epithelium as is found 

in vivo. 
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Interestingly, despite the presence of mucus, particles of all size fractions were able to 

enter epithelial cells cultured at ALI (Chapter 4).  Therefore, although the mucus may 

ameliorate the pro-inflammatory effects of PM, it is unable to completely prevent the 

ingression of PM.  PM was found to enter a variety of compartments of cells, 

including vesicles bound by membranes which may sequester and render the particles 

relatively harmless, but also free within the cytosol and within mitochondria, which 

may lead to further ROS production by derangement of the electron transport chain 

and thus uncoupling, with potentially increased superoxide production. 

 

Despite the protection which may be afforded by the presence of a mucous layer, 

there was still a notable iron-dependent increase in antioxidant enzyme gene 

expression induced by ultrafine underground railway PM, which underlines the 

importance of taking into account more than one outcome when determining the 

effects of particles on cell culture, since there was much less of a response to 

underground railway PM when IL-8 release was measured. 

 

There has been little work on the interactions of air pollution with other challenges to 

the airways at the cellular level, with such studies generally taking an epidemiological 

approach.  The present work shows that ultrafine underground railway particles may 

also influence the cellular response to Alternaria (Chapter 5), although the component 

of Alternaria whose effects appear to be exacerbated by the prior presence of 

underground railway PM appears to be different to that responsible for the increased 

barrier permeability and IL-8 release also elicited by Alternaria alone. The increased 

oxidative stress (indicated by HO-1) and potential skew towards a Th2 response (IL-

33) are both markers of asthma, so it is possible that the combination of PM and 

Alternaria may increase the risk of asthmatic responses after combined exposure to 

both underground railway PM and Alternaria. 
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6.1.2 The Effect of Asthma on Cellular Responses to PM 

 

The present work did not find any significant differences in response to underground 

railway PM between asthmatic and non-asthmatic donor cell cultures.  This may be 

regarded as surprising since it was demonstrated using DCF that the PM used was a 

potent generator of reactive oxygen species, and one feature of asthma is a decreased 

ability to produce antioxidants and an increased level of oxidative stress in the airways, 

with greater susceptibility to these effects in epithelial cell cultures from asthmatic 

donors (400, 403) .  However, epidemiological studies and analyses of lung fluid are 

not the same as cell culture models as used in the present work.  Although ALI 

cultures of asthmatic donor bronchial epithelial cells have been shown to be more 

susceptible to smoke-induced oxidative stress than those from non-asthmatic donors 

(512), it is possible that not all features of the asthmatic phenotype are recapitulated in 

vitro, and this further underlines the need to look at multiple outcomes.  Even when 

oxidative stress is considered, different modes of generation of oxidative stress may 

show varying outcomes when disease state is considered as a modifier, and hence 

oxidative stress induced by the application of hydrogen peroxide may produce disease-

modified responses not seen when the oxidative stress is generated by particulate 

matter.  For instance, the increased mucus secretion seen as part of the asthmatic 

phenotype may be able to interfere with certain processes which are important in 

particle-mediated toxicity, such as the movement of particles towards cells and 

subsequent uptake (7), while such defences may be inadequate against soluble 

stressors.  However, even when mucus-free monolayer cultures of PBECs were used, 

there was no difference in IL-8 release or cell death between those from healthy 

donors and those from severely asthmatic donors.  This finding lends further weight 

to the investigation of other outcomes, especially in order to establish disease state-

dependent responses.  In particular, due to constraints of time and resources, there 

was no examination of the antioxidant response to underground railway PM in severe 

asthmatic donor ALI cultures.  Indeed, in terms of characterising the recapitulation of 

in vivo characteristics in primary cell cultures, a first step would be to perform qPCR 

and possibly western blotting to determine mRNA and protein expression levels of 

antioxidants and antioxidant enzymes such as HO-1 and GSH (and associated 

synthesis and recycling enzymes) at baseline.  Following this, experiments could be 
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performed exactly as those in the present work to determine the time course of 

antioxidant responses to ultrafine underground railway PM, examining whether there 

is any difference in either the magnitude or the speed of the response which may 

indicate an increased susceptibility to the effects of the PM.  Furthermore, if such a 

difference existed, particle co-application with antioxidants as was performed with 

NAC in the present work may shed light on whether differing responses are the sole 

result of a defective antioxidant defence mechanism, or whether there are other 

differences which cannot be ascribed to compromised defence mechanisms.  

 

6.1.3 Cell Culture Models 

 

The current work was performed on cell cultures grown from primary bronchial 

epithelial cells, cultured either as monolayers or at air-liquid interface.  As previously 

described, the ALI culture model offers an increased complexity and physiological 

accuracy of the culture, by way of differentiation of the epithelium to form ciliated 

cells and mucus-secreting goblet cells.  Nonetheless, such a model can still only be 

regarded as a monoculture, and as such is unable to take into account responses of 

other cell types which would normally be found in the airways, and the complex 

network of interactions between them.  There is considerable evidence that the 

responses of epithelial cells to particulate matter is modified by the presence of other 

cell types.  For example, it has been observed that DEP can cause increased epithelial 

leakiness in 16HBE cell monocultures, but not when the 16HBE cells are co-cultured 

with dendritic cells and macrophages (177).  Furthermore, macrophages release a 

battery of cytokines upon exposure to PM (80, 299, 552-554), which may themselves 

have an effect on epithelial cells. 

 

Animal models are sometimes used to test particle toxicity, either by instilling a 

particulate suspension in the tracheobronchial region of the airways, or by exposing 

the animal (usually rat or mouse) to an aerosolised particle suspension.  However, the 

former method does not necessarily represent inhalation any better than a submerged 

cell culture model, while the latter is poorly representative of particle deposition in 

human airways since rodents are obligate nose breathers, and therefore deposition 
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patterns are poorly representative of deposition in humans (230).  Finally, animal 

models poorly recapitulate asthma, and so are poorly suited for research into the 

differences in response to particles between healthy and asthmatic airways (555).  As 

such, for studies of particle-airway interactions, carefully designed in vitro models can 

be equally as useful, if not more so, as in vivo models. 

 

There are two ways to increase the complexity of the cultures used in the present 

work.  The simplest, but less ideal, method would be to perform conditioned media 

experiments whereby, for example, macrophages would be incubated with PM, and 

after a set time the medium would be harvested, centrifuged to remove cells and free 

particles, and then applied to epithelial cell cultures to determine the epithelial 

response to factors secreted by macrophages following PM challenge.  Such 

experiments could equally be performed by exposing epithelial cells as the first step, 

and then applying the conditioned media to cultures of fibroblasts, to examine how 

epithelial responses to particulate matter may influence fibroblast function.  However, 

conditioned media experiments are not without their shortcomings.  The conditioned 

medium is only a “snapshot” of the responses of the initially-exposed cells at the time 

the medium was harvested.  Different responses may develop over different time 

periods, and therefore early responses and late responses are unlikely to be represented 

accurately in medium harvested at a specific timepoint.  Second, the procedure does 

not allow for the interplay between cells where reciprocal interactions occur, as it only 

allows for unidirectional modelling of responses.  For example, if the cell exposed to 

the conditioned medium were to release a factor in response to a cytokine released by 

the initially-exposed cells, in a way which would set up a positive or negative feedback 

loop between the two cell types in vivo, this would not be captured by in vitro 

conditioned medium experiments.  Third, although conditioned media experiments 

allow for cell-cell interactions via soluble factors, they do not allow for interactions 

between cells where mediated by membrane bound, cell surface molecules such as 

cluster of differentiation molecules.  The “gold standards” for in vitro models are co-

culture or explanted tissue models, which do not suffer from these limitations, 

although they can be more difficult to generate on account of the differing culture 

requirements of each constituent cell type.  Since macrophages are the principle 

phagocytic cell type in the lower airways, and there is already evidence that particle 
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phagocytosis can have indirect effects on epithelial cells, epithelial cell-macrophage co-

cultures would allow a more in-depth study of the effects of underground railway PM.  

However, the model could be further extended to incorporate fibroblasts to determine 

whether PM may elicit profibrotic responses in subepithelial tissue, endothelial cells in 

conjunction with alveolar epithelial cells instead of columnar epithelium to study the 

effects of PM on the alveolar capillary bed, or dendritic cells to determine how particle 

uptake and sampling is performed. 

 

There is also a further consideration for cell cultures models of PM deposition.  The 

protocols in the present work consistently used PM suspensions diluted to the 

requisite concentration in culture medium with no added serum or protein.  However, 

the absence of these may not accurately reproduce in vivo conditions, and this is 

particularly true for monolayers which do not have the advantage of a particle-free 

basolateral compartment into which these medium components can be added.  The 

presence of protein or serum in the a particle suspension can markedly alter the 

cellular response to the particles, because the protein coat which forms around the 

particle – the corona – is the part of the particle “seen” by the cell.  As such, not only 

does the surface of the particle become masked by the protein corona, but responses 

to the particle can depend on the proteins themselves, which may differ depending on 

the particle surface.  A protein corona has been reported to reduce particle uptake by 

reducing nanoparticle adhesion to the cell membrane in the initial step of uptake after 

particles were exposed to serum (556, 557), although it has also been suggested that a 

protein corona can act as a dispersant, reducing agglomerate size and thus increasing 

the potential uptake of particles (558), and subsequent toxicity (559).  Work with silica 

nanoparticles has also shown that nanoparticles pre-incubated in complete medium 

were coated with proteins indicative of immune processing (immunoglobulin, 

complement, apolipoprotein) while nanoparticles presented to the cells in serum-free 

conditions became coated with cell membrane and cytoskeletal proteins, suggestive of 

damage to the structure of the cell (556).  However, different coronae may modify 

particle-cell interactions in different ways, and the precise nature of the corona may 

depend on the size and composition of the particle itself (557), with the nanoparticle-

corona dissociation constant decreasing, indicating a stronger attachment, as particle 

size decreases (560).  Therefore, there is an obvious need for the particle suspension 
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medium to be taken into account when interpreting results and, ideally, moves towards 

establishing certain standardisations for PM exposure experiments which will reduce 

the potential for confounding factors such as corona formation.  Indeed, the situation 

becomes even more complex when it is considered that the corona composition may 

change as the particle moves between different compartments in the body, which may 

produce differences in particle uptake for the same particle in different body 

compartments (561, 562).  Moreover, the corona may evolve over time even when the 

particle is kept in a single suspension, with the protein corona initially being formed of 

those proteins which are the most mobile and abundant within the milieu, but being 

replaced over time by proteins with a greater affinity for the nanoparticle – the 

Vroman effect (563, 564).  Therefore, it is not even sufficient to take into account 

solely the composition of a particle suspension, because particles in suspensions of 

identical composition may have different coronae, and thus different interactions with 

cells, if the time spent by the particles in suspension differs. 

 

A further complexity, and a clear source of difference between monolayers and ALI 

cultures of PBECs, is the presence of a mucous layer, and therefore the need to 

consider particle-mucus interactions which occur before the particles have even 

reached the cells.  The retardation of movement of particles through the glycoprotein 

mesh of mucus is not purely size dependent, but also depends on electrostatic and 

hydrophobic interactions, which in turn depend on the particle surface (565-567).  

Furthermore, as well as the action of mucus on particles, particles may modify mucus 

by increasing the size of the pores formed by the constituent mucins (568).  As such, 

the use of mucus-producing cells, as in the present study, represents a great 

improvement over mucus-free monolayers for the study of particle effects, albeit a 

costly and labour-intensive one. 

 

6.1.4 Delivery of Particles to the Cell Surface 

 

The experiments in the present study were performed using primary bronchial 

epithelial cells cultured in two different ways – monolayer cultures with the cells 

adhered directly to the tissue culture plastic and submerged under a volume of cell 
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culture medium, and ALI cultures with the cells adhered to a porous membrane which 

is suspended over, but in contact with, medium within the basolateral compartment of 

the well.  In monolayer cultures, the particles must be applied in culture medium as a 

suspension, since there is no way to separate the application of particles from the 

application of medium.  However, when cells are cultured at an air-liquid interface, it is 

only necessary for medium to be present in the basolateral compartment.  In the 

aforementioned ALI experiments, PM was applied apically as a suspension exactly as 

for the monolayers.  One advantage of this approach is that it allows for comparison 

of the effects of PM between monolayers and ALI cultures both in terms of PM 

concentration by volume and PM concentration by cell culture surface area, because 

conversion between the two is approximately the same for both culture types.  

Furthermore, the use of the same medium (BEBM with no added protein) for 

suspension of particles in both monolayer and ALI experiments means that there is 

less likely to be a difference in particle agglomeration between the two culture types.  

Therefore, the protocols for exposure of cells to PM as both monolayers and ALI 

cultures as in the present work are suited to comparing responses between the two.  

Indeed, similar exposure protocols are found in the great majority of the literature.  

However, the application of PM as a suspension has little resemblance to in vivo 

exposure, where particles are carried in the inhaled air and deposited, by means 

dependent on their size, on the mucous or surfactant layer coating the apical surface of 

the epithelial cells.  Efforts are being made to improve methods of applying particles 

to cell culture surfaces, with the aim of better approximating the in vivo exposure 

situation.  In such systems, PM in suspension is sonicated and aerosolised, and 

subsequently deposited onto the surface of cells, thus maintaining the air-liquid 

interface.  Alternatively, exhaust gases may be directly channelled to exposure 

chambers without being collected as a suspension or on filters (569), and metal 

nanoparticles may be generated by flame spray pyrolysis for direct deposition onto 

cells (570, 571).  Current forms of such apparatus, such as the air-liquid interface cell 

exposure system (ALICE), use vibrational sonication to reduce shearing of particles, 

and cloud settling rather than air jets to reduce stress to cells (572), or air flow at a 

speed low enough not to cause significant loss of cell viability (573).  However, 

although it seems that particle distribution over the cells is generally uniform (573), 

such systems are also extremely wasteful, since there is a uniform coverage of PM 
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aerosol settling over the entire bottom surface of the exposure chamber (572).  

