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EXECUTIVE SUMMARY

ABSTRACT

Particulate air pollution has been consistently linked with an increase in morbidity and mortality due to respiratory complications and cardiovascular disease. The aim of this study was to investigate which components of PM10 are important in driving its biological effects.

In vivo studies:  PM10 was collected daily for one year onto Teflon filters at 6 sites in the UK, each having air pollution sources of different characteristics. Particulate was extracted from the filters, before being either entered into a rat lung instillation model (in vivo) or used to treat cells in culture (in vitro). Estimated daily concentrations of primary, secondary and coarse particles at each location were calculated by source apportionment modelling (AEA Technology). For 6 months of the collection period concurrent PM10 samples were collected and analysed for metal content by ICP-MS (Edinburgh University).

Each 24h PM10 sample was extracted into 1 ml of sterile saline and the concentration of particulate extract was estimated by turbidometry. There was a strong correlation between PM10 mass on filters and the mass extracted. PM10 suspensions were not equalised for mass prior to instillation, instead extracts were instilled neat in order to represent the dose of particulate at respective sites on the dates studied. Each PM10 sample (0.5 ml) was intratracheally instilled into the lungs of one rat on one occasion. After 18 hours the lungs were washed to obtain broncho-alveolar lavage (BAL) cells and fluid. Preparations of BAL cells were counted to assess the presence of different cell types, especially neutrophils as an indicator of inflammation. BAL fluid was analysed for various biochemical parameters to determine the extent of lung damage.

On taking an average of the data obtained for PM10 at each location, the percentage of neutrophils in BAL cells was raised in lungs exposed to PM10 from all sites, but most notably Marylebone Road and Belfast.  The concentration of macrophage inflammatory protein-2 (MIP-2), lactate dehydrogenase (LDH) and protein in BAL fluid were not significantly different from the control suggesting that the inflammation measured was not induced by gross lung damage.

On considering each instillation result independently, inflammation was found to be highly influenced by mass dose of PM10 instilled. Stepwise regression analysis of the results on the basis of composition, however, highlighted the importance of other factors in driving inflammation. Statistical analysis of PM10 samples selected from the entire 12 month sampling period revealed that primary particulate was a strong factor in determining potency whereas secondary and coarse particles were not. Analysis of PM10 samples selected from the last 6 months of sampling, coinciding with the PM10 collection for metal determination, revealed zinc to be highly inflammogenic, overriding the primary component in its influence on potency.

In conclusion, the results of the in vivo study indicate that mass continues to be an appropriate metric by which to monitor air pollution and confirm that a reduction in particulate concentration reduces the potency risk.  However, these results suggest that mass alone is not the only driving force behind PM10 induced inflammation, and that the transition metal components, including zinc are of great importance.  The data also suggests that decreasing the coarse and secondary components of PM10 are unlikely of to be of much benefit to public health.

PM10 and PM2.5 TEOM filters were obtained from the AUN archive. PM10 from three locations, with collection periods corresponding to dates of Teflon PM10 samples tested, was extracted and diluted to the mean concentration instilled for each location in the main in vivo study.  For Marylebone Road, PM10 extracted from Teflon filters induced a significantly greater inflammatory reaction in the rat lung than corresponding material from TEOM filters. For North Kensington and Belfast locations there was no difference in potency between Teflon (non-heated) and TEOM (heated) PM10.  This data suggests that at some locations such as busy roadside or kerbside locations heating of the PM10 sample by the TEOM may lead to loss of volatile components with the potential to drive inflammation in vivo.  However, further investigation is required to confirm such a conclusion.
TEOM PM2.5 and TEOM PM10 from Marylebone Road and from the same sampling period was compared for potency on an equal mass basis in the instillation model. PM10 consistently induced a greater inflammatory response than PM2.5. 

In vitro studies:  Lung epithelial  and macrophage cell lines were treated in culture with PM10 suspensions for 4 and 18 hours. Release of the cytokines interleukin-8 (IL-8) and tumour necrosis factor-( (TNF-() (respectively) into the supernatant media was used as the marker of a pro-inflammatory effect. However, IL-8 protein released from epithelial cells was adsorbed onto particle surfaces, especially onto Marylebone Road and Birmingham PM10 and hence was rendered unreliable as a marker. Biochemical analysis indicated that PM10 exerted toxicity to epithelial cells resulting in release of lactate dehydrogenase (LDH) and a slight depletion in cellular glutathione (GSH) and adenosine triphosphate (ATP). As an alternative inflammatory marker, IL-8 gene expression (mRNA) was determined. In both bronchial and alveolar epithelial cells lines PM10, notably from Birmingham, Marylebone Road and Belfast, up-regulated IL-8 mRNA expression compared to that in control cells.
PM10 induced a strong inflammatory response in macrophages. TNF-( was released in response to treatment of particulate from all locations. Decreased TNF-( release upon treatment with Marylebone Road and Birmingham PM10 was shown to be due to increased cellular toxicity leading to reduced capacity to generate cytokine, rather than adsorption of PM10.

This study highlighted the difference in sensitivity to PM10 exposure of macrophages compared to epithelial cells. PM10 from all locations strongly stimulated TNF-( production and release from macrophages. However, notable toxicity was induced by 4 hours of PM10 treatment of the macrophages in vitro, to the extent that the cells’ capacity to generate TNF-( was severely impaired in response to Birmingham and Marylebone Road particulate. Toxicity was demonstrated by very high LDH release and marked depletion in GSH and ATP. 

In common with the in vivo study there was particularly strong correlation between markers of inflammation and cellular toxicity and the water soluble metal content of PM10 used to treat macrophages. TNF-( was negatively correlated with metal content due to the toxicity mentioned above, as was GSH and ATP, whereas increasing LDH release was strongly correlated with total combined water soluble metal concentration. Of the individual metal analysed, manganese was most strongly associated with the biochemical markers followed by zinc.

In conclusion this project has confirmed the importance of mass in driving the inflammatory effects of PM10 and suggests that mass remains an appropriate metric by which to measure air pollution and implement reduction strategies. Furthermore this study has highlighted the benefit of reducing certain contributing components including primary particulate and zinc. 
EXTENDED ABSTRACT

What were the aims of the project?

Adverse health effects attributed to ambient air pollution are now well documented (section 1.2). A number of in vitro and in vivo studies have linked the toxicity of the particulate to one or more of the components studied in isolation. The principal aim of this study was to investigate the biological potency of whole PM10 samples which differ in their composition then to relate the composition to biological potency (section 2). 

The project also aimed to compare potency of PM10 collected onto filters in a TEOM system with that collected onto Teflon filters in a Partisol sampler. The rationale was to investigate if compositional elements important in conferring potency to PM10 are lost during the heating of TEOM filters. 

Finally, the project aimed to compare the biological potency of PM10 versus PM2.5.

What was the source and nature of particulate material?

Collection of all PM10 samples was co-ordinated by Casella Stanger. The PM10 samples collected onto Teflon filters were sampled at 6 contrasting sites in the UK in order to obtain samples which varied in composition (section 3.1). These sites were London Marylebone Road and North Kensington, Birmingham, Port Talbot, Belfast and Harwell. The samples were collected for 24 hour samples in order to distinguish individual pollution episodes characterised by high primary, secondary or coarse particulate.

Samples comprised TEOM PM10 and TEOM PM2.5 from the AUN archive, PM10 samples collected onto Teflon filters using Partisol 2025 samplers and PM10 samples collected through the TEOM ACCU system (section 4.7).

What analysis was performed to determine PM10 composition?

AEA Technology was sub-contracted to carry out source apportionment modelling of primary, secondary and coarse particle concentration at each site for the duration of the PM10 collection period (section 3.3).

Analysis of metals (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Pb) in a 6 month collection of PM10 samples from the TEOM ACCU was conducted by Edinburgh University (section 3.3).

What experiments were performed to assess biological potency?

PM10 samples from all locations, covering a range of mass and season, were used in a rat lung instillation model to detect potency in vivo (section 3.5). PM10 was instilled for 18 hours after which lungs were washed to obtain broncho-alveolar lavage (BAL) cells and fluid. Induction of inflammation was assessed as the number of neutrophils in the BAL cell population. BAL fluid was assayed for a number of biochemical markers of inflammation, tissue damage and oxidative stress (section 3.7).

Cells in culture were treated with PM10 to look for molecular markers of inflammation including cytokines such as IL-8 and TNF (section 3.6) as well as biochemical markers as above.

What dose of PM10 was used?

Particulate was removed from filters by extraction into either saline or cell culture medium and the particle concentration measured by turbidometry (section 3.4). Doses of PM10 from different locations were not equalised for mass prior to instillation, instead the particulate extracted from each PM10 sample was regarded as a representative 24 hour dose at that location on that date.

What was the potency of PM10 in vivo?

When the data from each location was averaged, PM10 from Marylebone Road and Belfast locations induced significant inflammation, as indicated by an increase in percentage of neutrophils in the BAL cells (section 4.1.1). However, when individual PM10 samples were examined, PM10 collected from all locations was able to induce inflammation.  The level of inflammation was found to be strongly driven by mass dose, but there was some degree of deviation from linearity, for example some samples of high mass (e.g. 300 g/ml) induced no significant increase in neutrophil numbers, where as other samples with relatively low mass dose (e/g/ 30 g/ml) induced very high numbers of neutrophils in BAL.  This data suggests that factors other than mass also contributed to potency of individual PM10 samples (section 4.1.3). 

What was the effect of PM10 composition on potency?

Water soluble metal content, in particular zinc and nickel, had the strongest impact on the inflammogenicity of PM10 samples of any compositional component measured. The concentration of many of the 12 metals analysed were strongly correlated with inflammation, though this may be confounded by the fact that certain metals are particularly associated with each other due to common sources. Potency was not examined in relation to non-water-extractable metals because this source of metals in PM10 is presumed not to be bioavailable.

The potency of PM10 was also positively correlated with the concentration of primary particulate whereas the secondary and coarse particle content had no influence on potency. (section 4.2).

Endotoxin concentration was found to be similar in all PM10 samples tested and there was no relationship between endotoxin concentration and potency.

Was there a difference in potency between PM10 collected onto Teflon filters and PM10 samples collected via a TEOM sampler?

TEOM PM10 samples from Marylebone Road, North Kensington and Belfast were extracted and tested in the instillation model. Samples were chosen that had been collected at a similar time to the Teflon filter samples which had already been tested.  Samples extracted from the TEOM filters were diluted to reflect the concentration range of PM10 extracts generated from the Teflon filter samples. Inflammogenicity in the rat lung model was compared to that induced by the PM10 samples collected onto Teflon filters (section 4.7).

Marylebone Road PM10 extracted from Teflon filters induced greater inflammation than material extracted from TEOM filters. There was no difference in potency between Teflon and TEOM filter PM10 samples from other locations. These results are difficult to interpret due to the fact that TEOM filter samples were collected for 1 - 2 weeks whereas Teflon filter samples were collected for only 24 hours.  Despite equalising extracts for mass dose, no account was taken of differences in length of sampling period between the Teflon and TEOM samples. However, the results suggest that at kerbside locations volatile elements are lost from TEOM filters on heating that may have an impact on inflammatory potency, and that this phenomenon may not be important at other locations. It is recommended that this study be repeated with more precisely matched Teflon and TEOM samples before firm conclusions can be drawn on the effect of heating TEOM filters.

Was there a difference in potency between TEOM PM10 and PM2.5?

Marylebone Road particulate extracted from TEOM PM10 and PM2.5 filters was compared for potency in the instillation model. Extracts were equalised for mass prior to being instilled. PM10 was consistently more inflammogenic than PM2.5 (section 4.8). The difference between PM10 and PM2.5 is the coarse fraction of PM10, and hence this result was counter to the earlier finding of this project that increasing coarse particulate has a negative impact on PM10 potency. It was concluded that the loss from PM2.5 of certain compositional elements closely associated with the coarse fraction had a significant impact on reducing potency. The presence of these elements in PM10 was of greater consequence to potency than either a higher content of coarse particles in PM10 or smaller size distribution of PM2.5. The number of samples tested was low and only from one sampling location, hence further experiments should be conducted before definitive conclusions can be drawn. 

Did PM10 induce a pro-inflammatory response in epithelial cells in vitro?

Human bronchial epithelial cells, seeded at a constant rate, were treated with PM10 suspensions in vitro. After incubation the supernatant medium was recovered and centrifuged to remove particles. The medium was analysed for pro-inflammatory cytokines released from the cells. The treated cells were tested for glutathione and ATP content to detect oxidative stress and early signs of metabolic stress. 

The first observation was a significant adsorption of released IL-8 onto particle surfaces so that the protein could not be reliably measured in supernatants as a relative marker of inflammation (section 4.10). This phenomenon was confirmed in cell free experiments in which PM10 particles adsorbed IL-8 from a spiked medium in a dose dependent fashion (section 4.11). 

Detection of IL-8 was focused towards up-regulation of IL-8 gene expression (mRNA) as the indicator of inflammation (section 4.12). The human bronchial cells were shown to produce particularly high background (control) levels of IL-8 so an increase over and above innate expression was difficult to record. However, cells indicated up-regulated gene expression in response to  treatment with Birmingham, Marylebone Road and, to a lesser extent, with Belfast PM10.

Was PM10 toxic to epithelial cells in vitro?

Toxicity to cells was determined by measuring leakage of the enzyme lactate dehydrogenase (LDH) from the damaged membranes of cells.  LDH leakage was greatest in epithelial cells treated with Belfast PM10 for 4 hours. Treatment of the epithelial cells for 4 hours with PM10 did not significantly alter glutathione (indicator of oxidative stress) or ATP (indicator of cell viability) content. There was no clear relationship between LDH, GSH or ATP and either the mass of PM10 with which cells were treated or primary, secondary and coarse particulate.

Treatment of cells for 18 hours did not induce further LDH release but slightly increased cellular stress which was mimicked by a decrease in glutathione content.  The extent of further damage by 18 hours treatment was unclear. 

Did PM10 induce a pro-inflammatory response in macrophage cells in vitro?

Macrophage cells were similarly treated with PM10 in vitro. PM10 from all locations induced a very strong pro-inflammatory response characterised by production and release of TNF-( after 4 hours of treatment (section 4.13). The extent of TNF production appeared lower in cells treated with Marylebone Road and Birmingham PM10. This may have been due to adsorption of TNF-( protein onto the particle surface, but analysis of supernatant medium for biochemical markers showed a severe reduction in cell viability to be a more likely cause (see below). Further TNF-( release between 4 and 18 hours was not evident indicating that PM10 stimulation of TNF-( production is a rapid and transient response.

Was PM10 toxic to macrophage cells in vitro?

Notable toxicity was induced in macrophages treated with PM10 in vitro. These cells appeared to be much more sensitive to PM10 than epithelial cells (section 4.13). This may have been due in part to lower oxidative defences since this study revealed much lower GSH levels in macrophages compared to epithelial cells. The loss in cell viability may have masked underlying mechanisms such as oxidative stress. There was a decrease in GSH concentrations in cells, an indicator of oxidative stress but this was accompanied by a depletion in ATP. Hence, the drop in GSH content was probably due to a decrease in viability rather than oxidative stress. In contrast to epithelial cells, PM10 continued to induce further damage to macrophages between 4 and 18 hours leading to additional release of LDH indicating cell death and failure of the cells to restore metabolic activity and antioxidant defences. 

The results of this study have highlighted the sensitivity of macrophages to PM10. Additional experiments should be conducted using lower concentrations of PM10 to assess the role of oxidative stress in the absence of impaired cell viability.

What was the influence of composition on the toxicity of PM10 to macrophages?

Markers of inflammation and damage in macrophages treated with PM10 were examined for their association with concentrations of the compositional components calculated by source apportionment modelling (section 4.14). There was a strong negative correlation between TNF-( released from the cells and both the mass of PM10 and the primary fraction applied to the cells. The results suggested that macrophages were stimulated to produce TNF-( by very low doses of PM10 but this cytokine was adsorbed onto particle surfaces at higher doses. This means that PM10 samples containing a high proportion of primary particulate falsely appeared to stimulate less TNF-( protein production than the other PM10 samples at 4 hours.

There was also a strong inverse relationship of PM10 mass and primary particle concentration with ATP, depletion of which is a marker of cell metabolic stress. This means that increasing the dose of PM10 induced more metabolic stress to the cells. Moreover, there was no clear association between the metabolic activity of macrophages with the secondary and coarse component of PM10. Taken together these results in macrophages firmly pinpoint the toxicity of PM10 to mass dose and its primary particle content. 

What was the influence of metals on the toxicity of PM10 to macrophages?

For samples where data was available for analysis of metal content, toxicity of PM10 to macrophages was related to the concentration of combined water soluble metals and the levels of individual metals (section 4.15). TNF-( was negatively associated with water soluble metal concentration, suggesting that higher metals levels lead to a decrease in TNF production, but this was probably due to the high toxicity of the PM10 reducing the cells’ capacity to generate TNF-(.

Cellular glutathione and ATP levels were also inversely related to metal concentration. Depletion of glutathione was used as an indicator of oxidative stress and ATP depletion was used as an indicator of metabolic stress.  The results are consistent with the transition metals inducing a strong oxidative stress, however the decrease in ATP content implicates reduced metabolic activity and toxicity as the overriding cause of lower levels of glutathione rather than specific oxidative stress. This suggestion is supported by the fact that there was a particularly strong association between the metal content of PM10 and release of lactate dehydrogenase through damaged cell membranes again indicating cell toxicity.

It is pertinent to note the strong correlation observed in vitro between markers of inflammation and metabolic activity in macrophages and certain water soluble metals. The strongest association was observed for manganese followed by the zinc content of PM10. Iron was poorly associated in this respect.

What conclusions can be drawn from this study in relation to identifying which components of PM10 are responsible for driving adverse health effects?

The results of these in vivo and in vitro studies suggest that the mass dose of PM10 delivered either to the rat lung or cells in vitro is by far the strongest parameter driving a pro-inflammatory response and toxicity.  However, the data also indicated large variations in the ability of PM10 to induce such responses that could not be accounted for by mass alone.  This suggests that compositional components are also important in determining the biological potency of PM10.  Of the compositional components measured, the transition metals, in particular zinc, nickel and manganese exhibited the strongest associations with markers of inflammation and toxicity.  A positive association was also determine for the primary particulate component.  In contrast, variations in the secondary, coarse and endotoxin content of the PM10 samples studied did not account for the biological responses measured.

What changes to existing monitoring are recommended in light of the findings of this study?

· There was a strong association between biological potency in the in vivo and in vitro models, hence mass measurements of PM10 should continue.  

· Further studies are required to confirm whether heating of the PM10 sample at roadside or kerbside locations might alter PM10 composition through loss of potentially inflammogenic semi-volatile components.

· Of all the compositional markers measured in this study, the results would suggest that the transition metal content of PM10 should be routinely measured, in particular zinc and nickel.   The importance of metal concurs with results of other studies.

· The source apportionment analysis in this study, conducted by mathematical modelling, suggests that primary particulate content was also related to biological potency, but less so than for metals.  Confirmation of this finding by compositional analysis of PM10 samples is required.

· The source apportionment analysis suggests that secondary and coarse particles and also endotoxin do not drive the biological potency of PM10 and hence measurement of these parameters is likely to be of little benefit.

How do the results of this study relate to epidemiological data?

Studies to investigate the impact of PM10 on the population of London and Birmingham have been conducted by Ross Anderson, London.  An application to fund a study to link these two investigations is in progress and will require a toxicologist to analyse further samples from these two locations as well as an epidemiologist to link the toxicology and epidemiology data together.

Are there any further analyses of this study that can be conducted?

In order to investigate the relationship between composition and biological potency, a step wise regression was conducted.  The results of this analysis will be used to inform the direction of a further statistical analysis using a Lasoo technique.

The relationship between the different components estimated by source apportionment and the metals analysed by ICP-MS requires investigation in order to determine which with fraction(s) the metals are associated.  This study would not require any further laboratory work.
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APPENDIX I

APPENDIX II
1.  INTRODUCTION 

1.1  PM composition

PM10 and PM2.5  are defined as particulate matter sampled through a size selective inlet for particles of aerodynamic diameter 10 (m or 2.5  (m respectively with an efficiency of 50%.  PM10 is the international convention for measuring environmental particulate air pollution, U.K. data for which is posted daily on the DEFRA website http://www.defra.gov.uk/environment/airquality/index.htm.  The dimensions of 10 m and 2.5 m are sampled as these represent the particle sizes which are respirable with 10 m particles depositing in the upper airways and 2.5 m depositing throughout the whole respiratory system.  Each sample contains a mixture of particles of varied size (down to the nanometer range) and composition.  PM10 is reported to contain primary carbonaceous particles, secondary soluble sulphate and nitrate particles, coarse wind blown dust, transition metals, organic particles (e.g. bacteria and spores), semi-volatile organic compounds as well as biological molecules including endotoxin.  The composition of PM10 varies daily and according to the sampling location.

1.2  Adverse health effects induced by PM10

The respiratory and cardiovascular health effects of PM10 have been well documented (Schwartz, 1995, Dockery et al., 1993;Pope et al., 1999) and are detailed in table 1.  The mechanism by which PM10 induces such health effects has been proposed to include inflammation leading to exacerbation of pre-existing illness in susceptible individuals (Donaldson et al., 2001a, Stone et al., 1998). A number of investigations suggest that PM10 induces inflammation (Li et al., 1997;Li et al., 1996; Lightbody et al., 2002), which is hypothesised to result in exacerbation of pre-existing disease (Donaldson et al., 2001 a &  b). 

Table 1.  Adverse health effects associated with increases in levels of PM10.  Taken from Donaldson and MacNee, 2001a.
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	Increased use of asthma medication



	Attacks of asthma in pre-existing asthma



	Attacks of Chronic Obstructive Pulmonary Disease



	Admission to hospital for cardiovascular causes



	Deaths from heart attacks



	Deaths from strokes



	Deaths from respiratory causes
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1.3  The control of inflammation by cytokines

Within biological systems, inflammation is a physiological process required to remove foreign pathogens and damaged tissue, leading to the stimulation of repair and healing.  When inflammation is either chronic or excessive it results in disease such as asthma, fibrosis and even cancer.  Inflammation is controlled by a complex network of extracellular signalling molecules, including cytokine proteins such as tumour necrosis factor alpha (TNF-) and interleukin-8 (IL-8) (Kelley, 1990).

In vitro, exposure of epithelial cells to PM10 has been demonstrated to induce the expression of IL-8 (Dick et al., 2001, Frampton et al., 1999), while macrophage exposure leads to the production of TNF-(Brown et al., 2002).  It is proposed that these cytokines drive the inflammation observed in vivo.

1.4  Identifying the components of PM10 driving inflammation

PM10 consists of a cocktail of substances and the components of PM10 responsible for inducing biological effects remain a matter for debate.  Identification of the components of PM10 most likely to drive health effects is the main aim of this project.  Many studies point to a role for transition metals (Donaldson et al., 1997, Becker et al., 1996, Quay et al., 1998).  Such studies suggest that the transition metals redox cycle resulting in the production of reactive oxygen species (ROS) such as hydroxyl radicals.  These highly damaging ROS induce oxidative stress which stimulates activation of cytokine gene expression.  Cytokine gene expression under these conditions may be controlled via oxidative stress driven transcription factors such as nuclear factor kappa B (NF-B) (Quay et al. 1998, Jimenez et al., 2000).  Many of the studies investigating the pro-inflammatory effects of the metal component of particulate air pollution have utilised metal dominated residual oil fly ash (ROFA) (Carter et al., 1997), hence these findings are heavily biased towards metal resulting in debate regarding their relevance to PM10. 

The biological importance of metal in PM10 has been clearly highlighted by a number of studies utilising epidemiological data and particle samples collected from Utah valley.  In this locality transition metals are a major component of particulate air pollution due to emissions from a local steel mill (Pope, III, 1996, Ghio et al., 1999).  Health effects associated with Utah valley PM10 include decreased lung function, increased respiratory hospital admissions, increased mortality, especially respiratory and cardiovascular mortality and possibly an increase in lung cancer (Pope, III, 1996).  In a number of human, animal and in vitro models the toxicity of Utah PM10 has also been associated not only with its mass but also with its metal content (Frampton, et al., 1999).  For example, treatment of a human bronchial epithelial cell line with PM10 collected during closure of the steel mill, when metal content is lower, was associated with a lesser induction of IL-8 and IL-6 production compared to high metal containing PM10 samples collected during steel mill operation (Frampton et al., 1999). 

In addition to metals, PM10 also contains a considerable quantity of ultrafine particles (less than 100 nm diameter) by particle number (Donaldson et al., 1999;Donaldson et al., 2001b; Utell et al., 2000) that contribute to the primary fraction of PM10 and PM2.5.  The importance of the ultrafine fraction of PM10 has also been highlighted through research from the Biomedicine Research Group at Napier University (Stone et al., 1998, Stone et al., 2000b;Stone et al., 2000a, Renwick et al., 2001).  Such experiments suggest that ultrafine particles induce oxidative stress (Stone et al., 1998), leading to transcription factor activation (Brown et al., submitted for publication) and cytokine gene expression (Brown et al., 2002).  Furthermore, these results suggest that the surface area of these particles is directly related to the level of inflammation induced in vivo (Duffin et al., 2002).

PM10 also contains many potentially inflammogenic bacterial derived molecules such as endotoxin, which is a lipopolysaccharide molecule derived from the cell walls of gram negative bacteria. Endotoxin is a strong stimulus of inflammation, proposed by some workers to drive PM10 induced cytokine expression (Becker et al., 1996). This is an efficient evolutionary response to bacterial infection but may bring about inappropriate inflammation when endotoxin is present on the surface of environmental particles. Endotoxin has been identified as the biologically active component of many dusts such as cotton dust (Keman et al., 1998), grain dust and wool dust (Brown et al., 1996), causing symptoms of bronchitis in many occupational settings. 

The secondary particulate component of PM10 is thought to be of little importance in driving inflammation due to its solubility and hence rapid dissipation within the lung, as well as to the large pH buffering capacity of the lung lining fluid.  Many studies, using large doses of sulphate have been unable to demonstrate a consistent effect on pulmonary inflammation (e.g. Loscutoff et al., 1985), however, many of these studies were conducted in the 1970s and 1980s when techniques and study design may have not been adequate to detect subtle changes.

A noticeable feature of the studies mentioned above was that potential toxic factors were each studied in isolation. Few studies have investigated the potential for different components of PM10 to interact with each other leading to synergistic, or even antagonistic effects (Stone et al., 2003).  

2.   PROJECT AIMS AND STUDY DESIGN

This project aimed to use in vitro and animal models to determine the relative hazard of various samples of environmental particulate material (PM) that differ in composition.  Specifically:

· Comparison of biological potency of samples of PM10 and/or PM2.5 collected at specific sites in the U.K. on days that differ in their proportions of primary and secondary particles.

· Comparison of heated and non-heated PM10 to determine the effect of heating on biological potency.

· To determine the elemental composition of PM10 samples collected simultaneously at six sites across the U.K.

· To relate the biological effects of PM10 samples with differences in elemental composition to ascertain which components of PM10 may be responsible for the observed biological effects.

In order to address these aims, daily Partisol Plus 2025 PM10 samples were collected at six different UK locations to be analysed for biological potency and metal content.  Samples for biological analysis were collected for 12 months, while filters for chemical analysis were collected over the last 6 months of the sampling period.  Initially filters were chosen for biological analysis according to pollution episodes indicated by mass.  Source apportionment modelling was used to identify dates on which pollution episodes could be defined as primary, secondary or coarse episodes in order to compare filters with a variety of particulate composition.  Sampling was required for 12 months to ensure sufficient samples representative of pollution episodes of different profiles were obtained.  A database of filter details was developed including date and location of sampling, gravimetric mass of PM collected onto the filter and source apportionment data for the sampling date.

Biological potency of PM10 or PM2.5 samples was assessed by instilling the particulate into the lungs of rats (section 3.5).  The degree of inflammation induced was assessed by determining cellular and biochemical markers of inflammation and lung damage in fluid used to wash the lung airspaces (broncho-alveolar lavage, BAL) 18 hours after instillation.  A small aliquot of each PM10 sample was retained for analysis of endotoxin content.

A number of in vitro analyses were also conducted to assess the relative ability of PM10 samples to induce oxidative stress and cytokine production by epithelial and macrophage cells.

PM10 samples collected by the TEOM ACCU were used to determine the water and acid extractable metal content by ICP-MS.  The in vivo biological data, endotoxin content and metals analysis were added to the database of filter details before statistical analysis to determine which factors most strongly influenced the biological potency.

PM10 and PM2.5 samples were extracted from TEOM filters collected at Marylebone Road in order to compare their biological potency in vivo using the animal model described above and in section 3.4.

TEOM PM10 samples collected over a period corresponding to dates for which Partisol Plus 2025 samples had been assessed, were tested at similar doses in the in vivo model.  