Therefore, even if the chamber were only as large as a 6 x 4 well plate, and all wells 

contained Transwell membranes, only 8 cm2 of the deposition surface would be cells, 

of a total area of 110.5 cm2 (plate dimensions 13 cm x 8.5 cm).  Greater value is added 

to such systems by the use of static charging equipment, to give each particulate an 

electrical charge (574), as used in the Electrostatic Aerosol in Vitro Exposure System 

(EAVES) (575).  Charged plates underneath each well can then be used to attract 

particles to land on the cell culture surface, reducing particle wastage through 

deposition on the surface of the incubation chamber and the plastic culture apparatus.  

However, such equipment is still in the process of design and validation, although 

initial results suggest that toxicity may be seen at lower PM concentrations when 

examined by EAVES deposition compared to exposure in submerged cultures (576).  

Furthermore, differences in the effects of flame-generated zinc oxide particles applied 

as a suspension and as a submerged culture have been suggested to be a result of the 

presence of gases in addition to particles in the direct aerosol exposure, although this is 

only relevant if PM is applied to cells directly rather than being collected as a 

suspension prior to aerosolisation (571).  One limitation of much of the current 

aerosol deposition apparatus is that aerosolisation of PM samples may require 

considerable amounts of PM, and therefore this is likely to be unsuitable when 

sampling campaigns are conducted over limited periods, and where portions of the 

collected PM are required for other procedures such as chemical analysis.  There are 

further drawbacks, such as the difficulty in delivering a precisely metred dose to the 

cells, and while this has been measured by examining TEM grids exposed in parallel 

(569), or by using a quartz crystal microbalance (572), it is nonetheless difficult to 

apply PM in an exact predetermined quantity, and also difficult to apply different 

concentrations of PM to different cultures on the same plate within a small timeframe.  

Nonetheless, these promising new techniques offer the opportunity to recreate more 

accurately in vivo exposures in in vitro experiments.  Although the required apparatus is 

currently not commercially available, and is only suitable for the most rudimentary of 

particle exposure studies, as these techniques become more refined and commercially 

available they may replace traditional submerged exposures in air-liquid interface 

culture experiments. 
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6.1.5 Extension of the Culture Model to Study Non-Bronchial 

Effects 

 

The present work studied the effects of underground railway PM using two different 

cell culture systems and examining various endpoints, such as cell death, cytokine 

release, and antioxidant enzyme expression.  However, the conducting airways are only 

part of the airway epithelium which is exposed to inhaled particulate matter.  The 

present work shows that underground railway particulate matter is just as rich in 

transition metals, principally iron, as the coarse and fine fractions, and more potent at 

generating ROS.  While coarse particles generally deposit in the upper airways, and fine 

particles in the upper and lower airways, ultrafine particles are uniquely able to deposit 

in the terminal bronchioles and alveoli, and therefore consideration needs to be given 

to the effect of deposition of such particulate matter on cells other than the mucus-

covered ciliated columnar epithelium of the bronchi.  This is important for a number 

of reasons.  First, unlike the bronchial epithelium, the alveolar epithelium is neither 

ciliated nor mucus covered.  There is a thin layer of surfactant secreted by alveolar type 

2 (ATII) cells, which contains surfactant lipids and proteins and allows the air sacs to 

remain patent by virtue of its ability to lower the surface tension of the alveolar fluid.  

However, alveolar surfactant is unlikely to provide the protection against particles 

which is afforded by the bronchial mucus.  Therefore, it may be expected that alveolar 

epithelial cells, and particularly the alveolar type 1 (ATI) cells which constitute the 

majority of the alveolar surface area, may be at greater risk of the effects of particles 

deposited there compared to cells in the upper airways.  There is also evidence that 

suggests that, even in monocultures where protective mucus and surfactant are 

missing, different cell types (both primary and immortalised lines) exhibit markedly 

different responses to the same particulate matter (501).  There also arises the question 

of particle uptake and epithelial permeability.  The present work suggested that the 

bronchial epithelial barrier remains intact after deposition of underground railway PM 

at the concentrations used, but this may not be the case with the alveolar epithelium 

which is not as impermeable in the first place.  In addition, if particles were to leave 

the airway lumen, the epithelial layer itself is thicker in the upper and lower airways 

than the alveoli, there is an underlying lamina reticularis which is absent in the alveoli 

and, distally from the lumen, there is a layer of fibroblasts.  Even if particles were able 
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to penetrate the epithelial barrier, their progression away from the airways would likely 

be slow, and perhaps only increased in speed with uptake and translocation by 

macrophages or dendritic cells.  Conversely, the alveoli contain only a single layer of 

squamous ATI cells lying above vascular endothelium.  Particles passing through the 

alveolar epithelium, either via the paracellular pathway between cells or, perhaps more 

importantly, via the transcellular route involving uptake at the apical surface and release 

at the basolateral surface (577), would have access to the endothelial cells of the 

alveolar capillaries, and also the alveolar capillary blood supply.  Therefore, there is a 

greater risk of particles entering the systemic circulation after deposition in the alveoli 

compared to deposition in the bronchi and bronchioles.  Furthermore, although 

alveolar macrophages are able to phagocytose such material, there is evidence that this 

process is inefficient for particles below a certain size or whose aspect ratio is such that 

alveolar deposition is possible but complete phagocytosis is impossible (222, 577).  As 

such, much consideration needs to be given to (a) the effect of metal-rich ultrafine 

underground railway PM on the alveolar epithelium, and also (b) the potential 

consequences of translocation of such PM to the systemic circulation.  The first of 

these would be accomplished by the culture of alveolar type I cells on Transwell 

membranes.  This would allow for study of the cytotoxicity, inflammogenicity, and 

antioxidant-inducing effects of ultrafine PM to be studied (coarse and fine PM are not 

deposited within the alveoli).  Furthermore, changes in permeability of the alveolar 

epithelium could be investigated as in the present study, using FITC-dextran, although 

this could be extended to include different sizes of dextran other than the 4 kDa 

moiety used here.  However, it would also be pertinent to study the potential 

translocation of particulate matter itself, rather than a marker of increased permeability 

such as dextran, by performing ICP-MS on the basolateral medium.  Such a study 

would require careful selection of the element(s) to be used to trace particle 

movement, since the sensitivity of ICP-MS renders data susceptible to contamination, 

especially if such experiments are not performed in designated “clean” laboratories.  

However, such a technique has recently been used in vivo to measure translocation of 

PM from rat lung, by measuring levels of the lanthanide europium after it was used as 

a dopant to coat gadolinium oxide nanoparticles.  In this way, the stability of the 

nanoparticle labelling could be determined by measuring the europium/gadolinium 

ratio, while europium levels themselves were a measure of the level of nanoparticle 



Final Discussion and Future Work 

 

- 260 - 

 

accumulation in a particular organ (578).  This could be contrasted with, for example, 

iron, whereby any inflammogenic properties of particles may be expected to increase 

blood flow to the affected tissue, and thus induce increased concentrations of iron 

from non-particulate sources (i.e. haemoglobin). 

 

An extension to this system would potentially facilitate the in vitro study of the 

potential effects of inhaled ultrafine particulate matter on tissues and organs distinct 

from the lung.  For example, as detailed below, although there is clear evidence that 

particulate air pollution can lead to rising cardiovascular morbidity and mortality (42, 

43, 46, 47, 260, 579), the mechanisms by which this occurs are poorly understood.  C-

reactive protein, a marker of systemic inflammation, has been seen to be raised during 

air pollution episodes (580), and IL-6 has been suggested to enter systemic circulation 

after production in mouse lung (581), providing evidence for an indirect inflammatory 

mechanism, whereby lung inflammation results in the release of inflammatory 

cytokines into the systemic circulation.  PM has also been seen to reduce heart rate 

variability, indicating decreased autonomic control of the heart (579, 582).  PM and/or 

associated oxidative stress has been linked to formation of atherosclerotic lesions in 

mice (583), development of electrical irregularity and cardiac arrhythmia as a result of 

calcium calmodulin kinase II activation in rats and isolated rat hearts (584), and 

fibrotic heart remodelling in mice (585).  Furthermore, cultured cardiac myocytes 

exposed directly to PM show transcriptomic changes indicative of injury (586).  There 

is also evidence of potentially pathological structural damage to vascular endothelium 

as a result of PM-induced oxidative stress (587).  In order to study the potential for 

such effects, alveolar epithelial cells would be cultured on a Transwell membrane, 

preferably with a layer of vascular endothelial cells on the underside of the Transwell 

membrane to approximate the alveolar vascular endothelial wall.  A separate cell 

culture would be created, containing cells of interest representing the target organ, for 

example cardiac myocytes.  The two wells would then be connected by a microfluidic 

system in order to allow real-time transport to the second culture of basolaterally 

released factors from the alveolar/endothelial cell co-culture and also any translocated 

particulate matter.  Techniques used in the present work – cytotoxicity assays, ELISA 

to study cytokine release, and qPCR – could all be used to study the response in the 

target tissue culture, but further techniques could also be used to determine organ-
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specific effects.  For example, if the study aimed to determine the effect of inhaled PM 

on cardiac tissue, the electrical activity of the culture could be measured, and indeed a 

recent publication outlined a microfluidic system which incorporated an electrode 

array to allow measurement of electrical activity in the nematode worm (588).  

Similarly, if the target organ of interest was the liver, enzymes whose levels may 

indicate liver damage could be analysed, such as aspartate transaminase and alanine 

aminotransferase.  The treatment of particulate matter with metal chelating agents or 

antioxidants and free radical scavengers as in the present work may then provide 

important clues as to how organs other than the lungs may be affected by the 

inhalation of airborne particulate matter. 

 

6.1.6 Experimental Findings Informing Regulation 

 

As more data regarding the effects of particulate matter at the epidemiological, whole 

organism, and cellular level becomes available, there will be a greater basis on which to 

suggest limits for exposure to ultrafine particulate matter, both outdoor, ambient 

levels, and also occupational exposure limits, potentially including dust-specific limits.  

Indeed, further work may also refine the existing limits, since there is evidence that 

exposure to PM may have deleterious health effects at exposure levels well below the 

current recommendations, leading to resetting of the no observed adverse effect level 

(NOAEL) (44, 61, 589).  Furthermore, current limits do not take account of 

differences in inter-individual exposures or inter-individual responses.  Current limits 

make no allowances for the impact of physical exertion or disease-related alterations in 

airway geometry which may increase PM deposition in the airways.  Nor do they allow 

for potential interactions between PM and other pollutants, allergens (590), infection 

(591, 592), asthma, heart disease and other diseases which affect PM target organs 

other than the lungs, genetic factors (593), stress (594), smoking status, or 

socioeconomic status (326). 

 

It is also of interest to determine the amount of particulate matter which may enter the 

airways.  Rudimentary attempts at such a calculation have been made in the literature 

(125, 595).  As a worked example here, inhalation of 500 ml air per breath at a rate of 
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12 breaths per minute equates to inhalation of 2.9 m3 air in an 8 h working shift.  If 

this air contains a PM10 concentration of 282 µg/m3
 as in the present study¸ 

approximately 820 µg PM10 will be inhaled in this period.  Assuming an average lung 

area of 70 m2 suggests an average deposition of 11.7 pg/cm2 in the lungs which is a far 

lower concentration than used in the present study, or indeed almost all studies within 

the literature.  The actual figure for mass of PM deposited may be even lower since 

not all PM which is inhaled will be deposited.  Conversely, deposition throughout the 

airways and lungs is not uniform, with “hot spots” for deposition particularly located 

at airway bifurcations and wherever flow is turbulent (596, 597), such as the carinal 

ridges (598).  Furthermore, other factors can increase PM inhalation and deposition, 

including exercise, oral rather than nasal breathing, airway geometry, and proximity to 

the source of PM (599).  Additionally, it has been suggested that airway constrictions 

as found in asthma and COPD may increase particle deposition by up to one order of 

magnitude compared to healthy airways (600).  Indeed, “hot spots” at airway 

bifurcations in individuals whose breathing rate and type favour PM ingression to the 

tracheobronchial region may receive 3,000-25,000 times the concentration of PM 

suggested by average deposition calculations as above (599).  As such, one reason for 

increased responses of asthmatics at an in vivo or epidemiological level may not purely 

be an increased response to particles on the basis of equal concentrations, but an 

increased exposure.  Clearly, further work on this area, which is currently confined 

predominantly to in silico models, albeit of ever-increasing complexity, may allow for 

more accurate modelling of the differences in deposition between airways of 

difference disease states, facilitating incorporation of such differences into 

experimental design for in vitro testing.  However, in light of the current lack of 

information regarding differential deposition levels, experiments which investigate the 

effects of PM at concentrations such as in the present work, and perhaps even higher, 

are certainly warranted to evaluate a “worst case scenario” of particle deposition. 