3.   METHODS

3.1  Particulate samples

Co-ordination of particulate sampling and gravimetric analysis was conducted by Casella Stanger.  PM10 samples were collected for 24 hours onto Teflon filters using Rupprecht & Patashnick Partisol Plus 2025 units at 6 DEFRA automatic monitoring stations (table 2).  In addition, PM10 was collected onto nitrocellulose filters (Gelman GN4 Metricel) via the TEOM ACCU system at 4 locations (Table 2) to be used for transition metal analysis. PM10 and PM2.5 sampled using the tapered element oscillating microbalances (TEOM) (heated to 50oC) were also collected at the Marylebone Road location for comparison with each other in order to determine the biological effect of the coarse fraction.  Heating of the PM10 to 50oC has been suggested to cause a loss of some components including secondary particulates.  Hence, comparison of PM10 on unheated Teflon filters with the heated TEOM filters aimed to elucidate the importance to health of the components lost from the standard TEOM filters.

Table 2.  PM10 sampling locations

	Site
	OS Grid reference
	Classification
	Dominant Emission sources
	Partisol filters

Collection dates

Start       Finish
	ACCU filters

Collection dates

Start       Finish

	Marylebone Road
	TQ281820
	Kerbside
	Road traffic
	10/00
	02/02
	06/06
	12/01

	North Kensington
	TQ240817
	Urban background
	Mixed
	02/01
	02/02
	
	

	Port Talbot
	SS780882
	Industrial background
	Steel industry
	02/01
	02/02
	
	

	Harwell
	SU474863
	Rural
	Long range 

(power station)
	10/00
	02/02
	06/06
	12/01

	Birmingham centre
	SP064868
	Urban centre
	Mixed
	10/00
	02/02
	06/06
	12/01

	Belfast centre
	J339744
	Urban centre
	Fossil fuel burning
	02/01
	02/02
	06/06
	12/01


Filters to be used in the Partisol Plus 2025 were supplied to local site operators by either CRE Group Ltd (North Kensington, Harwell, Port Talbot, Birmingham) or AEA Technology (Marylebone Road and Belfast). Differences in filter providers arose due to contracts which had already been issued by Casella Stanger. Both laboratories have UKAS accreditation for gravimetric mass measurements.  As samples were collected they were retained for gravimetric analysis at the contracted laboratories before being posted to Edinburgh to be archived.  Filters were stored in the dark at room temperature throughout.  A database of filter sample identification codes, sampling date, location of collection, PM10 mass on filter was established by Dr Janet Lightbody.  To this database the source apportionment analysis data (see below section 3.2), transition metal analysis data (see below, section 3.3) and finally various biological endpoints were added.

3.2  Source apportionment analysis of PM10 measurements

AEA Technology Environment were sub-contracted to analyse the source apportionment of PM10 at the six sampling locations using the methodology published in a previous APEG report (APEG 1998). Reports are attached detailing the work conducted and the results obtained.

The data provided was used to identify dates and locations exhibiting high primary, secondary, coarse pollution episodes.  Filters for these dates were then chosen to extract PM10 for biological analysis.

3.3  Transition metals analysis of PM10
Analyses were undertaken to determine the water soluble and total concentration of 12 metals (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Pb) in the ACCU PM10 samples. Full details of the analytical protocol, and the assessment of precision and accuracy, are given in Beverland et al. (2002). 

A two-step sequential extraction of samples was used. Samples were first ultrasonicated for 1 hour in 7 ml ultrapure 18 M( water at room temperature, and then extracted using 7.7 ml of a 2.8:1 v/v (aqua regia) mixture of HCl and HNO3 acids (Aristar grade, 12 M and 15.5 M, respectively), boiled to dryness over ~20 hours and re-suspended in dilute (2 %) HNO3 acid. The HNO3 has a good oxidising ability, and the HCl helps stabilise the metals in solution. The water extraction is the best practicable measure of “bioavailable” metal content; the acid extraction (when added to water-extractable content) is the best practicable measure of total metal content. The percentage recovery of total metal by the extraction protocol was evaluated using the NIST airborne particulate matter Standard Reference Material SRM 1648.

The metal content of extraction solutions was quantified using a VG Elemental PasmaQuad 3 Inductively Coupled Plasma-Mass Spectrometer (ICP-MS), with a quadrupole mass spectrometer controlled by PQ Vision 4.38 software. For most metals, elemental quantification was performed on two or more isotopes as a cross-check against potential interferences by other species of the same, or closely overlapping, m/z value. 

Each ICP-MS run contained two series of calibration standards, one at the start and one at the end of the run. Each series contained 11 concentrations of standard (ranging from 0.1 ppb to 100 ppb) and was diluted independently from the traceable multi-element bulk standard solution. The concentration of metal in each sample and blank was derived using both calibration graphs for that element, and the mean value taken.

The final corrected sample concentration for each element was obtained by subtracting from each sample the best-estimate value for the “blank” concentration of that element, taken as the median concentration of that element in 6 filter blanks processed on that ICP-MS run. 

The limit of detection value for each element on each run was expressed as 3 times the standard deviation of the blank filter analysis values for that element on that run.

3.4  Extraction  of particulate from filters and quantification

Particulate matter was extracted from Teflon filters into 1 ml of sterile medium, either saline for instillation experiments or cell culture medium for in vitro studies, by repeated washing of the filter surface. TEOM filters were immersed in 1 ml saline then vortexed for 1 min after which the filter was removed. In all samples PM was thoroughly dispersed using a sonic bath for 10 min. The concentration of particulate was determined by comparing the turbidity of the suspension with that of suspensions of known concentration of fine carbon black ranging between 0 and 1000 (g/ml. Turbidity was recorded in a plate reading spectrophotometer reading at 340 nm.

The variation in PM concentration between sites was such that dilution of suspensions to a uniform concentration for instillation or application to cells was inappropriate. Instead careful note was made of the PM extracted from each filter that was taken to be a representative 24 hour dose of particulate pollution at that site for that date.

3.5  Instillation model

Female Wistar rats, fed and caged under normal conditions, were anaesthetised using a Halothane/oxygen system. Saline or PM suspension (section 3.4) (0.5 ml) were instilled into the lung via a plastic cannula inserted into the trachea. After 18 hours, rats were euthanased by intraperitoneal injection of Euthatal and the lungs dissected. 

The lungs were lavaged 4 times with 8 ml of sterile saline, the first (concentrated) sample being reserved for biochemical analysis of the bronchoalveolar lavage (BAL) fluid. Cell pellets derived from the first and subsequent lavages were combined and resuspended in 1 ml cell culture medium containing foetal bovine serum. Total cell number contained within the cell suspension was evaluated and a small sample used to prepare a cytosmear of representative BAL cells on a microscope slide using a Shandon Cytospin apparatus. The cytosmear was stained using Rapi Diff rapid Romanofsky stain (Raymond A Lamb, London, UK) to determine the relative presence of inflammatory cells.

3.6  In vitro experimentation

Cell lines utilised were 16-HBE human bronchial epithelial cells, A549 human alveolar epithelial cells and J774, a mouse macrophage cell line, all obtained from the ECACC (European Collection of Cell Cultures).

Cells were cultured under aseptic conditions in Roswell Park Memorial Institute-1640 (RPMI) culture medium (A549 and J774) or Dulbecco’s modified Eagle’s Medium (DMEM; 16-HBE) supplemented with 60 U/ml penicillin, 60 (g/ml streptomycin, 2mM L-glutamine and 10% foetal bovine serum (FBS). Cells were seeded in sterile plastic 24-well plates at rates in line with previous studies (Stone et al., 1999), namely 625 cells/mm2 for all experiments, except molecular studies which required denser seeding at 2500 cells/mm2. 

For cell treatment experiments PM suspensions were prepared as given in section 3.4 in culture medium without FBS supplement. Seeding medium covering the adherent cells was removed and replaced with 500 (l culture medium alone (control) or PM suspensions. Culture plates were centrifuged at 900g for 2 min to deposit particulate onto the cell layer. Cells were exposed to PM for 4 or 18 hours at 37(C, 5% CO2. 

The supernatant treatment medium was recovered for analysis of cytokine proteins released from the cells. The supernatants were centrifuged (12900 g, 25 min) to remove particles. Sulphosalicylic acid (1% SSA, 180 (l) was added to the cells and after 5 min cell debris was resuspended in the acid. SSA extracts were centrifuged (12900 g, 5 min) and the clear supernatants assayed for glutathione and ATP.

3.7  Measurement of IL-8 gene expression

The reverse transcription-polymerase chain reaction (RT-PCR) was used to detect and assess the level of IL8 gene expression.  PCR is a well established molecular technique which is used to amplify, detect and quantify specific genes of interest. A commercial kit (Access, Promega, Southampton, UK) was used to convert RNA isolated from cells treated in vitro into DNA sequences (reverse transcription, RT) that were subsequently amplified by PCR. This was carried out in a single reaction containing the cellular RNA, primer oligonucleotides to the specific gene of interest (either IL-8 or GAPDH, MGW Biotech), RNA transcriptase and DNA Taq polymerase. Using a Thermocycler (Hybaid) the RT-PCR reaction was carried out (reverse transcription: 48(C, 45 min; RNA degradation: 94(C, 2 min; amplification: (95(C, 30 sec, 60(C, 1 min, 68(C, 2 min by 30 (IL-8) or 25 (GAPDH) cycles)).

During the PCR reaction gene copies in different cell samples are amplified by the same number of cycles so differences in amounts of DNA generated in the reaction can be directly compared. DNA in the PCR reaction samples was separated by electrophoresis in an agarose gel containing ethidium bromide. DNA bands were examined under a UV transilluminator and relative intensity analysed using a software package.

3.8  Biochemical assays

3.8.1  Cytokines.

Cytokine proteins TNF-(, IL-8 and MIP-2 were analysed in supernatant media by enzyme linked immunosorbant assay (ELISA) using commercial kits (BioSource International, Nivelles, Belgium) according to the manufacture’s instructions.

3.8.2  Total Glutathione

Glutathione (GSH) was measured by the kinetic, microtitre plate method of Baker et al (1990). BAL fluid (100 (l) was added to 40 (l phosphate buffer (100 mM, containing 1 mM EDTA). This was followed by rapid addition of 100 (l of enzyme reaction mix containing 300 (M (-NADPH, 225 (M DTNB and 20 units glutathione reductase in phosphate buffer then kinetic absorbance development at 412 nm was tracked over 3 minutes. 

3.8.3  Adenosine trisphosphate (ATP)

ATP content of cells was determined from the luminescence produced by the luciferase-catalysed oxidation of luciferin induced by ATP. Assay reagent was prepared as 15 (M luciferin and 10 (g/ml luciferase in 50 (M Tris buffer (pH 8.0, containing 2 mM MgCl2, 2 mM EDTA, 2 mM dithiothreitol and 0.4 g/l BSA). Cell extract (20 (l; prepared in 1% SSA see section 3.6) was added to 200 (l assay reaction in a polypropylene cuvette. Luminescence was recorded using a BioOrbit 1250 luminometer (Labsystems).

3.8.4  Lactate Dehydrogenase

Lactate dehydrogenase (LDH) was analysed in an assay coupled to the reaction of residual pyruvate with 2,4-dinitrophenylhydrazine. BAL fluid (10 (l) was added to 50 (l of prewarmed NADH (1 mg/ml) in 0.75 mM sodium pyruvate solution. After thorough mixing, the samples were incubated for 30 minutes, 37(C. The reagent 2,4-dinitrophenyl-hydrazine (50 (l, 20 mg/100 ml 1N HCl) was added to each sample and incubated for a further 20 minutes at room temperature. NaOH (50 (l, 4N) was added to develop colour for 5 minutes before reading the absorbance of the samples at 540 nm.

3.8.5  Total Protein

Total protein was measured using Bradford Reagent (Sigma, Dorset, UK) in which 5 (l of either BAL fluid or BSA standard were added to 200 (l Bradford Reagent in a microtitre plate. The plate was shaken to ensure thoroughly mixing and the absorbance of the samples was measured at 550 nm.

3.8.6  Endotoxin

Endotoxin levels in PM10 suspensions remaining after instillation were measured by the Limulus amebocyte lysate (LAL) assay. Equal volumes (50 (l) of PM10 suspension and commercial LAL Pyrochrome preparation in buffer were incubated for exactly 30 min at 37(C. Acetic acid (50 (l, 50%) was added to stop the reaction and the absorbance of the samples read at 405 nm.

3.9  Statistical Analysis

The statistical analysis of the in vivo data was conducted in two parts.  Firstly, data obtained using PM10 collected from the entire 12 months of the sampling period was analysed by stepwise regression to determine the relative importance of total particulate mass and the primary, secondary and coarse components by mass in driving the observed changes in the measured markers of inflammation. In the second stage of analysis, the effect of metals was analysed as a six-month subset of the total data where metal content of the filter dates used was available.

4.  RESULTS

Table 3.  Annual mean PM10 concentrations at sampling locations

	Site


	Annual mean TEOM PM10   g/m3
 1997        1998        1999        2000       2001        2002

	Marylebone Road


	38
	32
	35
	37
	34
	34

	North Kensington


	25
	20
	21
	20
	20
	20

	Port Talbot


	27
	27
	26
	25
	23
	22

	Harwell


	-
	15
	13
	-
	-
	-

	Birmingham centre
	21
	19
	18
	17
	17
	17

	Belfast centre


	25
	21
	18
	20
	19
	17


The annual mean PM10 concentrations for the 6 study locations are detailed in table 3.  Of the six sites studied, Marylebone Road exhibits the highest PM10 mass concentrations.  North Kensington and Port Talbot typically exhibit annual means in the 20’s, where as Birmingham and Belfast exhibit values in the high teens.

In vivo studies

4.1  Potency of PM10 from different sites

A total of 153 filters were tested in the rat lung instillation model covering a range of mass doses within each site and representing seasons throughout the year. Filters were initially chosen to compare PM10 samples from the different sites on the same date. Later filters were chosen which were characterised by a pollution episode in terms of high primary, secondary or coarse material.

A pilot experiment was conducted which compared inflammatory responses after 6 and 18 hours of PM10 exposure in the lung.  The data from this pilot study is contained in Appendix 1 (Figure A1).  After six hours PM10 had stimulated lung cells to produce chemotactic cytokines, such as MIP-2, and had induced some degree of oxidative stress but the influx of neutrophils was found to be extremely variable at this time point. After 18 hours the percentage of neutrophils in the BAL was more consistent between PM10 samples for each site. As neutrophilia was the elected marker of inflammation, 18 hours was chosen as the exposure period in subsequent experiments, though this longer incubation period is probably too late to reliably illustrate cytokine responses.

The results that follow represent data for all subsequent instillation experiments. The total number of instillations for each site is detailed in table 4. The level of inflammation induced by each PM10 sample was relatively mild as indicated by the fact that there was no difference in the total number of cells harvested from lungs instilled with saline compared with lungs instilled with PM10 from any site. However, the profile of the inflammatory cells collected in the BAL did alter and hence the data is expressed as a percentage of each cell type.

Table 4.  Number of PM10 samples instilled per sampling site.

	Treatment
	Number of instillations

	Control
	24

	Harwell
	26

	Birmingham
	27

	Marylebone Road
	25

	Port Talbot
	19

	North Kensington
	21

	Belfast
	21


4.1.1  Comparison of mean % neutrophils between different locations

The mean number of neutrophils, expressed as a percentage of cell types present in BAL (% neutrophils), from lungs exposed to saline (control) and PM10 from the 6 test sites are illustrated in figure 1(a). Each animal was exposed to PM10 extracted from one 24 hour sample.  The PM10 from Marylebone Road induced significant inflammation, as indicated by the % neutrophils, (p<0.001) compared to both the control and PM10 collected at the other sampling sites. Belfast PM10 induced significantly higher neutrophil influx compared to the control (p<0.05). 

Figure 1b indicates the variability between sites in terms of the gravimetric mass of PM10 collected over 24 hours onto the filters used in the instillation experiments. The trend was similar to the degree of inflammation suggesting a link between potency and mass dose. This was confirmed by expressing the data as % neutrophils per (g PM10 instilled (Figure 1c), as an indicator of the relative potency per unit mass dose of the PM10 collected at each location. The inflammogenic potential of PM10 collected at all locations was remarkably similar indicating mass to be a strong determinant of potency. 
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Figure 1a.  Mean percentage neutrophils in BAL from lungs exposed to saline (control) and 24 hour PM10 samples collected from 6 UK sites.
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Figure 1b.   Average gravimetric mass of PM10 (mg) collected over 24 hours onto the filters used in instillation experiments.
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Figure 1c.  Percentage neutrophils in BAL expressed per (g PM10 instilled.

4.1.2  Determination of dose instilled

The PM10 concentration of each extract was determined by comparing the absorbance of each sample with a range of carbon black samples.  There were initial concerns that estimation of PM10 concentration in each filter extract was biased towards high values for Marylebone Road PM10 due its black nature compared with, for example, Harwell PM10 which was pale grey in appearance. However, as demonstrated in Figure 2 there was a strong correlation (0.84) between the concentration of particulate in PM10 suspensions as determined by turbidometry and the gravimetric mass of PM10 on the original filters collected at all locations. The regression equation was:

Gravimetric mass = 0.62  +  1.39 (Turbidometric mass)
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Figure 2.  Comparison of PM10 concentration extracted from filters and gravimetric mass of PM10 on the filters.

4.1.3  The relationship between mass instilled and neutrophil influx

Plotting percentage neutrophils as a mean value per site (Figure 1a) does not demonstrate the variation in the data caused by the variation in PM composition. Since the principal focus of the study is to pin point differences in individual PM10 samples, each having a unique composition, it is more meaningful to present the % neutrophil data as a scatter plot as given in Figure 3.

The scatter plot depicts the neutrophil influx induced by individual PM10 samples each instilled once into a single rat lung. The control value represents the average neutrophil content of saline instilled rats and is included for reference only. 

The relationship between the inflammatory response and the mass instilled did not exhibit a simple straight-line relationship (r2 = 0.431).  For example, some PM10 samples induced little or no response despite a relatively large mass dose, whilst other samples were particularly potent even at a low dose. This indicates that a factor other than or in addition to mass played a role in determining the potency of PM10. A further representation of the results, plotted against gravimetric mass of PM10 on original filters, showed a similar trend and is given in Appendix 1(Figure A2).
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Figure 3.  Potency of individual PM10 samples in inducing neutrophil influx into rat lungs 18 hours after instillation.

4.2  Comparison of inflammogenicity of samples differing in composition

The results of the source apportionment modelling conducted by AEA Technology (Appendix II) provided the daily concentrations of primary, secondary and coarse particles at each of the sampling sites. The average composition of PM10 samples used in instillation experiments for each site is detailed in Figure 4. The average airborne concentration of secondary components was similar at all locations. Secondary particles formed the largest component of Harwell PM10. Primary particulate was highest at Marylebone Road and Belfast and the concentration of primary component appeared to follow a similar trend to inflammation in terms of % neutrophils (Figure 1a). Coarse particles dominated PM10 composition at Port Talbot and North Kensington and were also high at Belfast. The graph shows the increments of primary particulate at the kerbside for Marylebone Road compared to a nearby London background, and of industrial contribution to PM10 for Port Talbot. These increments were not incorporated into statistical analyses because they represented only one site each and there was insufficient data.

Inflammatory data was compared with these compositional modes for the dates of the filters tested from the entire 12 month sampling period. Again scatter plots were used to visually depict the relationship between % neutrophils and mass of primary secondary and coarse material (Figures 5a-c).
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Figure 4.  Composition of PM10 at each of the collection sites, as an average of the source apportionment modelled concentration of primary, secondary and coarse particulate for the PM10 samples used in instillation experiments.
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Figure 5.  % Neutrophils in BAL from lungs exposed to PM10 as a function of the (a) primary (r2 = 0.363), (b) secondary (r2 = 0.110) and (c) coarse (r2 = -0.133) particulate concentration in the atmosphere on the date of sampling.

As mentioned previously, mass dose appeared to be the strongest factor driving the inflammatory response, hence for the subsequent statistical analysis % neutrophils was expressed per (g of PM10 instilled.  Stepwise regression analysis of the samples investigated from the entire 12 months of the sampling period revealed the amount of primary particulate in the PM10 samples to be the most important compositional factor driving biological activity. Conversely, the content of secondary and coarse fractions were each found to have a negative impact on inflammogenicity, where both fractions decreased the gradient of the relationship between primary particulate content and % neutrophils. That is, the higher the proportion of coarse or secondary particulate the lower the inflammogenicity induced by primary particulate.

4.3  Influence of endotoxin on inflammogenicity of PM10
Endotoxin was present in fairly uniform levels in all of the PM10 suspensions tested (Table 5). Consequently, there was no association (r2 = -0.12) between % neutrophils in BAL and endotoxin concentration in the PM10 suspensions (Figure 6).

Table 5.  Endotoxin concentration (EU/ml) in PM10 extracts from Teflon filters (n = 4 per site).

	
	Harwell
	Birmingham
	Marylebone Road
	PortTalbot
	North Kensington
	Belfast

	Mean
	0.498
	0.433
	0.503
	0.549
	0.604
	0.513

	SE
	0.12
	0.04
	0.05
	0.03
	0.10
	0.04
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Figure 6.  The relationship between endotoxin content of PM10 samples and the percentage of neutrophils 18 hours after instillation (r2  =  -0.12).
4.3.1  Relationship between endotoxin and source apportionment data

In order to determine whether endotoxin was associated with a particular fraction of PM10, the endotoxin content of the filter extracts was plotted against the airborne concentration of primary, secondary and coarse particulate on the day of sampling (Figure 7 a-c). 
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Figure 7.  Endotoxin concentration of PM10 expressed as a function of the (a) primary (r2  =  -0.166), (b) secondary (r2  =  0.374) and (c) coarse particulate (r2  =  -0.188).

4.4  Relationship between biochemical composition of BAL fluid and PM10 dose 

BAL fluid was analysed to assess the biochemical profile of the lung environment for evidence of oxidative stress or tissue damage after PM10 exposure. Data from all instillation experiments was compared with mass, primary, secondary and coarse fraction to determine which factors were most important with respect to influencing changes in the biochemical profile.

The BAL content of MIP-2 and total protein, but not LDH and GSH, correlated well with the mass of PM10 instilled (Figure 8 (a - c) and Table 6).  GSH was negatively correlated with mass of PM10 instilled and primary particulate consistent with an oxidative stress exerted by the particles causing a depletion in GSH. However, GSH was also negatively associated with the secondary and coarse components making an association with oxidative stress less clear. 

In common with neutrophil influx, mass was the strongest factor driving both LDH and protein content of BAL. Secondary analysis of the data, eliminating the effect of mass, revealed that the primary content of the particulate was again a strong factor in determining these markers of lung damage (graphs in Appendix I, Figures A3-6). 

Stepwise regression analysis found that for MIP-2, LDH and total protein the primary fraction of the PM10 instilled was the strongest factor in determining each biochemical parameter, and was followed by coarse and then secondary particulate content (Table 7).  This reflects the results for the % neutrophils discussed above (section 4.2).  In contrast, the concentration of coarse particulate in the PM10 samples instilled was the variable ranked most strongly in terms of driving alterations in GSH, followed by primary and then secondary. 

Table 6.  Correlations between dose metrics for PM10 instilled and the biochemical components in BAL fluid.

	
	GSH
	LDH
	Protein
	MIP-2

	
	
	
	
	

	Mass instilled
	-0.102
	0.013
	0.108
	0.328

	Primary
	-0.082
	0.159
	0.209
	0.189

	Secondary
	-0.073
	-0.081
	-0.042
	0.320

	Coarse
	-0.060
	-0.113
	-0.115
	0.139
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Figure 8.  The relationship between the mass of PM10 instilled and concentrations of biochemical components (a) MIP-2, (b) GSH and (c) LDH in BAL fluid.

Table 7.  Association between toxicological endpoints and PM10 components as determined by the step wise regression analysis.  +++ strong association, ++ good association, + weak association, - no association.  

	Endpoint
	Primary
	Secondary
	coarse

	
	
	
	

	% neutrophils
	+++
	-
	-

	LDH
	+++
	-
	++

	Protein
	+++
	-
	++

	MIP-2
	+++
	-
	++

	GSH
	+
	-
	++


The percentage of neutrophils correlated well with the markers of lung damage LDH and total protein (Figure 9), but poorly with MIP-2 (r2 = 0.27) and GSH (r2 = -0.19) (Appendix 1, Figure A7) at 18 hours.  As mentioned previously an earlier time point would be expected to generate more meaningful data for MIP-2 and GSH.   
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Figure 9.  Relationship between neutrophils as a percentage of BAL cells and the biochemical parameters (a) LDH (r2 = 0.41), (b) total protein (r2 =0.55) in BAL fluid.
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Figure 10.  Mean concentrations of (a) MIP-2 (b) GSH, (c) LDH and (d) total protein in BAL fluid from lungs exposed to PM10.

When considering the mean biochemical data for each location there were no significant differences between the mean GSH, LDH or protein concentrations induced by the PM10 collected from any sampling location and the control values. However, MIP-2 was significantly elevated from control levels in lungs exposed to Marylebone Road, Belfast and Port Talbot PM10 (Figure 10).

4.5  Influence of metals on inflammogenicity of PM10
Metal analysis of PM10 from 4 of the study sites was carried out using filters on which PM10 had been collected for 24 hour periods over a 6 month period concurrent with the samples used for biological activity. The metals measured were iron, zinc, copper, manganese, cobalt, nickel, chromium, vanadium, titanium, lead, arsenic and cadmium.

Metal composition profiles were drawn up for the PM10 samples used in instillation experiments coinciding with metals analysis (Figure 11). Water soluble iron dominated PM10 from Marylebone Road and Belfast and total water soluble metal content was also highest for these two locations. Lead was quite an important component at all locations and zinc concentration was relatively high in all samples. 

There was a strong correlation (0.651) between the combined mass of all water soluble metals measured and inflammogenicity of PM10 (Figure 12a). The correlation of biological potency with total (water plus acid soluble) metal content of the PM10 samples was 0.555 (Figure 12b). 
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Figure 11.  Mean water soluble metal composition of PM10 samples used for instillation experiments.
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Figure 12.  Correlation between % neutrophils and the combined mass of all metal isotopes analysed. (a) Correlation with combined metals in the water soluble fraction. (b) Correlation with the total metal content (combined metals of both water and acid soluble fraction).

[image: image28.emf]0

200

400

600

800

1000

1200

1400

1600

Control Harwell BirminghamMarylebone

Road

PortTalbot North

Kensington

Belfast

LDH (U/ml)

a

b

[image: image29.emf]0

10

20

30

40

50

60

70

80

Control Harwell BirminghamMarylebone

Road

PortTalbot North

Kensington

Belfast

GSH (nmoles/1x10

6

cells)


[image: image30.emf]0

20

40

60

80

100

Control Harwell BirminghamMarylebone

Road

PortTalbot North

Kensington

Belfast

GSH (nmoles/1x10

6

cells)


c

Figure 13. Correlation between % neutrophils and the mass of water soluble (a) iron (r2  =  0.597), (b) zinc (r2  =  0.538) and (c) nickel (r2  =  0.417) in PM10 samples.

Figure 13 shows the association of some of the water soluble (bio-available) metals present in PM10, with the biological potency of PM10 (figures for the remainder of the metals determined are given in Appendix I, Figures A8-10). The relationship between concentration of metals and inflammogenicity was stronger than for the compositional components of primary, secondary and coarse particulate.

Statistical analysis of the 6 month data set of all the metal isotopes measured and compositional components determined by source apportionment modelling, revealed that the concentration of water soluble zinc followed by nickel in PM10 were the factors most strongly responsible for driving biological activity including influx of neutrophils and concentration of MIP-2.

4.6  Conclusions for in vivo studies

A large body of evidence in the literature suggests that ambient air particulate pollution causes adverse health effects. This evidence is largely in the form of epidemiological studies, which implicate a rise in PM10 in increases in mortality and hospital admissions. Other evidence comes from studies into the effects of specific components of PM10 in in vivo and in vitro models (Ghio and Devlin, 2001; Salvi et al., 2000; Becker et al., 1996). However, this approach may overemphasise the potency specific components or exclude the effects of interaction between components. The aim of this study was to determine the biological potency of PM10, then identify which compositional components are most responsible for inducing the biological effects.

PM10 was collected as 24 hour samples at 6 contrasting sites throughout the UK. This approach ensured that pollution episodes characterised by high concentrations of primary, secondary or coarse particulate, which are typically transient, were not diluted by a longer collection period. Collection of samples from different sites automatically achieved a variation in PM10 composition (see table 2).

Particulate samples were chosen for study on the basis of a range of mass dose on the filters and also by judgement of pollution episodes exhibiting a variety of primary, secondary and coarse components by source apportionment modelling. Particulate was extracted into saline for instillation into the rat lung model. In this regard there was a strong correlation between the concentration of particulate extracted and the mass of particles on original filters providing assurance that the concentration of PM10 instilled was representative of the daily exposure at the original collection sites.