 

There are two distinct ways to investigate the effects of PM from different 

environments specifically with a view to setting exposure limits.  A reductionist 

approach examines PM constituents and may try to link them to disease at the 

epidemiological level, or to deleterious effects at the cellular level, the aim being to 

identify specific PM components which might pose a risk to health.  By this method, 
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sometimes termed “pattern recognition” (601, 602), those components of PM which 

pose a particular risk can be investigated, and any methods for screening untested PM 

could look initially at whether levels of these constituents are high enough to warrant 

concern, in effect using certain components as markers of potential toxicity.  However, 

this approach is unable to take into account interactions between particle constituents 

which may synergise or antagonise each other, and is often hindered by the high 

degree of correlation between concentrations of several particulate components.  The 

other approach would be to consider PM from different environments (e.g. 

underground railway station, heavily trafficked road), taking a holistic approach to 

each, by first considering the concentration of PM required to elicit a certain response, 

and investigating the culpable constituents only as a secondary priority.  However, this 

approach is problematic in that similar environments can contain PM of different 

profiles, and so the PM next to the side of one heavily trafficked road may differ from 

that collected at a different heavily trafficked road site, or one underground railway 

station may contain PM which is different in composition to another underground 

station in a different city, or even the same city (80).  Therefore extrapolation of 

findings between sites is difficult. 

 

One way in which such studies may be improved is by careful selection of the sites at 

which PM will be collected, so that sites with contrasting PM profiles can be analysed, 

giving a greater potential for identification of the toxic constituents of PM.  One 

example of this is a study entitled “Risk of Airborne Particles, a Toxicological-

Epidemiological hybrid Study” (RAPTES).  This study aims to investigate the potential 

health effects of airborne PM at various sites by collecting and chemically analysing 

PM from various sources, linking this to oxidative and pro-inflammatory changes in 

vitro, and finally examining in vivo effects, both on the airways and cardiovascular 

system.  The RAPTES project, which commenced in 2007, is led by Professors Bert 

Brunekreef, Flemming Cassee, and Raymond Pieters, and Dr Gerard Hoek, as a 

collaboration between the University of Utrecht and the Dutch National Institute for 

Public Health and the Environment (RIVM).  The initial phase of the study involved 

sampling from eight locations hypothesised to have contrasting airborne PM profiles, 

including urban sites with varying traffic profiles, a farm, an underground railway 

station, a harbour, and a steelworks.  Size-fractionated airborne PM at these sites was 
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quantified and analysed for chemical composition (454, 603), followed by analysis of 

particulate oxidative potential (by DTT assay) and ability to induce release of TNFα, 

IL-6, and MIP-2 by RAW 264.7 macrophages (447).   From these results, the 

underground station, continuous and stop-go traffic sites, a farm, and urban 

background site were chosen for in vivo exposure work as the five sites with the most 

contrasting PM profiles, to reduce correlations between PM at different sites (604).  At 

these sites, exhaled nitric oxide was especially associated with particle number 

concentration and iron content, while detrimental effects on FVC were associated with 

particle number concentration, NO2 and NOx immediately post-exposure, with 

associations for the latter two components still present the morning after exposure 

(604).  This was followed by examination of the pro-inflammatory effects of site-

specific PM in vivo, with the interesting observation that nasal lavage fluid, 

inflammatory mediators, and other markers of inflammation were associated with 

particulate organic carbon, endotoxin, and NO2, but not the ability of PM to deplete 

ascorbate or GSH, suggesting mechanisms other than simple oxidative stress (605).  

More recently, publications from the RAPTES projects have examined the potential 

cardiovascular effects of airborne PM at the five selected sites, again noting a lack of 

effect of oxidative potential, but associations between blood markers of cardiovascular 

stress and particulate organic carbon, NO3
-, and SO4

2- (606), and similar results for 

thrombin generation observed ex vivo after blood sampling from exposed volunteers 

(607).  This approach, taking account of PM characteristics and using this to refine site 

selection for subsequent in vitro and in vivo work, may yield new information regarding 

components of PM responsible for observed effects, especially since the selection of a 

number of contrasting study sites appears able to reduce inter-site correlations which 

may otherwise obfuscate the identity of the toxic components.  It is also an example of 

how such studies can extend in vivo findings from airways as the site of PM deposition, 

to examining potential effects on the cardiovascular system, which has been 

epidemiologically connected to PM toxicity, but considerably less studied. 

 

Studies such as RAPTES may shed more light on the constituents and mechanisms 

underlying particle toxicity.  However, there remain problems with such studies when 

examining the chronic effects of exposure to particulate matter, since individuals may 

be exposed to more than one type of PM, for example underground railway 
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commuters who are likely to spend a large proportion of their time in polluted city 

environments.  Moreover, the modelling of chronic responses in the laboratory is very 

difficult, since despite recent attempts to model repeated exposures, cell cultures are 

difficult to maintain for longer than a period of several weeks (506).  There is evidence 

that repeated exposure to PM in mice produces different outcomes to single 

exposures, with the differences varying depending on what parameter is measured 

(608).  To this end, there exists the potential for the use of RNA sequencing (RNAseq) 

to identify as-yet unexplored effects of particulate matter, both on the airways and 

other organs and tissues (609, 610).  RNA microarray has already been used to 

examine cellular responses to particulate matter and smoking both in healthy and 

diseases individuals, and also in vitro (611-613).  However, RNAseq is an improvement 

over RNA microarray in that the former is not complicated by the potential for cross-

hybridisation (RNA binding to a probe which is not fully complementary) meaning 

that there is less “noise”, and RNAseq is also able to give absolute numbers of gene 

transcripts, rather than expressing results merely in relative terms.  Finally, RNAseq is 

better able to detect and quantify hitherto unrecognised splice variants.  After data 

analysis, genes of interest which have been identified by RNAseq can be verified by 

standard RT-qPCR.  Additionally, RNAseq data can be used to build maps of 

interconnected genes which response to particulate matter, and thus responses at the 

pathway level can be identified (614).  This holistic approach to the effects of inhaled 

PM, examining changes to the functioning of the cell as a whole rather than just 

inflammatory or antioxidant pathways, is likely to shed new light on the toxic effects 

of particulate matter.  Indeed, while this approach may not be as effective as the 

hypothetical study of the effects of particles on cell cultures over many years, RNAseq 

with subsequent pathway analysis may yield new information on the potential chronic 

effects of exposure to particulate matter.  Furthermore, it may suggest which 

biomarkers (or more likely groups of biomarkers) would be suitable for measurement 

as biomarkers of exposure to, and the toxicity of, particulate matter.  Although 

markers of processes which may be important in the effects of long-term exposure to 

PM can be measured, perhaps best by using techniques such as RNAseq as above, it is 

difficult to take into account PM accumulation and clearance and, as discussed above, 

the potential for translocation of PM to other sites in the body.  Therefore, it is clear 

that such studies have to be informed by epidemiological findings.  Yet again, 
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however, there are problems with relying on the epidemiological approach, since 

chronic effects may only become apparent after many years of exposure, by which 

time there may be many individuals who have been put at risk.  Furthermore, while 

epidemiological studies may be able to determine trends within large populations, they 

may be less well-powered to unmask the dangers of PM exposure in certain 

subgroups, especially if these subgroups are defined by a marker whose interaction 

with air pollution is not yet known (for example, a genetic polymorphism which is 

hitherto unrecognised as causing predisposition to the effects of airborne PM). 

 

6.1.7 Potential Measures to Reduce the Risk Posed by PM 

 

Alongside experimental research, which takes time, there needs to be consideration of 

how to protect passengers and, perhaps more importantly, rail workers, from the 

potential effects of underground railway particulate matter.  There are two aspects 

which require consideration here – how to reduce exposure and, accepting that 

exposure is likely to continue, how to lessen the potential effects of exposure. 

 

The literature offers a paucity of suggestions as to how exposure to underground 

railway PM may be ameliorated.  It has been suggested that trains running on 

pneumatic tyres generate less toxic PM than those running with steel wheels on steel 

rails (80), and that concrete ballast produces less dust than gravel ballast (although 

concrete ballast is also more expensive and produces more noise and vibration) (252).  

However, changing the wheel or ballast type in an entire underground system would 

be hugely expensive and likely to result in great disruption to services.  Such methods 

are, therefore, unviable in all but the long-term or by phased replacement.  There are 

other potential methods of reducing PM levels which do not involve alterations to 

existing features of the railway.  One such option is the washing of tunnel walls to 

remove deposited PM, thereby preventing its re-entrainment by passing trains.  

However, it is uncertain how effective this would be (65, 72), and on large 

underground railway networks is likely to be impractical.  Second, it has been 

suggested that, on account of the magnetic nature of underground railway PM as 

found in some studies (252, 456), giant electromagnets located on station platforms 
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could be used to collect PM, removing it from the air (252).  However, this is likely to 

have implications for other magnetic objects which may be carried by passengers, and 

potentially electronic devices such as mobile phones and, disconcertingly, cardiac 

pacemakers.  As such, this suggestion is unlikely ever to be put into practice.  A final 

suggestion is the use of platform-edge doors (93, 252), which are more commonly 

used to prevent suicide attempts.  There are certain caveats to this approach – it is 

likely to be expensive, the cost and practicality of fitting such equipment to old 

stations (as opposed to having the equipment in new stations) is likely to be high, the 

barrier would need to cover the entire height of the tunnel from platform to ceiling, 

and there would be no effect on reducing the exposure to PM of anyone on the train.  

However, for potentially reducing the levels of PM to which platform staff and 

commuters waiting for trains are exposed, this may be the best method.  Alternatively, 

personal exposure monitors could be provided to workers as a more discreet way to 

monitor exposure of members of staff according to their activities undertaken at work 

(93).  It is known that, in indoor environments, there is a discrepancy between 

background PM levels as measured by monitors or impactors such as in this study, and 

in personal levels of exposure, which can be attributed to the so-called “cloud effect” 

(615, 616).  The exact cause and magnitude of this effect is not fully understood, but is 

thought to be a consequence of the resuspension of particulate matter by human 

movement (615).  One study attempting to mathematically relate microenvironment 

background PM10 concentrations to personal exposures showed a good correlation 

between the two, but only when a personal cloud correction was taken into account 

(617).  Therefore, such personal monitoring would provide more accurate information 

about the levels of PM to which underground railway workers are exposed.  Personal 

monitoring may allow targeting of screening methods (see below) to those workers 

who are exposed to the highest concentrations of PM.  However, personal monitoring 

would do nothing to actually ameliorate background or personal PM exposure, and 

may well be of little use since it is already well understood that underground railway 

systems contain markedly raised concentrations of airborne particulate matter.  In this 

regard, such personal monitoring is perhaps a more useful tool for scientific research 

rather than the protection of employee health. 
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Instead of reducing the levels of PM in the air in underground railway stations, an 

alternative method to reduce particle inhalation would be to supply underground 

railway workers with dust masks.  It has been shown that different jobs within an 

underground railway system result in differing PM exposure levels, with maintenance 

work, particularly track maintenance, bringing about especially high exposure levels 

(93).  Therefore, certain workers could be provided with masks to reduce their 

inhalation of particulate matter.  However, this is unlikely to be viable for customer-

facing staff and train drivers, since the sight of platform staff wearing masks is likely to 

cause alarm to the travelling public, and probably a slew of alarmist stories in the 

tabloid press. 

 

Therefore, it seems unlikely that any practical measures can be found to significantly 

reduce exposure to airborne particulate matter, at least in the short term.  An 

alternative approach is to attempt to ameliorate any adverse health effects of 

particulate air pollution in underground railways.  To do so would require a 

programme of occupational health screening to be initiated.  This should take into 

account the health status of workers especially, but not limited to, the presence of 

asthma or COPD or symptoms thereof, cardiovascular disorders, and smoking status.  

At the very least, this should involve a questionnaire of the individual worker’s 

symptoms (e.g. upper airway irritation, breathing difficulty at rest and varying levels of 

exertion) but should ideally involve lung function testing, since reduced lung function 

appears to be a consistent marker of the deleterious effect of particulate air pollution, 

and cardiovascular checks such as blood pressure. 

 

Of course, one drastic option would be to avoid the further construction of 

underground railway systems altogether.  However, it must be remembered that 

overground environments in cities are also somewhat polluted, and that journeys 

above ground (e.g. by bus or walking along a busy street) may take several times longer 

than the same journeys made by underground railway.  Indeed, there is evidence that 

urban metro systems can reduce urban carbon monoxide levels, indicating decreased 

vehicular pollution (618).  Therefore, while exposure to underground railway 

particulate matter may perturb the airways in the short-term on account of its high 

concentration of metal-rich particles, including a metal-rich ultrafine fraction, and 
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there may also be health effects with chronic exposure, it seems likely that further 

research to understand the effects of such exposure, and regular health monitoring of 

the most exposed groups, is the most sensible way forward, and perhaps the best of a 

series of less-than-ideal options (Figure 6.1). 

 

 

 

Figure 6.1.  The novel findings presented in this thesis, and their potential implications. 

The four overriding novel findings of this thesis (blue) may have a range of implications which need 

to be considered in further work (red).  Such work will better inform the measures which can be 

taken to lessen the potentially damaging effects of underground railway particulate matter (green). 