This study found that PM10 instilled into rat lungs for 18 hours induced an inflammatory response characterised by influx of neutrophils. PM10 from certain sites, notably Marylebone Road and Belfast, induced significant inflammation. However, when the data was expressed per unit mass of PM10 instilled, the heightened potency of PM10 from these sites was ablated. These results clearly indicate that mass dose of PM10 is the most important factor relating to induction of inflammation in the rat lung instillation model.  This concurs well with the many epidemiology studies alluded to earlier which indicate elevated PM10 mass to be associated with adverse cardiovascular and respiratory health effects. The fact that inflammation was so strongly correlated with mass dose suggests that a general decrease in the release of all particulates into the ambient air is likely to be beneficial to public health.

Expression of the results as average potency masked important variation between samples within each site that suggested some element of PM10 composition was responsible for its inflammogenic effects in addition to mass dose. This became clear when inflammation induced by individual PM10 samples was plotted against mass instilled as there was not a simple linear relationship. A clearer picture emerged when inflammation was compared with the concentration of primary, secondary and coarse fraction. There was no distinct relationship with the secondary particulate content indicating this fraction to be of little importance in driving inflammation. Furthermore, the negative association of inflammation with the coarse fraction implied a dampening effect of this component on the relative potency of PM10. The concentration of primary particulate in a PM10 sample analysed by source apportionment was found to the main compositional factor driving inflammation. This finding supports and strengthens the need for efforts to limit the emissions of particulates from a variety of sources such as road traffic and industry.

In this study there were few changes in biochemical components of the lung on treatment with PM10 from different locations compared to controls. Perhaps GSH, which was monitored to detect evidence of oxidative stress within the lung, was more susceptible to the dilution effect of BAL fluid in separate lavage experiments. In contrast to previous studies (Li et al., 1997), there was no indication of gross cellular damage to lung cells. This is a significant finding because it may explain why normal healthy people are not affected by chronic inflammation induced by air pollution, but compromised individuals are more susceptible.

The metal composition of PM10 samples varied both in terms of average total metal content between different collection sites and in concentrations of metal types at different sites. Marylebone Road and Belfast PM10 was dominated by iron, consistent with the association of this metal with the primary component from traffic emissions at the former location and local industry emissions and fossil fuel burning in Belfast. Zinc was the second most abundant metal present and its concentration was relatively high in PM10 from all locations tested. 

A number of previous studies have reported toxicity of metals and implicated them in the biological potency of ambient particulate (Lambert et al., 2000; Carter et al., 1997). Wilson et al. (2002) found that iron salt potentiated the inflammation induced by ultrafine carbon black, establishing an interaction between metals and particles in augmenting potency. In this study inflammation was correlated most strongly with the concentration of metals in the PM10 samples tested. It is unlikely that all the metals were inherently toxic but that positive correlation with potency was apparent for some because the concentration of these tend to increase alongside toxic metals due to commonality in source.

Analysis of the data revealed zinc concentration to be the overriding factor driving the inflammogenicity of PM10. This analysis included the compositional fractions of primary, secondary and coarse particulate and the concentration of all metal isotopes determined. Thus zinc was a greater determinant of PM10 potency than primary particle content. The results concur with results from the Biomedicine Research Group (DEFRA 1/3/147 metals variation, final report September 2003) in which the inflammation induced by water soluble extracts of PM10 collected after reopening of a steel plant, correlated most strongly with the zinc content, compared to samples collected during the plant’s closure. 

The mechanism of zinc toxicity is unlikely to be linked to direct initiation of an oxidative signalling pathway. Zinc is a redox inactive metal (Chevion, 1988) and, moreover, acts in an antioxidant fashion especially in cell membranes where it displaces redox active transition metals and protects sulphydryl groups against oxidation (Stohs and Bagchi, 1995). A more likely mode of action of zinc in inducing toxic effects in the cell is through interference in calcuim channels. There is evidence that zinc can block voltage activated calcium channels (Magistretti et al., 2003; Busselberg, 1995) and this action might affect calcium activated signalling pathways including transcription of pro-inflammatory cytokine genes. 

Previously, marked and persistent inflammation has been observed following instillation of ultrafine nickel (Zhang et al., 1998). In this study a positive association was observed between PM10 nickel concentration and inflammation induced. However, it is crucial to stress at this point differences in dose used between studies. In the study by Zhang the dose of nickel particles used (0.1 to 5 mg) was massive compared to the mass of some PM10 samples required to invoke an inflammatory response in the current experiment. 

In this study there was very little variation in the endotoxin content of the samples tested, and hence there was no clear relationship between endotoxin and inflammation.  This is in contrast to other studies in which cytokine-inducing activity in monocytes and macrophages was found to be associated with endotoxin in air pollution particles (Monn and Becker, 1999; Becker et al., 1996) and in a recent German study (Schins et al., in press). This difference may be explained by the fact that only one of the six sites studied here was a rural location, resulting in generally low endotoxin levels in the samples collected. This finding would suggest that in the PM10 of UK cities, endotoxin plays no significant role in driving inflammation.

In a separate experiment LPS was instilled into rat lung and induced extensive neutrophilia (greater than 50% neutrophils). Analysis of the BAL fluid showed that this inflammation occurred in the absence of MIP-2 at 18 hours. Possibly MIP-2 production and release was induced very early by LPS and, in contrast to the signalling induced by PM10, had been eliminated by 18 hours. Alternatively, LPS-induced inflammation occurs by a different signalling pathway to that induced by PM10. This concurs with the suggestion that PM10 inflammation is induced by an oxidative mechanism involving NF(B activated transcription of MIP-2 which is enhanced by metals (Jimenez et al,. 2000)

In conclusion, this study found that PM10 mass was the major factor driving its inflammogenic potential. This finding justifies the continued use of PM10 mass as a legislative tool for controlling and monitoring particulate emissions. However, deviation from a simple linear relationship between neutrophil influx and mass instilled implied that not all the inflammogenic potential was explained by mass. Further analysis revealed that firstly zinc concentration and then nickel content and, to a lesser extent primary particulate content of PM10, are also important factors in driving the biological effects of pollution particulate.

4.7  Comparison of potency of PM10 from Teflon and TEOM filters

TEOM filters for Marylebone Road, North Kensington and Belfast were supplied from the U.K. Government AUN archive. Particulate was extracted from TEOM filters and its concentration in suspensions determined by turbidometry. The particulate collection dates of these filters were chosen to coincide with the date of some of the Teflon filters already tested for these sites. Suspensions were diluted to the average concentration of PM10 instilled for each site during Telfon filter instillation experiments. TEOM PM10 suspensions were instilled according to the usual protocol. 

PM10 extracted from Teflon filters from Marylebone Road consistently induced greater inflammation in lungs, in terms of increased neutrophils comprising BAL cells, than PM10 from a similar period extracted from TEOM filters (Figure 14 and Appendix I, table A1). Potency of TEOM and Teflon filter PM10 samples from both North Kensington and Belfast were of similar magnitude.
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Figure 14.  Comparison of inflammation induced by instilled PM10 extracted from TEOM and Teflon filters (n = 4).

4.8  Comparison of potency of PM10 and PM2.5 from TEOM filters

TEOM PM2.5 for Marylebone Road was also supplied from the Government AUN archive. PM10 and PM2.5 samples covering similar collection dates were extracted and instilled into rat lungs on an equal mass basis. Prior to instillation samples were diluted to the same concentration of particulate.

Table 8. Comparison of inflammation induced by PM10 and PM2.5 extracted from TEOM filters.

	Sampling Start Date
	Sampling End Date
	% Neutrophils
	% Neutrophils

	(PM10/PM2.5)
	(PM10/PM2.5)
	PM10
	PM2.5

	
	
	
	

	21/16 Feb 01
	28/27 Feb 01
	15.6
	1.1

	18/19 Apr 01
	25/26 Apr 01
	7.1
	2.1

	30/30 May 01
	6/8 May 01
	13.1
	1.0

	27/29 June 01
	4/9 July 01
	5.5
	4.0

	
	
	
	

	
	Mean
	10.325
	2.05

	
	SE
	2.402
	0.696
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Figure 15.  Comparison of inflammation induced by PM10 and PM2.5 extracted from TEOM filters (n = 4).

PM10 consistently induced greater inflammation than PM2.5 collected over a similar period (p<0.05; table 8 and Figure 15). The difference was not accounted for by mass of particles as each animal received the same mass dose of particulate, as estimated by turbidometry. However, no information was available on the size distribution of particles in the PM samples and hence it is not possible to confirm whether the difference between PM10 and PM2.5 is limited to coarse particulate only,.

4.9  Conclusions for TEOM PM studies

Earlier results from this study had demonstrated that the rat lung instillation model was sufficiently sensitive to distinguish differences in inflammogenicity amongst PM10 samples. The same in vivo model was used to test samples of TEOM collected PM.

PM10 from Teflon filters collected at Marylebone Road induced a greater inflammatory response than material collected during a similar period onto TEOM filters, while for PM10 collected at other sites there was no difference in potency. This experiment was designed to address the hypothesis that, as filters from the TEOM are heated to 50(C during operation, certain compositional elements having inflammogenic potential might be lost. Such elements might include volatile organic compounds and some secondary particulates. If true, this would have important implications for biological research using PM material from the AUN archive. 

The results suggest that certain elements were lost from TEOM PM10 samples collected from Marylebone Road that were present in particulate collected at the same time onto non-heated Teflon filters, and that these components contributed to potency of PM10. In contrast these elements did not constitute an important part of urban background PM10 samples resulting in no difference in potency of the PM material collected by the different samplers. The results infer that the lost elements are associated with primary combustion sources at the kerbside site suggesting that semi-volatile organic compounds generated by traffic exhaust may have a toxicological impact that is lost on heating of TEOM filters.

However, these results should be regarded with caution, as there were some discrepancies in experimental design. For each site, the concentration of PM10 was equalised on a mass basis but no account was taken of differences in collection period of the samples. In addition, just four TEOM samples from each site were compared with results of Teflon PM10 instillations so further investigation is required before solid conclusions can be drawn on the loss of potentially inflammogenic substances from TEOM PM10.

TEOM PM10 from Marylebone Road consistently induced greater inflammation than that induced by TEOM PM2.5. In the main instillation study it was found that an increase in coarse material in a PM10 sample had a negative impact on its potency so it might be anticipated that PM10 samples, having a larger size distribution, would be less potent than PM2.5. However, the results suggest that of more significance is the fact that inflammogenic components on the surface of coarse particles are lost when the coarse fraction is lost in PM2.5.

Care must be taken in interpreting these results as equating for mass dose was based on turbidometry which is principally sensitive to insoluble, dark particles. By definition there was no information on the dose of soluble material from the PM10 and PM2.5, since the turbidometry method is not sensitive to soluble components.
In conclusion volatile components associated with primary combustion sources such as those generated by traffic exhaust may have a toxicological impact that is lost on heating of TEOM filters and it is important to consider potency on the basis of size and composition, not on size alone.

In vitro studies

4.10 Effects of PM10 on human bronchial epithelial cells

In addition to testing the PM10 samples in vivo, their relative potency was also tested in vitro using a number of cell lines. 16-HBE cells, a human bronchial epithelial cell line, were exposed to PM10 from each of the sites for 4 and 18 hours. After incubation supernatant medium was assayed for cytokine and LDH released from cells, and acid extracts were prepared from the cells to determine intracellular concentrations of GSH and ATP.

The results of IL-8 release from cells were unexpected (Figure 16a). Apparent release of IL-8 from control cells exposed to medium alone was higher than that released from cells exposed to Harwell, Birmingham, Marylebone Road, Port Talbot and North Kensington PM10. This was counter the expectation that particulate might up-regulate cytokine production and release.

PM10, in particular the ultrafine fraction, might provide a very large surface area for adsorption of proteins, including cytokines. This could explain the apparent decrease in IL-8 release in cells exposed to PM10 as adsorbed IL-8 would have been removed from the medium preventing its detection (see section 4.11). The adsorption phenomenon, therefore, masked IL-8 release from cells exposed to PM10 and hence it was not possible from these experiments to establish whether IL-8 production was up-regulated by PM10. Alternative techniques to investigate IL-8 expression were subsequently developed (see section 4.12).

LDH release into treatment media (Figure 16b) indicated cell membrane damage to cells incubated with PM10 from all sites, but most notably Marylebone Road, North Kensington and Belfast. LDH release from cells exposed to Belfast PM10 was significantly higher than from control cells (p<0.05).

No significant effects on the mean GSH or ATP content of the 16-HBE cells was observed on treatment of the epithelial cells for 4 hours with PM10 samples from any location (Figure 16 c and d), although in general there was a trend towards depletion for both parameters. There was no clear relationship between LDH, GSH or ATP and either the mass of PM10 with which cells were treated or primary, secondary or coarse particulate.
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Figure 16.  The effect of treating 16-HBE cells for 4 hours with PM10 on (a) IL-8 release, (b) LDH release, (c) GSH content and (d) ATP content (n = 12).
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Figure 17.  The effect of treating 16-HBE cells for 18 hours with PM10 (a) LDH release, (b) GSH content and (c) ATP content (n = 6).

Figure 17 shows the results of exposure of 16-HBE cells to the same PM10 samples as in Figure 16, but for 18 hours. There were no significant differences in LDH release or GSH or ATP content in cells exposed to PM10 from any site compared to control values. Concentrations of LDH in media were similar to the results for 4 hours suggesting no further release after 4 hours.

The depletion of ATP is an indicator of general cellular stress. The cellular concentration of ATP increased between 4 and 18 hours in control cells and cells exposed to all PM10 except Birmingham particulate, indicating the cells were healthy and proliferated during the longer incubation time. 

Taken together the results showed that IL-8 was adsorbed onto the surface of PM10 particles and the cytokine release was not measurable. LDH release from cells in the first 4 hours indicated notable damage to cell membranes but this was in the absence of significant decrease in cellular metabolic activity. Overall there was no indication of cellular or oxidative stress as a result of PM10 exposure.

4.11  Adsorption of IL-8 onto particle surfaces  

As a result of apparent adsorption of IL-8 onto PM10 particles after release from stimulated cells (see Figure 16a), this phenomenon was investigated further in a cell-free system. PM10 samples were tested along with the surrogate particle, carbon black (CB) and its ultrafine form (ufCB).