 

6.2 Final Conclusion 

 

The work detailed within this thesis has found that underground railway PM, notably 

the ultrafine fraction thereof, is rich in iron and other transition metals, allowing the 

particles to induce increased antioxidant gene expression in primary bronchial 

epithelial cell cultures, even those covered with a cytoprotective mucous layer.  This 

mucous layer also fails to prevent the ingression of particles to a variety of intracellular 

compartments, with potential ramifications for chronic responses.  Preliminary 

findings indicate that ultrafine underground railway PM may prime bronchial epithelial 
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cells to respond to the airborne fungus Alternaria with a greater expression of 

antioxidants and Th2 cytokines, both of which may be deranged in asthma.  Further 

work is required to determine the chronic effects of underground railway particulate 

matter, whether there is an increased risk posed by the interaction of different types of 

airborne particulates, and whether there is a greater susceptibility to these effects in 

asthmatics.
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ABSTRACT: Underground railway stations are known to
have elevated particulate matter (PM) loads compared to
ambient air. As these particles are derived from metal-rich
sources and transition metals may pose a risk to health by
virtue of their ability to catalyze generation of reactive oxygen
species (ROS), their potential enrichment in underground
environments is a source of concern. Compared to coarse
(PM10) and fine (PM2.5) particulate fractions of underground
railway airborne PM, little is known about the chemistry of the
ultrafine (PM0.1) fraction that may contribute significantly to
particulate number and surface area concentrations. This study
uses inductively coupled plasma mass spectrometry and ion
chromatography to compare the elemental composition of size-
fractionated underground PM with woodstove, roadwear generator, and road tunnel PM. Underground PM is notably rich in Fe,
accounting for greater than 40% by mass of each fraction, and several other transition metals (Cu, Cr, Mn, and Zn) compared to
PM from other sources. Importantly, ultrafine underground PM shows similar metal-rich concentrations as the coarse and fine
fractions. Scanning electron microscopy revealed that a component of the coarse fraction of underground PM has a morphology
indicative of generation by abrasion, absent for fine and ultrafine particulates, which may be derived from high-temperature
processes. Furthermore, underground PM generated ROS in a concentration- and size-dependent manner. This study suggests
that the potential health effects of exposure to the ultrafine fraction of underground PM warrant further investigation as a
consequence of its greater surface area/volume ratio and high metal content.

■ INTRODUCTION

Underground railway systems are widely used mass transit
systems in many major cities, some carrying several million
passengers per day.1 High mass concentrations of respirable
particulate matter (PM) with a mean aerodynamic diameter up
to 10 μm (PM10; coarse), 2.5 μm (PM2.5; fine), or 0.1 μm
(PM0.1; ultrafine) have been observed in many underground
railway systems.2−4 In many cases, concentrations far exceed
World Health Organization (WHO) recommended limits for
24 h average particle exposure of 50 and 25 μg/m3 for PM10
and PM2.5, respectively, presenting a potential risk for regular
passengers and employees.5 Notably, PM0.1 levels are currently
unregulated. Importantly, exposure to PM has been noted to be
greater for underground journeys than for equivalent journeys

made by a variety of overground modes of transport,6 and time
spent in underground railways has been suggested to be a
better predictor of metal exposure than duration of exposure to
traffic-derived metal pollutants.7

There is evidence to suggest that underground railway PM
has high concentrations of Fe and other transition metals
compared to ambient PM.8−10 Transition metals are of interest
as potential airborne toxicants because of their ability to
generate the reactive oxygen species (ROS) superoxide (•O2

−),
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hydrogen peroxide (H2O2) and, via the Fenton reaction,
hydroxyl radical (•OH) via successive single-electron reduc-
tions of molecular oxygen.11 It is thought that many of the toxic
effects of transition metals arise from oxidative stress due to
ROS generation. Defined as an excess of oxidative species that
outweighs the antioxidant capacity of a system, oxidative stress
can result in oxidation and functional modification of
biomolecules such as lipids, proteins, and nucleic acids and
can result in inflammation and tissue injury.12 However,
transition metals, and also a variety of other metals and
metalloids such as lead and arsenic, can exert toxic effects via
mechanisms other than direct generation of ROS; hence, study
of concentrations of non-transition metals in airborne PM is
also warranted.
The composition of metal-rich PM from a wide variety of

sources has previously been studied, including steel mills,
smelting plants, and welding fume.13−15 However, underground
PM studies generally focus on coarse and fine fractions, without
parallel analysis of ultrafine PM composition.16 Although
individual ultrafine particles have a lower surface area than
fine or coarse particles (0.03 vs 19.6 and 314 μm2, respectively,
for particles of 0.1, 2.5, and 10 μm diameter, assuming perfect
sphericity), ultrafine PM is often present in a much greater
number concentration than coarse or fine PM, and thus, their
contribution to overall PM surface area has the potential to be
very important, possibly being a key determinant of toxicity.17

Furthermore, coarse and fine particles tend to accumulate in
the ciliated airways by impaction and are rapidly cleared by the
mucociliary escalator, whereas ultrafine particles predominantly
settle by diffusion in the alveoli, from where clearance is much
slower.18 Ultrafine particles, unlike fine particles, are also able to
translocate from the airway lumen to the pulmonary
interstitium and potentially the systemic circulation, being
detected in the liver, heart, kidneys, and brain.19,20

Because there is evidence that underground PM is an
important potential toxicant, the aim of this study is to
determine the concentration of transition and nontransition
metals in respirable, size-fractionated PM collected at an
underground railway station and to compare this to PM
collected from other process-specific sources, namely, a
woodstove, a roadwear generator, a road tunnel, and diesel
exhaust.

■ METHODS
Acquisition of PM. Airborne PM was collected using a

versatile aerosol concentration and enrichment system
(VACES), with aerodynamic diameter cutpoints of 10−2.5
μm (coarse; PM10−2.5), 2.5 μm (fine/ultrafine with no lower
cutpoint, hereafter referred to as “fine”; PM2.5), and 0.18 μm
(ultrafine; PM0.18).

21,22 Air flow was 0.9 m3/min. PM was
collected as a suspension in ultrapure water from the following:

(1) A woodstove, a portion of the exhaust smoke being
diluted with filtered air, fed into a sealed chamber
containing the VACES unit that sampled airborne PM at
a concentration of ≈250 μg/m3.

(2) A roadwear simulator, consisting of a circular road
surface on which four wheels with studded tires rotate.
Prior to operation, the chamber was flushed with filtered
air, and the PM concentration was allowed to build up to
a steady state of ≈5000 μg/m3.

(3) A busy railway station located under the main departures
and arrivals terminal of a major European airport, near

the middle of a 5.1 km long tunnel, with further details
published previously.23 The station is used by 60 000−
150 000 people per day, with three platform islands, each
housing two platforms ≈400 m long. 25−30 trains per
hour pass through the station during operating hours, all
powered by overhead catenary. During the night, there
are occasional diesel-powered freight trains passing
through the station. The station is cleaned regularly
during daytime hours, principally using electrically
powered ride-on machines to clean the floor of dirt
and dust. There is no active air ventilation/conditioning
system in operation, with air exchange driven solely by
“piston action” of train movement. The VACES
equipment was located halfway along the central island
platform, ≈3 m away from the platform edge and ≈6 m
from the centers of each pair of surrounding tracks, with
air intakes ≈3 m above the track level and ≈4 m below
the overhead catenaries. Sampling was performed for ≈9
h between 08:30 and 17:30 on each of the three sampling
days, all of which were working weekdays in July 2010.

(4) A heavily trafficked road tunnel in The Netherlands.
Sampling was performed in a parking area immediately
adjacent to the tunnel exit, with sampling performed in
midsummer.

In addition, diesel exhaust particulate (DEP) samples from a
diesel generator and exposure chamber were analyzed to
provide comparison as an expected metal-poor PM.

Particulate Metal Analysis. All analysis steps were
performed in a clean laboratory (class 100) environment to
minimize possible contamination. PM suspensions were
vortexed and bath sonicated for 30 s each. A 100 μL aliquot
of suspension was reserved for anion analysis, and the
remaining volume was recorded and transferred to a Teflon
pot. Suspensions were evaporated to dryness at 130 °C. Three
overnight digestion steps were performed: respectively, 900 μL
of concentrated nitric acid (15 M, Primar Plus grade; Fisher
Scientific, Loughborough, UK) with 100 μL of concentrated
hydrofluoric acid (27 M, UpA grade; Romil, Cambridge, UK)
pressurized at 180 °C, 1 mL of 6 M hydrochloric acid (12 M,
Primar Plus grade; Fisher) at 130 °C, and 1 mL of 2% nitric
acid spiked with Be, In, and Re to monitor instrument drift.
Evaporation at 130 °C was performed after each of the first two
steps. Hydrochloric and nitric acids were sub-boiled prior to
use. Immediately prior to analysis, additional 2% nitric acid was
added to produce a final mass of ≈3 g per digest. Standards
were prepared using a variety of commercially available
standard solutions to assess a range of metals (Table S1,
Supporting Information). Blanks were prepared by performing
acid digests in the absence of the PM suspension, to monitor
the contribution of any contamination during the digestion
process. Samples, standards, and blanks were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) using
a Thermofisher XSeries2 inductively coupled plasma mass
spectrometer (Thermofisher Scientific, Bremen, Germany)
located in the Isotope Geochemistry Instrument Suite at
NOCS, Southampton.

Anion Analysis by Ion Chromatography. Concentra-
tions of the anions NO3

−, SO4
2−, and Cl− in the particulate

samples were determined by ion chromatography. A 100 μL
aliquot of each particulate suspension was vortexed for 60 s and
bath-sonicated for 60 min followed by centrifugation at 20 000g
for 10 min, and the supernatant was retained. Supernatants
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were diluted in ultrapure water to a volume of ≈5 mL, before
being analyzed on a Dionex ICS2500 ion chromatograph with
Dionex Chromeleon software (Dionex, Sunnyvale, CA, USA).
Standard solutions for NO3

−, SO4
2−, and Cl− were prepared

from serial dilutions of commercially available stock standards
(Inorganic Ventures, Christiansburg, VA, USA), which were
also used to monitor instrument drift.
Scanning Electron Microscopy. Underground particle

suspensions were prepared for scanning electron microscopy
(SEM) analysis by evaporating to dryness 100 μL of PM
suspension on an aluminum stub at 50 °C overnight, followed
by gold sputter coating (Hummer VI A sputter coater, Anatech,
Alexandria, VA, USA) to a thickness of ≈20 nm. SEM was
performed using a LEO 1450VP scanning electron microscope
(Carl Zeiss Nano Technology Systems, Welwyn Garden City,
UK) at 20 kV.
Measurement of ROS Generation. Primary bronchial

epithelial cells (PBEC) were obtained from healthy donors by
fibreoptic bronchoscopy as previously described.24 Cells were
seeded in collagen-coated 96-well plates at a density of 6000
cells per well and cultured until 80−90% confluent. Cells were
then serum starved (1.5 μg/mL bovine serum albumin and 1X
insulin/transferrin/sodium selenite solution (ITS) both from
Sigma−Aldrich, Gillingham, UK) in bronchial epithelial basal
medium (BEBM; Clonetics, San Diego, CA, USA) overnight.
Cells were washed once with HBSS supplemented with Ca and
Mg (HBSSCaMg; Invitrogen, Carlsbad, CA, USA) before being
loaded with 75 μL of 10 μM 2′7′-dichlorofluorescein diacetate
(H2DCF-DA; Sigma−Aldrich) at 37 °C, light excluded, for 30
min. Cells were then washed twice with HBSSCaMg before
application of 75 μL of coarse, fine, or ultrafine underground
PM in supplement-free BEBM at 6.3 or 12.5 μg/cm2

(equivalent to 25 and 50 μg/mL, respectively). Controls
comprised medium supplemented with phosphate-buffered
saline to maintain osmolarity. DCF fluorescence was measured
at 485 nm excitation and 530 nm emission 3 h postchallenge
and calculated as the fold-change in fluorescence compared to
the control.

■ RESULTS

Particulate Composition. Over the three sampling days at
the station, the mean (±1 standard mean error (SE))
underground PM10 mass concentration was 287 ± 8 μg/m3,
with coarse PM at 169 ± 6 μg/m3, fine at 75.3 ± 5.9 μg/m3,
and ultrafine at 37.7 ± 4.5 μg/m3. Chemical analysis was carried
out on underground PM as well as from the other three distinct
sources and DEP. For woodstove, roadwear, and underground
PM sampling, individual daily samples were analyzed separately.
Road tunnel PM and DEP were analyzed in the coarse fraction
only, as well-characterized references for comparison (Figure 1
and Figure S1, Supporting Information). Underground PM was
the most transition-metal-rich PM, with Fe the most abundant
element, comprising (mean ± 1 SE) 407 ± 43, 404 ± 70, and
484 ± 82 mg/g for coarse, fine, and ultrafine fractions,
respectively. Thus, Fe comprises greater than 40% of the total
mass of the PM (Figure 1). Conversely, while all other PM
samples contained detectable levels of Fe, only coarse and
ultrafine roadwear PM (21.5 ± 0.1 and 18.1 ± 3.5 mg/g) and
road tunnel PM (27.7 mg/g) contained Fe levels greater than
1% of the total mass of the PM. Cu was also elevated in
underground PM compared to PM from other sites, although
the Cu concentration (21.9 ± 2.5, 20.7 ± 3.9, and 25.6 ± 4.3
mg/g for coarse, fine, and ultrafine fractions, respectively) was
lower than that of Fe. As with Fe, these Cu levels were
considerably higher than those seen in any other sampling
locations, across all size fractions analyzed. Other transition
metals that were present at high concentration in underground
PM included Mn, Zr, Mo, and Sn. In addition, levels of V, Cr,
Ni, Nb, and Hf were higher in underground PM than other
sources, although they were found at lower absolute
concentrations. Additionally, Ca was high in underground
PM, particularly in the ultrafine fraction (54 ± 31 mg/g), and
Mg, Ca, Zn, Ba, and Sb were also found to be elevated in
underground PM, with relatively high levels of Ga and As also
noted.
Woodstove PM showed a marked enrichment for K, while

levels of B and Zn were similar to underground PM and in
excess of levels in other PM types. Furthermore, Rb (144 ± 3.2
μg/g F, 192 ± 1.8 μg/g UF), Cd (40.4 ± 7.1 μg/g F, 58.0 ± 5.4
μg/g UF), and Pb (185 ± 43 μg/g F, 266 ± 37 μg/g UF) were