Two Marylebone Road PM10 samples, CB and ufCB were suspended in medium at 125 (g/ml, 62.5 g/ml and 12.5 g/ml. IL-8 was added to all samples (500(l medium with particles suspended) and to an equal volume of medium (control) as a uniform spike of 300pg/ml recombinant human IL-8. Samples were incubated in wells of a culture plate for 4 hours at 37(C then centrifuged and supernatants tested for remaining IL-8 by ELISA.

The control samples indicated that natural degradation of IL-8 occurred during the 4 hour incubation period with the concentration measured being 164.2 + 4.2 pg/ml, about half the initial spiking concentration. The control samples contained the highest levels of IL-8 after the incubation period. In the supernatant of the highest concentration of PM10 (125 g/ml), IL-8 had decreased dramatically to around 20 pg/ml (Figure 18). IL-8 content increased with increasing dilution of PM10 indicating that adsorption of IL-8 was associated with the particle fraction. Similar results were obtained using ufCB. A dose response of IL-8 increase with dilution of ufCB was observed. The fine form of CB adsorbed cytokine to some extent compared to levels in the control but the effect was not dilution dependent in this experiment.
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Figure 18.  Adsorption of IL-8 onto the particle surfaces of PM10, CB and ufCB.

4.12  IL-8 expression in epithelial cells on exposure to PM10
The first in vitro experiments conducted using epithelial cells found that IL-8 production by cells exposed to PM10 was not measurable because the protein was adsorbed onto the surface of particles (sections 4.10 and 4.11). Instead it was decided to use a molecular technique to detect up-regulation of IL-8 gene transcription. When genes within DNA are activated they are transcribed into messenger RNA (mRNA) which is transported into the cytoplasm and then translated into proteins. Hence the level of mRNA for a specific gene such as IL8 is a good indication of its level of expression.  Certain genes are constitutively transcribed (all the time), for example GAPDH, whilst others such as cytokine genes are only transcribed when a stimulus is applied. 

In this study the reverse transcription-polymerase chain reaction (RT-PCR) was used to detect and assess the level of IL8 mRNA gene expression.  PCR is a well established molecular technique which is used to amplify, detect and quantify specific genes of interest.

Figure 19 shows the results of a typical RT-PCR reaction carried out using samples of mRNA extracted from cells treated in vitro. For each treatment two RT-PCR reactions were conducted to assess the gene expression of both the IL-8 gene and the constitutively expressed GAPDH gene. Products of each reaction were loaded into wells in an agarose gel and subjected to electrophoresis. DNA products separate in discrete bands according to their weight.  Lane 1 was loaded with molecular weight marker to aid identification of PCR products by size. 
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Figure 19.  Typical products of RT-PCR of RNA extracted from cells treated with PM10 from each site.  Key to treatment of samples: 1, Control; 2, Harwell; 3, Birmingham; 4, Marylebone Road; 5, Port Talbot; 6, North Kensington; 7, Belfast; 8, Positive control (TNF-).

The intensity of GAPDH bands were used as a control against which IL-8 bands were compared. The IL-8 band for cells treated with medium alone was of lowest intensity. The highest intensity IL-8 band was from cells treated with TNF- used as a positive control as it is known to up-regulate IL-8 expression. IL-8 band intensities were calculated as ratios with respective mRNA GAPDH intensities then as a percentage of  the control IL-8/GAPDH ratio.  
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Figure 20.  IL-8 RT-PCR product band intensities, calculated as a percentage of the control IL-8 expression, in 16-HBE cells treated with PM10 from all sites collected on the same dates (n = 3).

IL-8 mRNA expression by 16-HBE cells was found to be up-regulated by exposure for 4 hours to PM10 from Birmingham and Marylebone Road (Figure 20) although results were highly variable. This was in large part due to the relatively high background (control) expression of IL-8 in this particular line of human bronchial epithelial cells, which was also evidenced by high IL-8 protein production of control cells in previous in vitro experiments (see section 4.6). There was no correlation between IL-8 gene activation and mass of PM10 used to treat the cells or with components of PM10. 

Since 16-HBE cells expressed high levels of IL-8 cytokine, IL-8 gene expression was also examined in human A549, alveolar epithelial cells for comparison. Figure 21 shows the relative expression of IL-8 in A549 cells exposed to PM10 from different sites compared to control cells. 
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Figure 21.  IL-8 RT-PCR product band intensities, calculated as a percentage of the control expression, in A549 cells treated with PM10 from all sites collected on the same dates (n = 3).
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Figure 22.  IL-8 gene expression in relation to mass of PM10 used to treat A549 cells.

Expression of IL-8 in unstimulated control cells was much lower than in 16-HBE cells. Birmingham city centre PM10 again displayed highest biological potency with a more than 2 fold increase in IL-8 expression than control cells and with less variability than in 16-HBE cells. Although variable, up-regulation of IL-8 expression was also observed in cells treated with Belfast PM10. In contrast to the results with the 16-HBE cells, the A549 cells did not exhibit an increase in IL-8 mRNA expression in response to Marylebone Road treatment.  

Up-regulation of gene expression was positively correlated with mass of PM10 used to treat the cells, except for Marylebone Road (Figure 22). There was no clear association between gene expression and compositional components of PM10 and concentration of these components did not explain the toxicity to cells treated with Marylebone Road PM10. The PM10 samples used did not coincide with collection of filters for metals analysis so it was not possible to relate either IL-8 gene activation or toxicity of Marylebone Road PM10 samples with metal content of PM10. 

In general the RT-PCR technique was found to be too variable and not suitable for screening the cellular effects of large numbers of PM10 samples.

4.13  Effect of PM10 on macrophages

A cell line of mouse macrophages known as J774 were cultured and treated in the same way as the epithelial cells to determine the effects of PM10 on expression of the cytokine TNF-. Recent results from the Biomedicine Research Group at Napier University had alluded to a substantially higher release of TNF-( from macrophages than IL-8 from epithelial cells in response to particle treatment. It was therefore hypothesised that macrophages might be more sensitive to the PM10 treatments than the epithelial cells. 

PM10 induced significant production and release of TNF-( protein from macrophages (Figure 23a) after 4 hours exposure to samples from Harwell, Port Talbot, North Kensington and Belfast (p<0.05). In contrast to IL-8 release from unstimulated 16-HBE cells, control macrophages produced no TNF-(. However, TNF-( release from cells exposed to Marylebone Road and Birmingham PM10, although higher than from control cells, appeared reduced compared to amounts stimulated by other site particulate.

There was substantial release of LDH from cells exposed to Marylebone Road and Belfast PM10 for 4 hours (p<0.001 for Belfast and p = 0.01 for Marylebone Road PM10 treated cells compared to control) (Figure 23b). This suggests that the reduced TNF-( production from these cells may have been as a result of decreased cell viability.

The glutathione content of macrophages was found to be much lower than that of epithelial cells. On treatment of macrophages with PM10 from all sites GSH was depleted compared to control cells (p<0.05 for Harwell and Belfast; p<0.001 for other sites, Figure 23c).
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Figure 23.  The effect of PM10 treatment of J774 macrophages for 4 hours on (a) release of TNF-(, (b) release of LDH, (c) GSH content and (d) ATP content.
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Figure 24.  The effect of PM10 treatment of J774 macrophages for 18 hours on (a) release of TNF-(, (b) release of LDH, (c) GSH content and (d) ATP.

Depletion in ATP was not as apparent as for GSH, the only significant reduction compared to control was in cells exposed to Birmingham PM10 (p<0.05, Figure 23d).  With the exception of Birmingham PM10 treatment, which clearly reduced cell viability, a depletion in GSH in the absence of depressed ATP in cells treated with PM10 from the other locations suggests that PM10 induced oxidative stress rather than reflecting reduced viability.

After 18 hours exposure of macrophages with PM10 samples TNF- levels in the media removed from the cells were similar to the levels at 4 hours (Figure 24a). The production of TNF protein in response to a pro-inflammatory stimulus tends to be rapid and hence would not be expected to increase substantially between 4 and 18 hours.  After 18 hours TNF- production induced by PM10 from Harwell, Port Talbot and North Kensington remained higher than that released from control cells (p<0.05).

LDH release was higher after 18 hours exposure than 4 hours (Figure 24b). Birmingham PM10 again induced the highest release of LDH (p<0.001), but damage to cells exposed to Marylebone Road and Port Talbot was also significant at this time point (p<0.01).

The cellular concentration of GSH and ATP followed a similar trend after 4 and 18 hours exposure (Figure 24 c and d). GSH levels in cells exposed to Birmingham (p<0.001), Marylebone Road (p<0.05) and Port Talbot PM10 (p<0.01) were significantly depressed compared to control cells. ATP was reduced in cells exposed to Birmingham (p<0.01), Marylebone Road (p<0.01) and North Kensington PM10 (p<0.05). The results indicate that cells did not recover from oxidative stress between the 4 hour and 18 hour time points and that they had not recovered full metabolic activity.

The most noticeable result was provided by samples of Birmingham PM10. For each site three samples of PM10 were tested, chosen to represent primary, secondary and coarse pollution episodes. The overall mean results for Birmingham samples demonstrated a consistent picture of damaged cells in terms of induced high LDH release and reduced GSH and ATP. Similar potency of Birmingham PM10 was found in expression of IL-8 by 16-HBE and A549 cells.

4.14  Influence of PM10 components on macrophages
There was a strong negative association between TNF-( cytokine production and the mass of PM10 with which cells were treated (Figure 25; r2 = -0.577) and between TNF-( and the mass of primary component associated with the PM10 samples (Figure 26a; r2 = -0.678). The results suggest that macrophages were stimulated to produce TNF-( by very low doses of PM10 but that this cytokine was similarly adsorbed onto particle surfaces at higher doses. This means that PM10 samples containing a high proportion of primary particulate such as Marylebone Road and Birmingham overall falsely appeared to stimulate less TNF-( protein production than the other PM10 samples at 4 hours (Figure 26a). In order to accurately determine the effects of PM10 samples on cytokine production without the added complication of cell death and adsorption, it would be advisable to use concentrations below 0.2 mg/ml.

As for the in vivo studies, there was no clear relationship between TNF protein production and the coarse and secondary components of PM10 (Figure 26 b & c).
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Figure 25.  Scatter plot of TNF-( protein production by macrophages induced by  PM10 treatments of different mass dose (r2 = -0.577).
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Figure 26.  Scatterplots of TNF-( in relation to (a) primary (r2 = -0.678), (b) secondary (r2 = 0.420) and (c) coarse particulate (r2 = 0.108) comprising the PM10 samples used for treatment.
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Figure 27.  Relationship between ATP and the concentrations of (a) primary (r2 = -0.55), (b) secondary (r2 = 0.20) and (c) coarse (r2 = 0.11) components of the PM10 samples.

PM10 mass (r2 = -0.45, graph not shown) and primary particulate content of PM10 (Figure 27a) also exhibited a strong negative correlation with ATP, a marker of cell metabolic stress. Moreover, there was no particular association of metabolic activity with the secondary and coarse component. Taken together these results firmly suggest that the toxicity of PM10 to macrophages is related to mass dose and its primary particle content.   This depletion of ATP by increasing mass and primary particulate dose suggests that the diminished TNF protein production described above was caused by cell toxicity.

4.15  Influence of metals on potency of PM10 to macrophages in vitro

 The metal content of PM10 had a strong influence on its potency to macrophages. In an apparent anti-inflammatory effect, TNF-( was negatively associated with water soluble metal concentration (Figure 28a) but this relationship is probably an artifact due to the high toxicity of the PM10 reducing the cells’ capacity to generate TNF-( as exhibited by its ability to deplete ATP (Section 4.14).

Cellular GSH levels were also negatively correlated with metal concentration. The results are consistent with the transition metals inducing a strong oxidative stress. However, negative association with ATP (r2 = -0.55), again implicates toxicity as the cause of depleted GSH and ATP. There was a particularly strong relationship between the metal content of PM10 and damage to cells in terms of release of LDH through damaged cell membranes (Figure 28b).

In light of the results found in the in vivo study (section 4.5) it is expedient to point out the strong correlation observed in vitro between the water soluble zinc content of PM10 and markers of inflammation as well as metabolic activity in macrophages. However, the strongest association between a metal and cellular toxicity was observed for manganese. The correlations for these metals against the biochemical markers of damage and inflammation are given in table 9.

4.16  Conclusions for in vitro studies

Treatment of cells in culture enabled investigation of inflammatory responses at an earlier time-point and testing of responses of different lung cell types. Measurement of IL-8 production and release by human bronchial epithelial cells highlighted problems associated with adsorption of the cytokine protein onto particle surfaces that was confirmed in cell free experiments. Other workers have not reported difficulties with adsorption of IL-6 released from human monocytes exposed to PM10 and PM2.5 (Monn and Becker, 1999) or of IL-8 release from A549 cells (Schins et al., 2002). Adsorption of cytokines onto particle surfaces could have important implications for cellular signalling interactions in the lung. Either the adsorbed cytokines may lose their stimulatory effects or, if they remain active, adsorption onto particles then subsequent phagocytosis could introduce a bolus dose of cytokine directly into cell cytoplasm triggering a massive inflammatory response. This phenomenon clearly requires further investigation.

a



b


c

Figure 28.   Relationship between the combined concentration of water soluble metal isotopes in PM10 and (a) TNF- release (r2 = -0.69), (b) LDH release (r2 = 0.64) and (c) GSH content (r2 = -0.66) of macrophages treated with the PM10 for 4 hours.

Table 9.  Correlation between metal content of PM10 used to treat macrophages and biochemical markers of inflammation and cell damage.

	
	TNF-(
	LDH
	GSH
	ATP

	Zinc
	-0.71
	0.76
	-0.64
	-0.77

	Manganese
	-0.88
	0.80
	-0.83
	-0.78


In agreement with other studies (Schins et al., 2002), cellular damage as measured by LDH release was observed after 4 hours exposure of epithelial cells to PM10. However, there appeared to be no further damage between 4 and 18 hours exposure. PM10 also induced a slight oxidative stress in epithelial cells as evidenced by depleted GSH in the 16-HBE cells in line with results of Stone et al., (1998) who demonstrated an oxidative stress induced by ultrafine carbon black. However, in the current study concurrent measurements were made of ATP, which also indicated a minor decrease in metabolic activity of the cells. It is therefore, not possible to distinguish whether changes in GSH levels were due to oxidative stress or a reduction in viability of the cells. 