Figure 1. Concentrations of Fe, Cu, Cr, Mn, Zn, and K in PM of coarse (C), fine (F), and ultrafine (UF) fractions collected from a woodstove (WS),
a roadwear generator (RW), an underground station (UG), and a road tunnel (RT). Values expressed as single values (RT) or mean ± 1 SE of two
(WS, RW) or three (UG) individual samples.
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also relatively high in woodstove PM compared to other PM
sources, although they were low in terms of absolute
concentration. Roadwear PM possessed especially high
concentrations of Al, with the three fractions showing
concentrations of 71.0 ± 3.1, 27.3 ± 1.8, and 53.9 ± 7.2
mg/g, respectively. These concentrations were second only to
underground PM Fe concentrations in terms of the most
prevalent metals found at any site. Roadwear PM also
contained notably high levels of Ti and to a lesser extent Sr,
whereas levels of Sc, La, and Hg were found to be greater than
other PM types, albeit at trace levels. Interestingly, roadwear
PM showed generally lower metal concentrations in the fine
fraction compared to the coarse and ultrafine fractions.
Road tunnel coarse PM showed relatively high levels of Li, B,

and Na. Road tunnel PM also contained elevated levels of Pb
relative to other PM samples at 516 μg/g. DEP was also
analyzed, as a source of PM expected to be low in transition
metals. As expected, the majority of elements analyzed were
present in lower concentrations in DEP compared to PM from
the other sources tested, and many were not detected (Table
S2, Supporting Information).
Statistical analysis was performed to determine whether there

was any significant difference in the concentration of any
element assayed across each of the size fractions. Only B
showed any pairwise difference, the ultrafine fraction being high
versus coarse (p < 0.05) and fine (p < 0.01) fractions. The data
were further analyzed to test for correlations between Fe and
other elements across the underground PM samples, testing
with Spearman’s rank correlation coefficient. Sr was the
element most strongly correlated with Fe (r = 1.00; p <
0.0001). However, this may be of limited importance due to the
low overall concentration of Sr, generally below 100 μg/g.
Indeed, 32 of the 40 elements showed concentrations
correlated with those of Fe (p < 0.05). The strongest
correlations among the abundant metals were observed for

Mn, Ni, and Cu, while V was also strongly correlated with Fe
(Figure S2, Supporting Information). Although no negative
correlations were found, the crustal elements Na (r = 0.517)
and K (r = 0.433) along with B (r = 0.467) showed the weakest
correlation with Fe.

Particulate Anion Analysis. Ion chromatography analyses
show that road tunnel PM possessed the highest concentrations
of SO4

2−, Cl−, and NO3
− (Figure 2). Roadwear PM generally

showed the lowest SO4
2−, Cl−, and NO3

− concentrations of any
of the PM tested, suggesting that these anions are derived from
fuel combustion rather than road and mechanical sources in the
road tunnel PM. When the concentrations of each species were
compared between the three size fractions of underground PM,
coarse and fine fractions showed similar levels of the three
anions, but ultrafine underground PM showed enrichments of
SO4

2−, Cl−, and NO3
−, and for SO4

2−, this difference was of
statistical significance versus coarse and fine fractions. Each
anion showed only weak positive correlation with Fe
concentration (r = 0.583, 0.483, and 0.367 for SO4

2−, Cl−,
and NO3

−, respectively).
Particulate Morphology. Examination of the coarse

fraction of underground PM revealed that most particles were
well below the 10 μm diameter used as a cutpoint for this
fraction, with a smallest dimension of 2−3 μm or less.
However, there was a clear population of particles with sizes
close to the 10 μm cutpoint. The smaller particles had a
nonuniform, irregular granular morphology, while the larger
particles had a flakelike appearance with jagged edges (Figure
3). When examined at a greater magnification, the flat surfaces
of these larger, flakelike particles were often marked by ridges
or indentations. The fine fraction of underground PM
contained a similar set of small particles with a largest
dimension of ≈2 μm. Significantly, there was a paucity of
flakelike particles compared to the coarse fraction. The ultrafine
fraction of underground PM contained particles of a nonuni-

Figure 2. Concentrations of SO4
2− (left panel), Cl− (center panel), and NO3

− (right panel) in coarse (C), fine (F), and ultrafine (UF) fractions of
PM collected from a woodstove (WS), a roadwear generator (RW), an underground station (UG), and a road tunnel (RT). Values expressed as
single values (RT) or mean ± 1 SE of two (WS, RW) or three (UG) individual samples. (*) p < 0.05 and (**) p < 0.01, analyzed by one-way
repeated measures ANOVA.

Figure 3. SEM micrographs showing morphology of coarse (C; ×5000), fine (F; ×5000), and ultrafine (UF; ×30 000) underground PM. Flakelike
particulates in the coarse fraction are indicated by arrowheads. Scale bars represent 10 μm (C and F) or 2 μm (UF).
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form granular shape. All fractions contained some particles of a
larger size than should theoretically have been permitted by the
cutpoint of the virtual impactor. These larger particles were
commonly composed of 1−2 μm particles agglomerated to
form a single mass, suggesting agglomeration post-collection.
ROS Generation by Underground PM. In order to

measure the ROS-generating capacity of underground PM,
PBEC monolayers were loaded with the oxidant sensitive dye
H2DCF-DA, which is fluorescent only after oxidation.
Following 3 h exposure to underground PM, fluorescence
was seen to increase in a concentration- and size-fraction-
dependent manner (Figure 4), with ultrafine and fine fractions

generally inducing greater fluorescence than the coarse fraction
(11.5 ± 0.8, 9.3 ± 0.4, and 7.7 ± 0.9 mean fold increase ± 1 SE,
respectively).

■ DISCUSSION
This study examined the levels of transition and nontransition
metals and selected metalloids in size-fractionated underground
railway PM, with woodstove, roadwear, and road tunnel PM
used as comparators. ICP-MS analyses of a large range of
metals, especially in the rarely studied ultrafine fraction,
provides new information on the chemistry of underground
airborne PM. The underground railway station on which this
study focused forms part of a mainline international railway.
This is important because (1) the studied railway draws power
from an overhead catenary, as opposed to an electrified rail, and
(2) trains running on this line are larger than would generally
be found on urban underground railway networks. The effects
of increased load on rail wear have been detailed elsewhere.25

The present study showed that underground PM contained a
high concentration of Fe. This observation is in agreement with
other studies, which have found high Fe content in under-
ground PM (e.g., 40−59% in Stockholm underground PM10,

8,26

61% and 42% from Paris RER and Metro PM10, respectively
3).

Interestingly, Stockholm underground PM2.5 was found to
contain almost undetectable levels of metal.8 Overall, the results
from underground stations are in clear contrast to samples from
road traffic predominant areas, which tend to be rich in
elemental carbon.2

Unlike the vast majority of studies of underground PM, the
present study also analyzed the elemental composition of
ultrafine PM (PM0.1), which is rarely studied.16 In urban
environments, ultrafine PM is generally metal-poor27−29 and
mainly composed of elemental C along with the products of
secondary reactions between gaseous pollutants that condense
to form PM.29−31 In terms of their chemistry, these secondary
ultrafine particles are thought to be of little toxicological
significance.32 However, some processes involving high
temperatures and resultant vaporization or combustion of
substrate material have the potential to generate metal-rich
ultrafine PM.33,34 Indeed, most metals analyzed in this study
were found to have higher concentrations in the ultrafine
fraction compared to the coarse and fine fractions, although the
differences were not statistically significant for any metal.
Furthermore, our study may underestimate the relatively metal-
rich nature of the ultrafine fraction compared to the fine
fraction as the VACES equipment includes some ultrafine PM
in the PM2.5 fraction.22 The majority of particles in under-
ground PM samples are thought to be derived from interaction
between wheels, rails, and brakes,2 generating airborne particles
that consist mainly of Fe but also contain among others Mn,
Cr, V, Zn, and As.35 Although abrasive forces between wheels,
rails, and brakes can clearly generate coarse and fine PM due to
shearing, there is evidence to suggest that ultrafine PM can be
generated via the high temperatures of friction at interfaces
between these components, with subsequent vaporization of
the substrate.25,34 There is also likely to be a contribution from
arcing of the electrical current from the source to the contact
point on the train, through which electrical current is drawn to
power the train.36,37 Crucially, however, unlike most urban
underground systems that draw electric current through a third
rail running parallel to the other rails, the railway in the present
study is powered by an overhead catenary with the current
drawn through a pantograph. Contact wires, which run above
the railway line, are generally composed of Cu, alloyed with
0.1−0.5% Ag, Sn, Mg, or Cd.38,39 The precise composition of
these wires depends on the speed reached by trains drawing
current. Similarly Cu or Cu−Pb−Sn alloys form the contact
material of the pantograph, although in this case, it is generally
as a component of a metallized carbon contact strip.40,41 This
can be contrasted with the third-rail system of power, where
similar materials are used on the current-collecting component
(in this case a third-rail “shoe”), but the third rail itself is an Al−
stainless steel composite.42 As such, overhead contact wire-
powered underground railways may be expected to show
increased airborne Cu levels compared to electrified rail-
powered systems. By using the previously stated underground
airborne PM mass concentrations for each size fraction
described above, in conjunction with the concentration of
Mn in each fraction, the mean (± 1 SE) airborne Mn
concentration over the three days is calculated as 1010 ± 93
ng/m3 well in excess of the WHO recommended limit of 150
ng/m3 annual average and would still exceed this limit after
allowing for working a 35 h exposure period per week, with
zero Mn exposure outside of working hours.43 Because Mn
overexposure in welders and miners has been linked to
symptoms resembling those of Parkinsonism, further study is
needed of the potential effects of chronic exposure to
underground dust.44

As the antithesis of an element found to be relatively
enriched in underground PM, K was particularly high in
woodstove PM. Wood combustion is a significant contributor

Figure 4. DCF fluorescence induced by 3 h incubation of PBECs with
coarse, fine, or ultrafine underground PM. Values expressed as mean ±
1 SE, n = 3−5. (***) p < 0.001 vs control; (#) p < 0.05 for fine or
ultrafine vs respective concentration of coarse PM. (##) p < 0.01 and
(###) p < 0.001, analyzed by one-way repeated measures ANOVA.
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to airborne K,45−47 so it is unsurprising that K was found at
high levels in wood burner emissions. Interestingly, woodstove
PM displayed levels of Rb, Cd, and Pb that were markedly
enriched relative to other PM. Cd is a characteristic waste
product of many industrial processes and is toxic to multiple
organs, and it may be significant that the trees used to fuel the
woodstove in this study were grown in the vicinity of a waste
incinerator.48 Waste incineration plants have been shown to
release Cd as part of the incineration process,49,50 and Pb was
also enriched in woodstove PM compared to all other PM with
the exception of road tunnel PM. It is well documented that the
alkali metals Rb and Cs (which was also elevated in woodstove
PM compared to other PM, although only at trace levels) act as
analogues for K, also an alkali metal, in plant cation uptake,
explaining their accumulation in plant material.51

Both roadwear PM and road tunnel PM have slightly raised
levels of Ba but well below those seen in underground PM. Ba
is also found in the brake shoes of trains; hence, brake wear is a
possible source of the high Ba concentration in underground
PM.45,52 Roadwear and road tunnel PM samples also have high
concentrations of Na, while roadwear PM was relatively rich in
Al, K, Ti, and Sr and road tunnel PM was rich in B and Pb.
These differences may reflect generation: roadwear PM is from
an artificial roadwear generator while road tunnel PM is from
an operational road tunnel. Ti and K are both found in brake
pads,53 while road dust contains aluminosilicates.54 Elevated Na
levels in road tunnel PM likely derive from the nearby (≈30
km) North Sea coast or from the addition of road salt. The
elevated level of Pb in road tunnel PM is noteworthy as Pb is
not currently used in Dutch petrol. However, Pb has been
detected in road dust samples in other studies,47,53 and
probably reflects the greater volatility of Pb compared to other
anthropogenically enriched toxic metals.55

The analyses presented here only yield the concentrations of
the various elements under consideration. While this
information is important, more detailed assessment of the
biochemical impacts of these elevated metal levels would
require information concerning their oxidation states. For
example, distinction between Fe(II) and Fe(III) is important in
discussing Fenton reactions and radical formation, which
influences interaction with biomolecules. In addition, there is
a need for study of the nature of the metal compounds in the
PM. For example, environmental Fe is often found in an
insoluble oxide form,56,57 whereas metal chlorides are generally
soluble. Indeed, more than one form of iron oxide has been
observed in airborne PM, with urban PM Fe being mainly in
the form of the hematite (Fe2O3), while the predominant
species of underground iron has been reported for different
systems as being magnetite (Fe3O4) or metallic iron, with
minor hematite levels.26,58 Improved identification of particular
compounds could, for example, be attained by use of X-ray
diffraction.26,52

Although metal speciation was not explicitly determined in
this study, ROS generation by underground PM was
investigated. Not only is ROS generation dependent upon
the metal oxidation state, but it is also an intermediate step in
transition-metal toxicity. In the present study, each fraction of
underground PM was found to result in increased ROS
generation as measured by DCF fluorescence. Furthermore,
this ROS generation increased with PM concentration and was
also greater for fine and ultrafine fractions compared to the
coarse fraction. Considering the similarities in the metal
composition of the different fractions, this effect is most likely

due to the increased surface area/volume ratio as the PM size
decreases. Previous studies have suggested that transition
metals in lower oxidation states are better able to exert
oxidative effects than those in the higher oxidation states,59,60

which suggests that a toxicologically significant proportion of
underground PM is either in a submaximal oxidation state or is
able to be reduced in vitro to a state where it can further
catalyze ROS generation.
Analysis of metal concentrations in all samples showed a

strong correlation between different elements. Notably, Fe was
positively correlated with 32 of the elements, including several
of the most abundant transition metals, such as V, Cr, Mn, Co,
Ni, Cu, and Zn. It is likely that these correlations are partly due
to elements coming from the same source, such as Fe being
alloyed with other elements to modify the properties of steel,
but also partly due to the level of general mechanical activity
contributing to PM load.
Ion chromatography analyses showed that road tunnel PM

contained the highest concentrations of SO4
2−, Cl−, and NO3

−.
This finding is unsurprising, given that much of the PM from a
road tunnel is likely to be derived from fuel combustion and
thus be more representative of urban PM that is known to
contain high concentrations of these anions.47,61−63 There is
also likely to be a contribution from aged PM originating from
outside the tunnel, which has accumulated these anions during
transport to the sampling site. Nonetheless, the lack of these
anions in roadwear PM compared to other particles analyzed
also accords with their predominance in environments where
fuel combustion is taking place and also explains their high
levels in woodstove PM. However, it may be noteworthy that,
of all the PM sources, with the exception of road tunnel,
underground PM showed the greatest concentration of anions.
Weak correlations of SO4

2−, Cl−, and NO3
− concentrations

with Fe concentration indicates that they are unlikely to be
derived from mechanical wear. One source may be motor
vehicles in the vicinity. The airport is one of the busiest airports
in the world, by passenger number, and there is a considerable
amount of motor vehicle usage in the vicinity of the airport.
The railway station lies beneath a complex of car parks and
passenger drop-off/pick-up points. Thus, it is likely that PM
from car exhaust is drawn into the station by the “piston action”
of train movement, although the extent of this input is a matter
of debate.64−66 Additionally, contributions from aircraft
particulate emissions cannot be excluded.67 Another potential
source is the diesel-powered goods trains that pass occasionally
through the station at night. Although no such trains passed
through the station during sampling periods, particles deposited
by diesel locomotives could be re-entrained by trains passing
during the day or by cleaning vehicles that are in regular use. In
support of this hypothesis, the reduced levels of Cl− and NO3

−

compared to levels of SO4
2− in underground PM, especially the

ultrafine fraction, suggest that the contribution of secondary
species from outside is minor.
As this study focused on metals in PM, there remains a

proportion of the mass of underground PM that was not
identified in this study (45%, 44%, and 19% by mass for coarse,
fine, and ultrafine fractions, respectively). Si was not quantified
in this study as the hydrofluoric acid digestion technique
precludes accurate quantification. However, Si has been found
in underground PM by other groups and has been ascribed to
either brake blocks or the dumping of sand to improve wheel
traction under braking.2,4 Furthermore, oxygen as found in
metal oxides was not measured. Because underground PM

Environmental Science & Technology Article

dx.doi.org/10.1021/es304481m | Environ. Sci. Technol. 2013, 47, 3614−36223619



contains substantial levels of iron oxide, it is likely that oxygen
makes up a significant proportion of the unidentified PM
mass.68 Finally, carbon, either elemental or organic, was not
assayed. A wide range of organic compounds have been found
in underground PM,16 and while these may be derived from
diesel train passage, it has also been noted that PM in areas
located immediately below ground level, as with the station in
this study, may be more influenced by above-ground sources
than would be the case for deeper environments.69 This is
particularly pertinent here as the underground station lies
directly beneath a large multistory car park. Indeed, under-
ground PM is likely to contain toxicants such as polyaromatic
hydrocarbons and redox-active quinones,70 although the source
of these is harder to verify. They are likely to be derived from
above-ground traffic sources, and their concentrations may vary
depending on the underground system (e.g., ventilation
controls), above-ground urban pollution levels, and weather
conditions.
This study also examined the morphology of underground

PM because morphology can often serve as an indicator of the
source of the particulate or at least the processes involved in its
creation.2 In terms of particle numbers, most PM of all size
fractions had a granular appearance, with rough, uneven faces.
No fibrous structures were observed. However, coarse PM
contained a considerable number of particles of a flakelike,
angular appearance, characteristic of particles created by
abrasion and shearing. Such flakes may have considerably
lower aerodynamic diameters than geometric diameters,
resulting in an increased likelihood of deposition in the
respiratory tract. Similar morphology has previously been
observed in PM in other underground systems.2,4,26 Very few
flakelike particles were observed in the fine fraction, while none
were seen in the ultrafine PM. Whether particulate angular
shape affects uptake by cells or particle−particle interactions is
not known. However, the angular nature of these particles may
allow them to impinge upon the structure of the cell.26

Particle agglomerates were seen in all fractions, smaller
structures comprising fewer than 10 individual particles, while
larger structures were also observed, in excess of the respective
VACES cutpoint, suggesting that the agglomerate had formed
after collection. It was also observed that some particles
particularly in the ultrafine (PM0.18) fraction were larger than
the stated cutpoint, although this may be reconciled by
understanding that the diameter relates to the aerodynamic
behavior equivalent to a sphere of unit-density of a set
diameter.71 Therefore, a particle may have an aerodynamic
diameter lower than suggested by consideration of only its
largest dimension.72 Furthermore, the stated VACES cutpoint
is not an absolute value but a 50% elimination value, meaning
that, although 50% of particles larger than the cutpoint of 0.18
μm are eliminated, some larger particles, including up to 5% of
those above 0.5 μm, may remain.22 There also exists the
possibility for smaller particles to enter larger-cutpoint fractions
by adhering to larger particles.35

In conclusion, this study has characterized and compared
size-fractionated mainline underground PM. The results show
that underground PM contains a high concentration of Fe,
correlated with levels of other transition metals, notably, Mn,
Ni, Cu, and V, which are significantly elevated compared to PM
from other sources. Crucially, ultrafine underground dust was at
least as rich in metals as coarse and fine underground PM,
which may have important implications for potential hazards

posed by underground PM, and warrants further study of the
hitherto neglected ultrafine fraction in particular.
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Abstract

Sensitization and exposure to the allergenic fungus Alternaria alternata has been associated with increased risk of asthma
and asthma exacerbations. The first cells to encounter inhaled allergens are epithelial cells at the airway mucosal surface.
Epithelial barrier function has previously been reported to be defective in asthma. This study investigated the contribution
of proteases from Alternaria alternata on epithelial barrier function and inflammatory responses and compared responses of
in vitro cultures of differentiated bronchial epithelial cells derived from severely asthmatic donors with those from non-
asthmatic controls. Polarised 16HBE cells or air-liquid interface (ALI) bronchial epithelial cultures from non-asthmatic or
severe asthmatic donors were challenged apically with extracts of Alternaria and changes in inflammatory cytokine release
and transepithelial electrical resistance (TER) were measured. Protease activity in Alternaria extracts was characterised and
the effect of selectively inhibiting protease activity on epithelial responses was examined using protease inhibitors and
heat-treatment. In 16HBE cells, Alternaria extracts stimulated release of IL-8 and TNFa, with concomitant reduction in TER;
these effects were prevented by heat-treatment of the extracts. Examination of the effects of protease inhibitors suggested
that serine proteases were the predominant class of proteases mediating these effects. ALI cultures from asthmatic donors
exhibited a reduced IL-8 response to Alternaria relative to those from healthy controls, while neither responded with
increased thymic stromal lymphopoietin (TSLP) release. Only cultures from asthmatic donors were susceptible to the barrier-
weakening effects of Alternaria. Therefore, the bronchial epithelium of severely asthmatic individuals may be more
susceptible to the deleterious effects of Alternaria.
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Introduction

Asthma is a chronic inflammatory airways disease that is

characterised physiologically by airway hyperresponsiveness to

innocuous stimuli, and pathologically by Th2 inflammation and

structural remodelling of the airways. The majority of asthma is

associated with atopy, where an IgE response to specific aeroaller-

gens has developed. The airway epithelium which forms both a

physical barrier and an interface with the immune system via

expression of adhesion molecules and secretion of a myriad

cytokines, chemokines, and inflammatory mediators [1–3], is the

first tissue encountered by such inhaled allergens. However, recent

evidence has suggested that the asthmatic bronchial epithelium is

structurally perturbed, resulting in impairment of barrier function

[4].

Allergens from fungi including species of Alternaria, Cladosporium,

and Aspergillus present a major risk factor for the development of

asthma, with evidence supporting a link between sensitisation to

fungi and prevalence or severity of asthma [5,6], and also between

spore prevalence and asthma [7,8]. Further reports have found

links between sensitivity to the common Alternaria species of fungi,

particularly Alternaria alternata, and asthma [7,9–12]. Pathogenic

fungi secrete a range of proteases [13], with those of the serine

class being particularly associated with asthma [14]. In vitro studies

have shown that serine proteases from Aspergillus fumigatus and

Alternaria alternata induce production of IL-8 and IL-6, as well as

causing epithelial cell detachment [15–17]. This action is reported

to occur via activation of protease activated receptor (PAR)22

[18,19], which has been observed to be up-regulated in the

bronchial epithelium of asthmatic subjects [20], and can be

replicated by use of a synthetic PAR-2 activating peptide [21].

Similar effects have been seen with the house dust mite (HDM)

cysteine and serine protease allergens Der p 1 and Der p 3 [18,22],

and also serine proteases from German cockroach extract [23].

Alternaria-induced PAR-2 cleavage has also been suggested to be

responsible for TSLP release from epithelial cells, and the activity
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of proteases as adjuvants in allergic sensitisation [24–26].

However, even though it is well recognised that the bronchial

epithelium is a polarised structure, little is known about the

directionality of epithelial cytokine release. Vectorial cytokine

release may be critical for establishing concentration gradients of

certain cytokines that play key roles in chemoattraction and

immune cell recruitment.

Aside from their activity towards PARs, proteases can also

perturb the epithelial barrier by directly cleaving tight junction

proteins, facilitating permeation of allergens and pathogens to the

underlying tissue. Der p 1 can degrade occludin and trigger ZO-1

breakdown, resulting in tight junction disassembly and increased

paracellular permeability [27,28]; similar effects have also been

seen with HDM serine proteases [29]. The Penicillium allergen Pen

ch 13, a serine protease, has been reported to cleave occludin [30],

and effects on occludin, ZO-1, and claudin-1 have been noted

with serine and cysteine proteases in pollen from a variety of

sources [31].

Previous studies have focused on use of epithelial cell lines which

are not covered by a cytoprotective mucous layer that protects the

airways in vivo, which may explain their susceptibility to the

proteolytic effects of allergen-derived proteases. Furthermore, the

observation that there is impaired epithelial barrier function in

asthma [4] led us to investigate the effect of Alternaria on epithelial

barrier function, and to determine whether there is a differential

response to Alternaria extract between fully differentiated cultures of

primary human bronchial epithelial cells (PBECs) from healthy

donors and those from asthmatic donors. As Alternaria has been

observed to be both pro-inflammatory [16] and to induce

development of a Th2-type response [32,33], vectorial secretion

of IL-8, TNFa, thymic stromal lymphopoietin (TSLP), IL-18 and

IL-33 was analysed.

Methods

Ethics Statement
Ethical approval had been obtained from the Southampton

local research ethics committee under the description ‘‘Patho-

physiology of Airway Diseases such as Asthma and COPD’’, Rec.

No 05/Q1702/165, code MRC0268. All volunteers had provided

their written informed consent, and all samples were anonymous-

linked, with access to patient-identifiable data being available only

to those with prior ethical approval.

Cell Culture
The human bronchial epithelial cell-line, 16-HBE14o- (a gift

from Professor D.C. Gruenert, San Francisco, USA) [34] was

cultured in Minimal Essential Medium (MEM) with GlutaMax

supplemented with 10% heat-inactivated FBS, 50 IU/ml penicil-

lin and 50 mg/ml streptomycin (all Invitrogen, Paisley, UK). Cells

were placed in TranswellH culture inserts (Corning, Tewkesbury,

MA, USA) pre-coated with collagen I (Pure-Col, Nutacon BV,

Leimuiden, The Netherlands); they were used for experiment

when the transepithelial electrical resistance (TER) was .3000 V/

cm2. 24 h prior to challenge, 16HBE cells had the apical medium

replaced with serum-free MEM.

Primary bronchial epithelial cells (PBECs) were grown from

bronchial brushings obtained from non-asthmatic or severe

asthmatic volunteers by fibreoptic bronchoscopy, as previously

described [35] (for donor information, see Table S1). PBECs were

expanded in culture and, at passage 2, were taken to an air-liquid

interface (ALI) [4]. Cultures were used for assays at day 21 when

the TER was .3000 V/cm2. 24 h prior to challenge, the

basolateral medium of ALI cultures was replaced with BEBM

containing 1% ITS (Sigma-Aldrich, Gillingham, UK) and 1.5 mg/

ml BSA basolaterally.

Lyophilised Alternaria alternata and Cladosporium herbarum extracts

(Greer, Lenoir, NC, USA) were prepared by purification and

lyophilisation of fungal culture medium according to current Good

Manufacturing Practice to minimise inter-batch variability [36].

Extracts were dissolved into supplement-free medium and added

apically to cultures to achieve the desired concentrations. Protein

concentrations were 136 mg/mg dry weight for Alternaria extract

and 30 mg/mg dry weight for Cladosporium extract. LPS content

was not assayed, however, previous assays of the same product

have shown minimal endotoxin activity [32]; in view of the lack of

CD14 expression by epithelial cells [37], there is minimal

possibility that LPS contamination contributed to responses of

the BEC cultures. To assess heat-lability, fungal extracts were

heat-treated at 65uC for 30 min while the contribution of serine,

cysteine and aspartate protease activity was determined by

pretreating Alternaria extracts with AEBSF, E-64, or Pepstatin A

(Sigma-Aldrich, Gillingham, UK) respectively for 30 min imme-

diately prior to stimulation. To assess the contribution of p38

MAPK, SB203580 (Sigma-Aldrich) was added apically for 30 min

prior to challenge. At 24 h, apical and basolateral media were

harvested and cells were fixed for immunostaining. Further details

of cell culture and challenge can be found in Information S1.