Determination of IL-8 mRNA gene expression in epithelial cells provided a more successful indication of inflammatory response to PM10 treatment. In this study up-regulated gene expression in bronchial cells was observed in response to exposure to Birmingham and Marylebone Road PM10, but was variable due to high innate IL-8 gene expression in untreated cells. This is possibly an evolutionary response to more extensive particulate exposure of cells of the upper airway, or an artefact of this cell line. Results in alveolar cells were more consistent and indicated an inflammatory response to PM10 collected at Birmingham and Belfast. Assuming that PM10 from these locations had similar composition profiles to the samples used in the in vivo study with high primary content, these results concur with other workers who found IL-8 gene expression was up-regulated in lung tissue exposed to diesel exhaust particles (Salvi et al., 2000). Expression of IL-8 gene in cells exposed to Marylebone Road PM10 was not greater than the control. This may have been due to substantial toxicity of the PM10 but data are not available to confirm this.

Stronger inflammatory responses to PM10 exposure were observed in macrophages in vitro. An important finding of this study was that macrophages appeared to be more sensitive to PM10 treatment than epithelial cells, an indication of variation in cellular response to particulate matter as previously observed (Becker et al., 2002). 

TNF-( release from macrophages is well documented (Becker et al., 1996). This study suggests that an inflammatory response is stimulated in macrophages by very small doses of PM10, possibly through a mechanism driven by oxidative stress. At higher doses not only is the inflammatory response and oxidative stress overwhelmed by the toxicity of the PM10, but also the inflammatory cytokines are adsorbed onto particle surfaces with completely different implications for cellular exposure.

Cellular responses to PM10 were monitored at 4 and 18 hours. Markers of inflammation and metabolic activity were little changed between the time points indicating that the inflammatory response of macrophages is a rapid and transient event although recovery from metabolic stress and more extensive cellular damage is not always evident.

In comparison with epithelial cells, macrophages contained much lower levels of GSH, and this reduced antioxidant capacity may explain the ease with which it was depleted on PM treatment. The finding also suggests that macrophages would be more susceptible to ROS generated by transition metals in PM10 (Donaldson et al., 1997). Another important finding in the in vitro study was the negative correlation of ATP with mass dose and primary particulate but no particular association with secondary and coarse component. This result firmly pinpoints the toxicity to the primary component of PM10. 

Other studies have demonstrated the inflammatory effects of metals on epithelial cells leading to release of cytokines (Carter et al., 1997). Metal analysis data was not available for the PM10 samples used to treat lung epithelial cells in these in vitro studies, however, some data was available for the macrophages exposures. Strong associations were observed between markers of cell damage and total metal content of PM10 and zinc and manganese concentration. A crucial difference between exposure to PM10 in vitro and in vivo is that in the lung metals associated with the particles can dissipate whereas exposure in vitro is prolonged. 

5.  Further experimentation

The in vivo studies conducted have been statistically analysed using a stepwise regression analysis.  This analysis was chosen in order to determine the relative importance of each component of PM10 in terms of driving inflammation in vivo.  Further statistical analysis using the Lasoo technique will now be conducted to verify the conclusions outlined in this report.  The Lasoo analysis will use the results of the step wise regression to create a hypothesis on which the Lasoo analysis can be modelled.   The results of this analysis will be included in the final September report (Part 2) for project EPG1/3/147.

Birmingham and London were chosen as study sites due to epidemiological studies planned to coincide with this study period.  Hence, this data will be passed to Ross Anderson to allow comparison between the toxicological results and the population statistics.  However, it is unlikely that for these two sites there will be sufficient data points to make a detailed and accurate comparison.  Further instillations using filters from these two locations are required to enable this study to continue.  An application to fund a toxicologist and an epidemiologist will be generated in conjunction with Ross Anderson.

This project has created a large database of information regarding the composition of PM10 from six different UK locations from February 2001 until February 2002.  Again this work requires analysis in order to ascertain differences and similarities between the sampling sites, as well as to investigate the relationships between the different PM10 components per site and in general.  Again funding to support a statistician will be sought to fund this project.

The toxicological data comparing the inflammogenicity of PM10 collected onto Teflon filters and via the TEOM requires further investigation.  From the study conducted it was not possible to conclusively ascertain whether heating of the PM10 filter alters the potency of the PM10 samples in vivo.  The data generated suggests that roadside or kerbside samples contain a biologically potent component lost by heating and that this component was not present in other urban samples.  Dedicated sampling over comparable periods of time are required to address this question further, along with chemical analysis of volatile compounds.
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		SUMMARY LOG OF FILTERS USED IN in vitro EXPERIMENTS

		Experiment		Site		Filter No.		Date		Gravimetric		Turbidometry		Primary		Secondary		Coarse		Roadside		Industrial		GSH		ATP		IL-8		LDH

										Mass (mg)		mg/ml																pg/ml		U/ml

		In Vitro 1		Control																								107.103

																												225.144

																												169.293

				HW		34T/085		9-Nov-00		0.427																		282.697

																												220.636

																												172.613

				BH		31T/101		9-Nov-00		0.23																		321.402

																												196.268

																												398.678

				MR		33T/411		9-Nov-00		1.3267																		3.527

																												3

																												*

		In Vitro 2		Control																								249.924

																												141.563

																												148.062

				HW		34T/100		10-Nov-00		0.218																		332.478

																												407.973

																												306.678

				BH		31T/102		10-Nov-00		0.282																		269.908

																												342.324

																												231.851

				MR		33T/412		10-Nov-00		1.4209																		3.488

																												4.5

																												*

		In Vitro 3		Control

				HW		34T/372		5-Apr-01		0.375

						34T/373		6-Apr-01		0.450

				BH		31T/388		5-Apr-01		0.322

						31T/389		6-Apr-01		0.495

				MR		33T/643		5-Apr-01		0.978

						33T/644		6-Apr-01		1.248

				PT		36T/274		5-Apr-01		0.380

						36T/275		6-Apr-01		1.911

				NK		32T/240		5-Apr-01		*

						32T/241		6-Apr-01		0.461

				BT		37T/841		5-Apr-01		0.394

						37T/842		6-Apr-01		0.433

		SUMMARY LOG OF FILTERS USED IN in vitro EXPERIMENTS

		Experiment		Site		Filter No.		Date		Gravimetric		Turbidometry		Primary		Secondary		Course		Roadside		Industrial		GSH		ATP		IL-8		LDH

										Mass (mg)		mg/ml																pg/ml		U/ml

		In Vitro 4		Control																				66.763		6.72		180.264		0.000

		GSH/ATP																						65.732		7.05		133.542		0.000

		16-HBE																						50.114		5.31		117.031		0.000

																								51.059		5.11		83.498		0.000

																								41.501		7.01		360.862		114.866

																								46.465		7.71		330.934		102.588

				HW		34T/403		22-Apr-01		0.597		0.055		1.1		6.6		6.4						62.394		6.75		55.071		0.000

																								63.822		6.21		61.668		0.000

						34T/399		18-Apr-01		0.301		0.021		1.2		4.1		4.6						39.016		4.00		108.712		626.654

																								53.377		4.85		57.622		0.000

						34T/405		24-Apr-01		0.535		0.061		1.6		3.8		8.9						35.217		5.93		227.825		970.569

																								44.037		6.41		16.246		68.280

				BH		31T/419		22-Apr-01		0.604		0.078		2.6		6.9		3.5						62.204		6.07		56.967		0.000

																								51.954		4.91		54.804		0.000

						31T/415		18-Apr-01		0.452		0.064		5.0		2.4		6.6						29.674		7.61		133.511		0.000

																								32.441		6.94		105.36		0.000

						31T/421		24-Apr-01		0.635		0.124		8.2		5.4		4.5						40.154		8.03		12.928		101.083

																								40.819		7.17		12.501		81.438

				MR		33T/689		22-Apr-01		1.6671		0.52		7.6		7.0		43.4		19.0				26.593		2.83		10.608		1686.636

																								33.057		3.79		3.002		1440.995

						33T/685		18-Apr-01		0.4254		0.083		10.8		3.8		0.0		0.0				40.402		4.71		48.989		0.000

																								43.583		4.40		34.116		0.000

						33T/691		24-Apr-01		1.0332		0.291		12.5		4.0		0.6		23.8				28.699		6.47		18.741		381.990

																								32.406		5.44		6.288		140.382

				PT		36T/403		22-Apr-01		0.237		0.035		*		*		*				*		53.154		4.94		155.169		507.425

																								58.760		5.53		121.12		0.000

						36T/399		18-Apr-01		0.665		0.126		1.6		2.1		0.0				3.4		41.093		4.49		44.362		0.000

																								44.465		4.54		36.919		176.667

						36T/405		24-Apr-01		0.404		0.042		*		*		*				*		44.437		6.86		12.55		98.252

																								42.197		6.00		15.359		241.872

				NK		32T/271		22-Apr-01		0.699		0.096		3.4		8.6		7.0						55.852		4.42		95.171		45.585

																								50.268		4.56		134.661		504.375

						32T/253		18-Apr-01		0.271		0.041		3.1		4.7		3.2						47.791		5.07		72.189		0.000

																								37.401		3.05		52.481		1586.374

						32T/273		24-Apr-01		0.693		0.094		4.5		4.9		11.5						38.186		5.90		63.246		681.305

																								29.785		4.97		211.368		1224.636

				BT		37T/914		22-Apr-01		0.449		0.054		3.6		2.9		12.5						51.851		5.45		140.184		838.704

																								47.137		4.44		138.184		1193.887

						37T/910		18-Apr-01		0.824		0.034		2.8		6.7		7.5						34.423		3.80		93.975		1384.899

																								52.001		4.85		29.824		0.000

						37T/916		24-Apr-01		0.914		0.092		5.7		9.5		21.8						27.756		4.74		74.422		1463.627

																								32.637		4.90		28.383		855.235

		In Vitro 4		Control																				---		---

		mRNA

		16-HBE		HW		34T/397		16-Apr-01		0.394		0.022		1.2		4.4		8.0						---		---

						34T/422		27-Apr-01		0.484		0.076		0.9		7.7		6.1						---		---

						34T/395		14-Apr-01		0.682		0.054		1.1		7.1		8.9						---		---

				BH		31T/413		16-Apr-01		0.435		0.019		3.4		2.8		9.8						---		---

						31T/438		27-Apr-01		0.88		0.199		7.8		8.2		9.1						---		---

						31T/411		14-Apr-01		0.759		0.104		3.2		4.2		9.6						---		---

				MR		33T/683		16-Apr-01		0.2558		0.018		8.7		3.4		1.8		0.0				---		---

						33T/722		27-Apr-01		1.2146		0.83		7.6		6.7		0.0		29.9				---		---

						33T/681		14-Apr-01		0.9285		0.242		6.1		5.4		0.0		19.0				---		---

				PT		36T/397		16-Apr-01		0.198		0		1.2		3.5		6.3				1.9		---		---

						36T/380		27-Apr-01		0.719		0.117		4.7		5.0		4.6				29.8		---		---

						36T/395		14-Apr-01		0.82		0.135		2.0		6.0		8.1				11.9		---		---

				NK		32T/251		16-Apr-01		0.381		0.01		2.2		4.2		7.6						---		---

						32T/276		27-Apr-01		0.429		0.064		3.5		8.2		4.3						---		---

						32T/249		14-Apr-01		0.594		0.084		3.4		6.6		7.0						---		---

				BT		37T/908		16-Apr-01		0.551		0.018		1.4		6.6		21.0						---		---

						37T/947		27-Apr-01		0.623		0.248		7.1		6.8		18.1						---		---

						37T/906		14-Apr-01		0.575		0.034		2.6		2.7		4.7						---		---

		In Vitro 5		Control																				74.715		8.47		336.767		64.082				11.7231714334		1.1723171433

		GSH/ATP																						88.312		7.85		547.838		227.797

		16-HBE																						68.409		7.00		183.984		62.169

		4hr																						73.832		7.10		169.167		0.000

																								70.382		6.19		162.114		97.374

																								93.335		7.24		141.872		112.929

				HW		34T/429		4-May-01		0.498				1.4		3.3		10.5						83.390		8.73		1030.833		161.707

																								105.525		8.61		832.124		86.127

						34T/434		9-May-01		0.735				1.9		7.2		8.4						62.578		6.57		34.316		97.476

																								69.440		5.61		43.37		0.000

						34T/201		8-Jan-01		0.29				1.2		2.4		7.1						44.102		4.23		178.579		1767.244

																								41.433		3.47		124.772		1772.665

				BH		31T/445		4-May-01		0.737				6.4		1.8		12.8						77.374		8.82		641.714		170.266

																								100.399		8.42		523.982		107.557

						31T/464		9-May-01		0.806				8.2		3.2		8.7						41.422		6.01		*		16.030

																								70.219		5.86		16.223		110.530

						31T/202		8-Jan-01		0.347				5.2		1.8		4.0						40.759		3.92		161.388		1865.649

																								36.515		3.42		168.896		1781.871

				MR		33T/729		4-May-01		0.9253				8.6		2.2		8.1		0.1				88.271		8.74		4797.36		408.269

																								101.493		8.63		1220.994		7.664

						33T/734		9-May-01		1.0548				*		*		*		*				58.650		7.07		11.084		0.000

																								62.737		6.15		8.422		376.809

						33T/505		8-Jan-01		*				12.5		2.3		0.8		24.4				23.749		2.46		68.132		1817.671

																								28.890		2.75		54.331		1773.743

				PT		36T/387		4-May-01		0.583				2.2		3.3		6.5				2.0		83.026		8.67		150.231		375.378

																								67.111		7.18		1090.137		1581.095

						36T/392		9-May-01		0.984				2.2		5.8		3.4				4.6		60.422		4.49		21.571		0.000

																								54.350		*		23.104		0.000

						36T/188		8-Jan-01		0.548				5.3		1.3		10.5				0.0		31.419		3.16		165.083		1832.844

																								25.310		2.22		124.423		1801.621

				NK		32T/339		4-May-01		*				2.3		2.7		11.0						92.369		8.32		2448.880		898.015

																								88.692		7.98		4716.006		1134.795

						32T/344		9-May-01		*				3.6		6.5		10.9						49.903		3.46		113.264		1029.061

																								37.819		2.79		94.172		1608.065

						32T/

				BT		37T/951		4-May-01		1.2237				4.0		3.7		14.4						73.377		7.70		1079.249		1778.383

																								72.993		8.86		3106.415		1674.594

						37T/1001		9-May-01		0.6433				4.9		12.5		8.6						39.179		3.53		613.446		1726.391

																								25.939		2.79		250.000		1760.747

						37T/

		In Vitro 5		Control																				77.022		10.46		1900		46.157

		GSH/ATP																						71.565		10.06		1810.943		78.365

		16-HBE																						78.928		8.34		1089.387		73.835

		18hr																						72.358		8.91		470.274		147.012

																								68.770		10.84		1900.000		0.000

																								115.103		11.04		1022.154		0.000

				HW		34T/489		5-Jun-01		0.379				0.8		7.2		7.4						64.463		8.56		2000.000		1236.041