Lactate Dehydrogenase (LDH) Assay
LDH release was measured using a CytoTox 96 LDH assay kit

(Promega, Southampton, UK) according to the manufacturer’s

instructions. Total cellular LDH activity was determined by lysing

cells with 1% Triton X-100 in culture medium for 60 min at 37uC.

FITC-Dextran Passage
FITC-dextran (4 kDa) was added to the apical compartment at

a final concentration of 2 mg/ml, 1h after the addition of the

fungal extracts. Basolateral FITC-dextran concentration at 24 h

was determined against a standard curve using a Labsystems

Fluoroskan FL fluorimeter (Thermo Fisher Scientific, Waltham,

MA), with excitation and emission wavelengths set to 485 nm and

530 nm respectively.

Cytokine Analysis
Release of IL-8, TNFa, IL-18 and IL-33 into the apical and

basolateral compartments was assayed by ELISA according to the

manufacturer’s instructions (R&D Systems, Abingdon, UK). For

assay of TNFa release from ALI cultures, a high-sensitivity TNFa
ELISA kit (R&D Systems) was used. TSLP was measured using an

‘in-house’ ELISA developed by Novartis Plc (Horsham, UK),

which recognises both E. coli expressed recombinant TSLP and

naturally secreted TSLP from primary lung fibroblasts.

Detection of Protease Activity
Alternaria extract protease activity was assessed using a protease

fluorescent detection kit (Sigma-Aldrich) according to the manu-

facturer’s instructions. This kit was also used to measure attenuation

of Alternaria protease activity by prior heat-treatment of the extract or

the protease inhibitors AEBSF, E-64, or Pepstatin A.

Statistical Analysis
Results were analysed by one-way repeated measures ANOVA

with Bonferroni’s correction for pairwise analyses, or a ranked

version thereof (Friedman Repeated Measures ANOVA), with

Bonferroni’s or Tukey’s correction for pairwise analyses, as

Effects of Alternaria on Bronchial Epithelium
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appropriate. All analyses were performed using SigmaPlot 11.0

(Systat Software, Hounslow, UK).

Results

The Effect of Alternaria Extracts on Inflammatory
Mediator Release by 16HBE Cells

Polarised 16HBE cells were challenged with Alternaria extract,

and cytokine release after 24 h stimulation was measured by

ELISA. Alternaria induced a dose-dependent increase in apical IL-8

release (Figure 1A), with 100 mg/ml Alternaria (Alt100) significantly

inducing IL-8 release compared with untreated controls, or cells

treated with heat-treated Alt100 (Alt100HT) or 100 mg/ml

Cladosporium extract (Clad100). While Alt100 also induced a

significant increase in basolateral IL-8 release compared to control

(Figure 1B), this was less marked than apical release. Clad100 did

not increase basolateral IL-8 release above baseline and heat

treatment of the Alternaria extract (Alt100HT) tended to reduce the

stimulation of basolateral IL-8 release, but this failed to reach

statistical significance. Analysis of TNFa release after Alternaria

challenge revealed similar results to IL-8 analysis (Figure S1).

The Effect of Alternaria on 16HBE Transepithelial
Electrical Resistance

We next investigated the effect of Alternaria on TER. A

significant dose-dependent decrease in TER was observed 1h

post-challenge with both Alt50 and Alt100 (Figure 1C). With

Alt50, the drop in TER began to recover almost immediately,

particularly from 3 h onwards, reaching control levels by 6 h

(Figure S2). After challenge with Alt100, the TER remained

significantly lower than control, even 24 h post-challenge

(Figure 1D). As found with cytokine release, Alt100HT showed

no significant effect on TER at any time point. Similarly, Clad100

did not affect TER. The dose-dependent, heat-labile increase in

epithelial permeability caused by Alternaria extracts was confirmed

by studies with FITC-labelled 4 kDa dextran (Figure S3),

suggesting that Alternaria affects both ionic and macromolecular

permeability; however the extent to which passage of the 4 kDa

macromolecule was facilitated by exposure of the epithelium to

Alternaria was small compared to the effect of the calcium chelator

EGTA (50 mM). None of the challenges significantly induced

LDH release compared with control cultures (data not shown).

Protease Activity of Alternaria Extract
To determine specific protease activity in Alternaria extract, a

fluorescent protease assay was performed in the presence of a

variety of protease inhibitors (Figure 2). The serine protease

inhibitor AEBSF significantly reduced the protease activity of

Alternaria extract whereas the aspartate protease inhibitor Pepstatin

A had a small effect, and the cysteine protease inhibitor E-64 had

no effect. Heat-treatment of Alternaria extract reduced protease

activity to below the detection limit of the assay. No inhibitor

possessed intrinsic proteolytic activity.

Figure 1. Alternaria extract induces a heat-labile increase in IL-8 release and rapid reduction in TER in polarised 16HBE cells. Polarised
16HBE cells on Transwell inserts were challenged apically with varying doses of Alternaria (Alt) or Cladosporium (Clad) fungal extracts, or heat treated
fungal extract. (A) Apical and (B) basolateral supernatants were harvested 24 h post-challenge. IL-8 concentration was determined by ELISA (n = 4–9).
TER was measured before challenge and at (C) 1h and (D) 24 h thereafter, and calculated as percentage change from pre-challenge readings (n = 4–
15). Bars represent mean 6 SEM. Analysis by one way repeated measures ANOVA with Bonferroni correction for pairwise analyses *** p,0.001.
doi:10.1371/journal.pone.0071278.g001
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The Effect of Protease Inhibitors on Proinflammatory
Cytokine Release

To examine whether protease activity contributed to the effect of

Alternaria on the epithelial cells, Alt100 was pre-incubated with

protease inhibitors prior to challenge of the epithelial cultures;

control cultures were tested in the presence of inhibitor alone. Apical

release of IL-8 in response to Alt100 was not significantly affected by

any of the protease inhibitors; in contrast both AEBSF and Pepstatin

A significantly reduced basolateral IL-8 release (Figure 3). As we

failed to affect apical cytokine release with protease inhibitors, we

also tested the effect of inhibiting p38 MAPK which we have

previously found to inhibit pollen-induced apical IL-8 release,

without affecting transcription [38]. Correspondingly, the present

data shows SB203580 significantly reduced apical IL-8 release while

not significantly affecting basolateral cytokine release. Neither apical

nor basolateral release of TNFa were significantly affected by any of

the inhibitors tested (Figure S4).

The Effect of Protease Inhibitors on the Permeabilising
Activity of Alternaria

To further explore the effect of protease inhibition, TER changes

were investigated using Alt100 pre-treated with the same inhibitors.

At 1h post-challenge, either E-64 or SB203580 significantly

inhibited the decrease in TER caused by Alternaria (Figure S5). At

24 h post-challenge, while inter-treatment differences approached

significance, the significance threshold was not crossed. However,

there was a notable attenuation of the effect of Alternaria on TER

after incubation with either AEBSF or Pepstatin A.

The Effect of Alternaria on Polarised Cytokine Release
from ALI Cultures

Having observed significant effects of Alternaria using the 16HBE

bronchial epithelial cell line, experiments were performed using

primary epithelial cells differentiated at an ALI. For these

experiments, cells were derived from non-asthmatic and severe

asthmatic donors allowing disease-related comparisons to be

made. Preliminary studies showed that higher concentrations of

Alternaria were required to elicit responses in ALI cultures

compared to 16HBE, and therefore up to 400 mg/ml was used.

In ALI cultures from healthy donors, the highest dose of

Alternaria (Alt400) significantly induced an approximate doubling of

IL-8 release apically versus heat-treated Alternaria (Figure 4).

Alternaria also tended to cause a dose-dependent increase in

basolateral release of IL-8, significant for Alt400 with IL-8 levels

eight-fold higher than control. Cladosporium extract had no

significant effect on IL-8 release. Thus, basolateral IL-8 release

tended to be more responsive to Alternaria than was apical IL-8

release (see Figure S6), the reverse of the situation seen in 16HBE

cells, although the degree of inter-donor variability makes it

difficult to draw robust conclusions regarding this directionality.

When the same experiments were performed on ALI cultures from

severely asthmatic donors, none of the challenges elicited a

significant increase in release of IL-8 into either compartment

(Figure 4). TNFa levels were generally below the lower detection

limit (0.5 pg/ml) of the high-sensitivity ELISA kit.

Given the previous association of Alternaria with development of

a Th2 phenotype [32,33,39], we also assessed release of IL-18, IL-

33, and TSLP by ALI cultures after exposure to Alternaria. Using

commercially available ELISA kits, these cytokines were unde-

tectable (lower limit of detection = 10.2 pg/ml) in either apical or

Figure 2. Protease activity of Alternaria extract is reduced by
the serine protease inhibitor AEBSF. FITC-labelled casein was
incubated with Alternaria extract (500 mg/ml) alone or in the presence
of either AEBSF (2.5 mM), E-64 (500 mM), Pepstatin A (5 mg/ml), or heat-
treated (n = 4 separate experiments measured in duplicate). Soluble
fluorescence was measured after 24 h, relative to a trypsin standard.
Bars represent mean fluorescence relative to inhibitor-free control6-

SEM. Protease activity of 100 mg/ml Alternaria extract was equivalent to
6.762.5 mg/ml trypsin; for comparison, Cladosporium protease activity
was equivalent to 3.360.0 mg/ml trypsin. Analysis as for Figure 1. Bars
represent mean 6 SEM; *** p,0.001.
doi:10.1371/journal.pone.0071278.g002

Figure 3. Inhibitors of proteases and p38 MAPK differentially
inhibit apical and basolateral IL-8 release after Alternaria
challenge. The effect of Alternaria extract (100 mg/ml) on 16HBE cells
was tested alone or in the presence of AEBSF (250 mM), E-64 (50 mM),
Pepstatin A (0.5 mg/ml) or SB203580 (25 mM) (n = 3–8). IL-8 release 24 h
post-challenge was calculated as ‘‘Release (% control) = ((AltINHIB – No
AltINHIB)/(AltNO INHIB – No AltNO INHIB)) 6100’’, to correct for any effect of
the inhibitors on baseline IL-8 release without Alternaria. Data show
mean 6 SEM. Analysis as for Figure 1; * p,0.05, ** p,0.01.
doi:10.1371/journal.pone.0071278.g003
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basolateral supernatants across all groups. However, using an ‘in-

house’ TSLP ELISA, basolateral TSLP release was detectable but

there was no significant difference in TSLP secretion comparing

untreated or Alternaria-stimulated ALI cultures from either healthy

or severe asthmatic donors (Figure S7). No apical secretion of

TSLP was detectable.

The Effect of Alternaria on ALI Culture Transepithelial
Electrical Resistance

In ALI cultures from healthy donors, Alternaria had no effect on

TER after 3 h (Figure 5). By 24 h, TERs in the healthy donor

ALIs were all increased to 8–14% of their baseline levels, with no

difference between challenges. In contrast, cultures derived from

severely asthmatic donors responded to Alternaria challenge with a

rapid dose-dependent decrease in TER at 3 h compared to control

and heat-treated Alternaria. By 24 h post-challenge, no difference

existed between treatments. These results suggest that, unlike ALI

cultures from healthy donors, asthmatic donor ALI cultures are

susceptible to a rapid loss of epithelial barrier function after

exposure to Alternaria. The heat lability of this effect suggests that it

is protease-mediated.

Discussion

This study investigated the potential of Alternaria proteases to

perturb airway epithelial barrier function using cultures that are

fully differentiated and covered by a layer of cytoprotective mucus

as occurs in vivo, and to determine whether these responses are

different in severe asthma. Our main findings were that ALI

cultures from severely asthmatic donors exhibited a more variable

IL-8 response to Alternaria extracts relative to those from healthy

donors, while only cultures from severely asthmatic donors were

susceptible to the barrier-weakening effects of Alternaria. Further-

more, while previous studies with cell lines have suggested that

exposure to Alternaria extracts leads to production of cytokines that

promote a Th2 response [33,39], we failed to detect any epithelial

release of IL-33 or IL-18, while basolateral TSLP secretion did not

change in response to Alternaria.

Induction of inflammation has previously been shown to occur

upon challenge with serine proteases from Aspergillus fumigatus [15]

and Alternaria [40,41]. However, these studies did not take into

account epithelial polarisation, and were thus unable to study the

directionality of cytokine release, which is important in the context

of establishing a chemotactic gradient for IL-8 to act as a

neutrophil chemoattractant [42–45]. The results of this study also

emphasise the importance of cell differentiation since Alternaria-

induced release of IL-8 and TNFa was predominantly apical for

undifferentiated 16HBE cells, whereas for differentiated ALI

cultures the greatest fold stimulation was observed for the

basolateral compartment (median 2.9 fold apical versus 7.1 fold

basolateral in healthy donor cultures). Also of note is the

observation that TSLP is exclusively released into the basolateral

Figure 4. ALI cultures of healthy, but not severely asthmatic, donors increase IL-8 release in response to Alternaria. ALI cultures from
healthy (n = 8–12) or severely asthmatic (n = 6–7) donors were differentiated at air-liquid interface, prior to challenge with Alternaria (Alt) or
Cladosporium (Clad) fungal extracts. IL-8 release 24 h post-challenge was determined by ELISA. Box shows median and 25th/75th percentiles, and
whiskers show 10th/90th percentiles. Analysis by Friedman’s test with Tukey’s correction for pairwise analyses; * p,0.05.
doi:10.1371/journal.pone.0071278.g004
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compartment highlighting the importance of epithelial polarisation

for vectorial cytokine secretion. This may be significant in terms of

establishing appropriate concentration gradients for chemoattrac-

tants that direct cells to the luminal or subepithelial compartments.

Although Alternaria-stimulated IL-8 release into the basolateral

compartment was relatively small, this stimulatory effect was

greatly inhibited by AEBSF and Pepstatin A suggesting a protease-

mediated effect. Conversely, protease inhibition failed to affect

apical IL-8 release, which was instead sensitive to inhibition of p38

MAPK which is thought to play a role in stabilising IL-8 mRNA

[46]. Although it has been well established that some growth

factors are selectively sorted to the basolateral surface via

information that usually resides in the cytoplasmic tail of the

cargo [47], this does not explain how trafficking of a protein such

as IL-8 is differentially regulated towards the apical or basolateral

domains. Although this question has not been explored in detail,

we have recently shown that trafficking of IL-8 in ALI cultures

challenged with grass pollen extract is post-transcriptionally

regulated with apical release being selectively regulated by p38

MAPK [38] as observed in the present study using Alternaria. While

the PAR-2 agonist trypsin, as well as a PAR-2 activating peptide,

have been shown to activate p38 MAPK expression weakly, it

seems unlikely that PAR-2 activation lies upstream of p38 MAPK

activation in mediating Alternaria-induced apical IL-8 release as this

response was insensitive to protease inhibitors.

Although HDM serine and cysteine proteases have been

reported to increase epithelial permeability [27,29], there is a

paucity of comparative studies of fungal proteases, particularly

using Alternaria. The present study suggests that heat labile

activities in Alternaria extracts significantly and rapidly weaken

the epithelial barrier, initially due to cysteine protease activity, and

also via a p38 MAPK-mediated mechanism. However, both E-64

and SB203580 exhibited non-specific barrier-weakening effects at

the 1h time point, and this may be a factor in the apparent

reduction of activity of Alternaria in this respect. At 24 h a lesser

degree of non-specific barrier-weakening activity was displayed by

the inhibitors, and serine and aspartate protease inhibition

appeared to show a trend for inhibition of the reduction in TER

caused by Alternaria.

Fungal proteases fulfil a number of functions, particularly the

external digestion of macronutrients, but are also intrinsic to the

pathogenesis of diseases resulting from fungal exposure [48].

Taken together, these results suggest that the effects of Alternaria at

the airway epithelium are due to serine and, to a lesser extent,

aspartate protease activity, with the involvement of proteases in

general being supported by the lack of activity of heat-treated

Alternaria extract. Recent reports have suggested a role for serine

and aspartate proteases in the cellular effects of Alternaria but, to

our knowledge, this is the first work which suggests that both

classes of protease exert significant effects. For example, it has

been suggested that the active component(s) of Alternaria in the

induction of proinflammatory responses in bronchial epithelial

cells is serine protease(s) acting on PAR-2 [40], although this has

not been confirmed in vivo [49]. In contrast, it has been suggested

recently that the actions of Alternaria on epithelial cells and

eosinophils are sensitive to aspartate protease inhibition, but not to

serine protease or cysteine protease inhibition [50–52]. In our

studies, serine proteases were the dominant activity in the protease

assays, although inhibition of either serine or aspartate protease

activity had a potent suppressive effect on IL-8 release. This

discrepancy may be explained by the relative sensitivity of the

fluorescent assay for serine and aspartate proteases or alternative-

ly, it is possible that the effect of Pepstatin A on IL-8 release may

be due, in part, to inhibition of endogenous proteases. For

example, it has been reported that challenge of epithelial cells with

Aspergillus fumigatus triggers release of lysosomal enzymes including

the aspartate protease, cathepsin D [53], which may affect

subsequent cytokine responses. In addition to proteases, other

constituents of Alternaria extract such as b-glucans and chitin (cell

wall components) have been noted to exert immunomodulatory

effects [54–56]. However, the lack of residual effect after heat-

treatment of Alternaria in the present study suggests that the effect

of b-glucans was negligible in our studies, although we cannot

exclude the effect of other unidentified components, either

proteinaceous or small molecules, which may be affected by heat

treatment.

The study was then extended to examine primary bronchial

epithelial cells in ALI cultures, as a more accurate model of human

airway exposure. ALI cultures from non-asthmatic donors

exhibited increased IL-8 release in response to Alternaria, while

responses of cultures from asthmatic donors exhibited a trend of

being blunted and not statistically significant, although consider-

able inter-individual variability was observed.

ALI cultures from healthy donors were resistant to the increase

in epithelial permeability seen when ALI cultures from severely

asthmatic donors were challenged with Alternaria. To our

knowledge, this is the first study which has examined differential

responses to Alternaria between healthy and asthmatic ALI cultures.

The implications are potentially significant: if the permeability of

the bronchial epithelium in asthma is significantly increased by

Alternaria, passage of inhaled allergens to the subepithelial tissue

may be facilitated, and epithelial homeostasis disrupted. Since ALI

Figure 5. ALI cultures from severely asthmatic donors are
sensitive to the barrier weakening effect of Alternaria. ALI
cultures from healthy (grey bars; n = 7–9) and severely asthmatic (black
bars; n = 6–7) donors were challenged with Alternaria (Alt) or
Cladosporium (Clad) fungal extracts. TER was measured pre-challenge
and 3 h and 24 h post-challenge. Results are expressed as percentage
change in TER relative to pre-challenge and are shown as mean 6 SEM.
Analysis as for Figure 1; * p,0.05, ** p,0.01.
doi:10.1371/journal.pone.0071278.g005
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cultures from asthmatic donors also displayed a lack of response to

Alternaria in terms of IL-8 secretion, the ability to upregulate

recruitment of neutrophils and clearance of allergens and toxicants

in response to Alternaria may be affected. This impaired response of

the epithelial cells from asthmatic donors to Alternaria is unlikely to

be due to carry-over of corticosteroids used for asthma control

therapy, as we have shown that similar ALI cultures respond to

pollen extract with a significant increase in IL-8 release

irrespective of whether they were derived from healthy or severely

asthmatic donors [38].

Using commercially available ELISA kits, we failed to detect any

IL-18, IL-33 or TSLP release by the ALI cultures. IL-33 release has

been shown to be increased by Alternaria in murine BAL fluid and in

normal human bronchial epithelial cells (NHBE) [33], however in

the latter case the epithelial cell cultures were undifferentiated. In

contrast, others have failed to detect IL-33 or TSLP secretion from

either NHBEs challenged with Alternaria [39] or mouse lung

epithelial cells challenged with Aspergillus fumigatus [56]. We also

failed to detect IL-18, despite a recent report of a marked rapid

release of IL-18 after Alternaria challenge of NHBE cells [39].

However, control experiments performed in our laboratory and

assayed at the same time showed IL-18 and TSLP production in

response to rhinovirus challenge (data not shown), suggesting that

the lack of any observable effect with Alternaria was not due to

defective epithelial synthesis or release of these mediators. Although

we initially failed to detect TSLP with a commercial ELISA (from

R&D Systems), use of an alternative ‘in-house’ ELISA (developed by

Novartis plc.) enabled detection and quantification of basolateral

TSLP release, however no apical secretion was evident. We

postulate that this difference in detection is due to differences in

antibody recognition of recombinant and native TSLP, making the

commercial ELISA kit much less sensitive for detection of the

naturally produced protein. Having observed such a large difference

in sensitivity for detection of TSLP, it is possible that the ELISAs

employed for measurement of IL-33 and IL-18 may also be similarly

compromised.

TSLP is secreted by epithelial cells and potently activates

human dendritic cells to release a battery of cytokines which results

in Th2-skewing of naı̈ve CD4+ T cells [57]. Alternaria has been

shown to increase TSLP expression and release from airway

epithelial cells in vitro via PAR-2 activation [26]. However, even

though we were confident in our ability to detect TSLP reliably,

we found no significant change in TSLP release in response to

Alternaria. One likely explanation is the use of fully differentiated

ALI cultures in the present work, as opposed to undifferentiated

monolayers in the previous studies, emphasising the importance of

using models that closely mimic the in vivo state. While there is

strong evidence to suggest that Alternaria exposure can induce Th2-

type responses in vivo, and that TSLP released from structural cells

can act as a potent mediator for Th2 skewing [58], it is possible

that epithelial cells require the presence of other cell types or

multiple stimuli for Alternaria to have such an effect. For example,

IL-4 and double-stranded RNA potently synergise to stimulate

TSLP release from bronchial epithelial cells in vitro [59].

In summary, this study demonstrates that Alternaria extract is

able to significantly induce release of inflammatory cytokines and

to increase the permeability of a polarised airway epithelial cell

line. These effects were attributed to a heat-labile component of

the Alternaria, identified as being serine and possibly aspartate

protease mediated. Crucially, this study is the first to demonstrate

that fully differentiated epithelial cultures from asthmatic donors

appear to have a blunted IL-8 response to high levels of Alternaria,

while at the same time being more susceptible to the barrier-

weakening effect of Alternaria, than those from healthy donors.

Supporting Information

Figure S1 Alternaria extract induces a heat-labile
increase in TNFa release from polarised 16HBE cells.
Polarised 16HBE cells on Transwell inserts (n = 3–9) were

challenged apically with Alternaria (Alt) or Cladosporium (Clad)

fungal extracts. Apical and basolateral supernatants were harvest-

ed 24 h post-challenge. TNFa concentration was determined by

ELISA. Analysis by one way repeated measures ANOVA with

Bonferroni correction for pairwise analyses. Bars represent mean

6 SEM; ** p,0.01; *** p,0.001.

(TIF)

Figure S2 Alternaria extract induces a dose-dependent
decrease in 16HBE TER. TER was measured before fungal

challenge of polarised 16HBE cells, and at regular intervals up to

24 h thereafter (n = 4–15). Graph shows TER of polarised 16HBE

cultures in medium alone (m), or with Alternaria extract at 50 (N) and

100 ml/ml (¤), expressed as percentage change from pre-challenge

value. Points represent mean 6 M.

(TIF)

Figure S3 Alternaria extract increases epithelial mac-
romolecular permeability. Polarised 16HBE cells on Trans-

well inserts were challenged with medium, Alt50, Alt100 (all n = 4),

Alt100HT, Clad100, or EGTA (n = 2) 1 h before addition of

2 mg/ml 4 kDA FITC-dextran. After 24 h challenge, basolateral

FITC-dextran concentration was determined fluorimetrically.

Analysis as for Figure S1 Bars represent mean 6 SEM; ** p,0.01.

(TIF)

Figure S4 Inhibitors of proteases and p38 MAPK have
no significant effect on apical or basolateral TNFa
release after fungal challenge. The effect of Alternaria

(100 mg/ml) on 16HBE cells was tested alone or in the presence

of AEBSF (250 mM), E-64 (50 mM), Pepstatin A (0.5 mg/ml) or

SB203580 (25 mM) (n = 3–8). TNFa release 24 h post-challenge

was calculated as ‘‘Release (% control) = ((AltINHIB – No

AltINHIB)/(AltNO INHIB – No AltNO INHIB)) 6100’’, to correct for

any effect of the inhibitors on baseline TNFa release without

Alternaria. Analysis as for Figure S1. Data show mean 6 SEM.

(TIF)

Figure S5 Alternaria-induced drop in TER is sensitive
to inhibition of cysteine protease and p38 MAPK. The

effect of Alternaria (100 mg/ml) on 16HBE cells was tested alone or

in the presence of AEBSF (250 mM), E-64 (50 mM), Pepstatin A

(0.5 mg/ml) or SB203580 (25 mM) (n = 3–6). TER was measured

at 1 h and 24 h post-challenge, calculated as percentage change

from pre-challenge, and corrected for any effect of the inhibitor

alone by subtracting the percentage change in TER in the absence

of Alternaria from the percentage change in TER in the presence

of Alternaria, with each respective inhibitor or inhibitor-free

condition. Bars represent mean change 6 SEM; ** p,0.01.

(TIF)

Figure S6 The increase in IL-8 release in healthy donor
ALI cultures is driven by increased basolateral release of
IL-8. ALI cultures from healthy (n = 8–12) or severely asthmatic

(n = 6–7) donors were differentiated at air-liquid interface, prior to

challenge with Alternaria (Alt) 400 mg/ml. IL-8 release 24 h post-

challenge was determined by ELISA. Lines represent difference in

individual donor cultures between control and Alt400-stimulated

IL-8 release. Analysis by Wilcoxon Matched Pair test. ***

p,0.001.

(TIF)
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Figure S7 Alternaria challenge does not affect basolat-
eral release of TSLP in healthy or severely asthmatic
donor ALI cultures. ALI cultures from healthy (n = 7–12) or

severely asthmatic (n = 6–7) donors were differentiated at air-liquid

interface, prior to challenge with Alternaria (Alt) or Cladosporium

(Clad) fungal extracts. TSLP release 24 h post-challenge was

determined by ELISA. TOP: Boxes show median and 25/75th

percentiles, and whiskers show 10th/90th percentiles. Analysis by

Friedman’s test. BOTTOM: Lines represent difference in

individual donor cultures between control and Alt400-stimulated

TSLP release.

(TIF)

Information S1

(DOCX)

Table S1 PBEC donor information. Clinical characterisa-

tion of the donors of the bronchial epithelial cells used in this work.

FEV1% – forced expiratory volume in 1 second, as a percentage of

predicted value; ICS – inhaled corticosteroid (dose as equivalent to

micrograms per day Beclometasone dipropionate); LABA = long

acting b2-adrenoceptor agonist; anti-leuk = anti-leukotriene.

(DOCX)
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