																								87.660		8.68				127.626

						34T/453		14-May-01		0.894				*		*		*						51.791		6.11				1426.354

																								50.953		6.59				964.600

						34T/657		28-Aug-01		0.556				2.5		2.4		16.7						82.843		11.30				39.848

																								94.090		10.35				48.381

				BH		31T/505		5-Jun-01		0.489				4.4		5.1		7.5						67.541		9.27				109.914

																								59.100		9.51				95.700

						31T/469		14-May-01		0.610				5.8		4.7		4.5						48.240		6.25				769.856

																								45.956		6.59				687.512

						31T/673		28-Aug-01		0.788				8.0		3.0		14.0								0.11				1840.691

																										0.23				1795.306

				MR		33T/817		5-Jun-01		1.101				8.4		5.7		2.5		23.4				61.754		5.66				107.753

																								55.512		5.70				81.694

						33T/767		14-May-01		1.498				*		*		*		*				31.585		2.95				1656.948

																								34.348		2.89				1716.580

						33T/1095		28-Aug-01		0.978				10.1		2.0		2.4		13.5				95.892		10.86				35.330

																								88.555		7.10				0.470

				PT		36T/461		5-Jun-01		0.701				3.3		5.4		4.8				17.6		64.843		8.88				150.341

																								64.584		7.85				1046.574

						36T/425		14-May-01		*				2.8		2.7		10.5				19.0		35.858		4.81				1829.889

																								39.651		5.11				1927.800

						36T/630		28-Aug-01		0.747				*		*		*				*		91.258		10.34				0.000

																								115.428		7.62				0.000

				NK		32T/399		5-Jun-01		0.548				3.5		7.0		13.5						68.731		8.23				143.629

																								62.154		8.16				1030.778

						32T/349		14-May-01		*				*		*		*						32.182		4.20				1811.299

																								31.236		3.70				1846.536

						32T/568		28-Aug-01		0.562				6.3		2.4		11.3						115.127		10.20				0.000

																								107.206		10.54				182.720

				BT		37T/1070		5-Jun-01		0.4119				4.5		2.8		13.6						73.194		8.78				343.264

																								78.493		8.53				289.788

						37T/1006		14-May-01		1.044				5.9		18.2		4.9						26.910		3.28				1748.683

																								25.475		3.19				1872.517

						37T/1546		28-Aug-01		0.5529				5.9		5.1		6.9						93.957		7.74				1451.845

																								80.403		5.64				1802.902

		In Vitro 6		Control																				---		---		654.066		*

		IL-8/mRNA																						---		---		816.235		216.070

		16-HBE																						---		---		1003.144		227.898

		4hr																						---		---		999.042		199.418

				HW		34T/542		30-Jun-01				0		0.7		3.3		11.2						---		---		713.330		152.747

																								---		---		654.509		226.287

						34T/824		19-Nov-01				0.15		3.1		13.8		10.6						---		---		624.541		321.815

																								---		---		515.592		284.275

						34T/675		1-Sep-01				0.024		0.7		2.9		9.2

				BH		31T/558		30-Jun-01				0		2.0		3.3		7.7						---		---		568.918		126.296

																								---		---		617.923		117.590

						31T/827		19-Nov-01				0.225		16.7		7.5		12.8						---		---				350.529

																														294.528

						31T/693		1-Sep-01				0.015		2.2		2.7		6.1

				MR		33T/926		30-Jun-01				0.128		2.9		2.9		7.6		16.7				---		---		131.041		127.716

																												123.062		99.816

						33T/1586		19-Nov-01				0.315		16.3		9.4		1.1		2.2				---		---				259.419

																														355.576

						33T/1143		1-Sep-01				0.133		5.9		2.6		3.6		11.0				---		---

				PT		36T/515		30-Jun-01				0.125		1.1		2.3		6.5				47.1		---		---		169.301		179.266

																								---		---		181.444		114.078

						36T/795		19-Nov-01				0.205		6.7		13.5		12.0				0.0		---		---		386.125		294.905

																								---		---		214.896		248.613

						36T/648		1-Sep-01				0.141		2.2		2.0		12.8				10.0		---		---

				NK		32T/452		30-Jun-01				0		1.3		3.5		13.2						---		---		648.348		103.375

																								---		---		442.166		106.149

						32T/736		19-Nov-01				0.17		9.5		11.5		5.0						---		---		427.469		288.210

																								---		---		300.099		236.134

						32T/572		1-Sep-01				0.036		3.1		3.1		6.8

				BT		37T/1179		30-Jun-01				0		2.2		3.6		10.3						---		---		732.118		88.833

																								---		---		688.299		22.576

						37T/1951		19-Nov-01				0.187		10.7		2.4		6.9						---		---		231.14		228.105

																								---		---		244.55		307.421

						37T/1606		1-Sep-01				0.018		4.5		2.2		4.3						---		---

																												TNFa

		In Vitro 9		Control																				19.410		8.74		2.078		262.623

		J774																						20.209		9.25		0		227.389

																								25.883		6.10		5.212		248.942

		4hr																						23.934		6.71		3.09		193.137

																								23.894		10.01		1.116		234.942

																								24.510		9.02		0		339.284

				HW		34T/821		16-Nov-01		*		0.252		6.7		5.7		8.1						6.942		7.28		771.658		324.446

						34T/435		10-May-01		1.549		0.35		3.0		21.0		9.4						14.496		10.17		1031.046		276.37

						34T/659		30-Aug-01		0.684		0.177		1.2		3.8		19.0						16.467		10.82		1040.809		267.323

				BH		31T/727		22-Sep-01		1.323		0.221		13.0		2.4		10.7						1.110		0.83		168.541		760.948

						31T/668		23-Aug-01		0.633		0.238		9.8		12.7		1.5						0.520		0.07		105.827		1357.613

						31T/577		5-Jul-01		0.947		0.29		6.2		7.2		21.6						2.613		2.13		712.115		1032.589

				MR		33T/1514		3-Nov-01		2.2223		0.749		25.8		4.3		20.5		26.3				0.000		0.30		2.874		1436.337

						33T/1510		30-Oct-01		1.3961		0.323		7.0		11.8		6.9		24.3				6.105		7.08		620.078		388.389

						33T/1516		5-Nov-01		1.4746		0.621		11.0		2.5		38.3		20.2				1.160		5.21		171.354		868.312

						33T/1293		9-Oct-01		1.3518		0.541		10.8		1.9		2.3		30.0				3.780		4.95		328.068		819.782

				PT		36T/891		11-Jan-02		0.911		0.911		10.5		3.6		0.0				5.9		5.524		2.60		165.158		340.277

						36T/571		29-Jul-01		1.314		1.314		3.3		8.9		9.3				16.5		1.623		5.00		524.666		592.989

						36T/623		21-Aug-01		0.469		0.469		1.4		2.2		29.7				0.0		13.379		6.15		750.567		333.46

						36T/569		27-Jul-01		0.627		0.627		6.4		5.6		8.5				36.6		6.616		12.88		973.469		259.675

				NK		32T/705		2-Nov-01		1.04		1.04		28.2		3.0		5.8						3.645		1.71		165.617		393.321

						32T/432		24-Jun-01		0.802		0.802		4.4		14.4		14.2						6.296		5.55		891.36		409.587

						32T/565		25-Aug-01		0.847		0.847		7.9		7.9		21.2						7.069		5.74		966.789		549.965

				BT		37T/2052		6-Dec-01		0.269		0.192		18.4		5.1		0.5						8.934		7.93		667.584		302.728

						37T/1004		12-May-01		1.7382		0.392		7.5		33.1		1.4						10.122		9.52		1075.744		362.809

						37T/1169		20-Jun-01		0.599		0.08		2.8		3.8		24.4						18.005		16.65		1126.684		251.991

		18hr		Control																				33.740		18.20		6.099		354.781

																								30.883		18.91		7.387		296.279

																								33.094		20.14		18.283		260.057

																								*		21.56		18.868		232.700

																								42.990		26.04		15.186		331.777

																								41.718		24.88		14.786		260.938

				(+ve Cont)																										1738.607

				HW		34T/821		16-Nov-01		*		0.252		6.7		5.7		8.1						17.460		7.86		1097.216		1221.213

						34T/435		10-May-01		1.549		0.35		3.0		21.0		9.4						36.195		18.40		593.147		139.458

						34T/659		30-Aug-01		0.684		0.177		1.2		3.8		19.0						34.555		14.25		808.389		765.264

				BH		31T/727		22-Sep-01		1.323		0.221		13.0		2.4		10.7						0.232		0.20		*		*

						31T/668		23-Aug-01		0.633		0.238		9.8		12.7		1.5						0.768		0.14		87.583		1714.492

						31T/577		5-Jul-01		0.947		0.29		6.2		7.2		21.6						4.740		2.24		707.21		1641.384

				MR		33T/1514		3-Nov-01		2.2223		0.749		25.8		4.3		20.5		26.3				0.658		0.00		1.791		1559.482

						33T/1510		30-Oct-01		1.3961		0.323		7.0		11.8		6.9		24.3				29.412		9.97		1021.628		966.322

						33T/1516		5-Nov-01		1.4746		0.621		11.0		2.5		38.3		20.2				4.469		5.79		541.348		1528.931

						33T/1293		9-Oct-01		1.3518		0.541		10.8		1.9		2.3		30.0				24.345		6.86		841.561		1181.699

				PT		36T/891		11-Jan-02		0.911		0.571		10.5		3.6		0.0				5.9		4.625		1.85		303.131		1435.627

						36T/571		29-Jul-01		1.314		0.41		3.3		8.9		9.3				16.5		3.097		3.46		784.305		1573.703

						36T/623		21-Aug-01		0.469		0.047		1.4		2.2		29.7				0.0		19.042		14.91		920.764		792.780

						36T/569		27-Jul-01		0.627		0.128		6.4		5.6		8.5				36.6		15.325		23.64		1051.228		991.352

				NK		32T/705		2-Nov-01		1.04		0.24		28.2		3.0		5.8						5.349		3.30		447.768		1463.489

						32T/432		24-Jun-01		0.802		0.203		4.4		14.4		14.2						18.641		6.71		1230.965		1066.493

						32T/565		25-Aug-01		0.847		0.278		7.9		7.9		21.2						23.347		13.41		1049.047		382.998

				BT		37T/2052		6-Dec-01		0.269		0.192		18.4		5.1		0.5						30.958		21.11		830.273		436.307

						37T/1004		12-May-01		1.7382		0.392		7.5		33.1		1.4						25.108		19.02		431.876		141.243

						37T/1169		20-Jun-01		0.599		0.08		2.8		3.8		24.4						28.631		32.38		849.672		467.004





HBE

		In Vitro Results for 16-HBE																																				In Vitro-4 and In Vitro-5 Combined

		In Vitro 4																		In Vitro 5																		4hr

		4hr		IL-8		LDH		GSH		ATP										4hr		IL-8		LDH		GSH		ATP												IL-8				LDH				GSH				ATP

		Control		180.264		0.000		66.763		6.72										Control		*		64.082		74.715		8.47										Control		180.264		*		0.000		64.082		66.763		74.715		6.72		8.47

				133.542		0.000		65.732		7.05												*		227.797		88.312		7.85												133.542		*		0.000		227.797		65.732		88.312		7.05		7.85

				117.031		0.000		50.114		5.31												183.984		62.169		68.409		7.00												117.031		183.984		0.000		62.169		50.114		68.409		5.31		7.00

				83.498		0.000		51.059		5.11												169.167		0.000		73.832		7.10												83.498		169.167		0.000		0.000		51.059		73.832		5.11		7.10

				*		*		41.501		7.01												162.114		97.374		70.382		6.19												*		162.114		*		97.374		41.501		70.382		7.01		6.19

				*		*		46.465		7.71												141.872		112.929		93.335		7.24												*		141.872		*		112.929		46.465		93.335		7.71		7.24

				128.6		0.0		53.6		6.5												164.3		94.1		78.2		7.3														146.4				56.4				65.9				6.9

				16.434		0.000		4.228		0.426												7.145		31.100		4.161		0.317														9.958				21.570				4.659				0.282

		HW		55.071		0.000		62.394		6.75										HW		*		161.707		83.390		8.73										HW		55.071		*		0.000		161.707		62.394		83.390		6.75		8.73

				61.668		0.000		63.822		6.21												*		86.127		105.525		8.61												61.668		*		0.000		86.127		63.822		105.525		6.21		8.61

				108.712		626.654		39.016		4.00												34.316		97.476		62.578		6.57												108.712		34.316		626.654		97.476		39.016		62.578		4.00		6.57

				57.622		0.000		53.377		4.85												43.37		0.000		69.440		5.61												57.622		43.37		0.000		0.000		53.377		69.440		4.85		5.61

				227.825		970.569		35.217		5.93												178.579		1767.244		44.102		4.23												227.825		178.579		970.569		1767.244		35.217		44.102		5.93		4.23

				16.246		68.280		44.037		6.41												124.772		1772.665		41.433		3.47												16.246		124.772		68.280		1772.665		44.037		41.433		6.41		3.47

				87.9		277.6		49.6		5.7												95.3		647.5		67.7		6.2														90.8				462.6				58.7				5.9

				30.457		170.982		4.933		0.429												28.107		355.562		9.921		0.894														19.763				196.183				5.945				0.479

		BH		56.967		0.000		62.204		6.07										BH		*		170.266		77.374		8.82										BH		56.967		*		0.000		170.266		62.204		77.374		6.07		8.82

				54.804		0.000		51.954		4.91												*		107.557		100.399		8.42												54.804		*		0.000		107.557		51.954		100.399		4.91		8.42

				133.511		0.000		29.674		7.61												*		16.030		41.422		6.01												133.511		*		0.000		16.030		29.674		41.422		7.61		6.01

				105.36		0.000		32.441		6.94												16.223		110.530		70.219		5.86												105.36		16.223		0.000		110.530		32.441		70.219		6.94		5.86

				12.928		101.083		40.154		8.03												161.388		1865.649		40.759		3.92												12.928		161.388		101.083		1865.649		40.154		40.759		8.03		3.92

				12.501		81.438		40.819		7.17												168.896		1781.871		36.515		3.42												12.501		168.896		81.438		1781.871		40.819		36.515		7.17		3.42

				62.7		30.4		42.9		6.8												115.5		675.3		61.1		6.1														80.3				352.9				52.0				6.4

				19.939		19.406		5.003		0.463												35.134		363.888		10.485		0.909														18.348				199.077				6.183				0.498

		MR		10.608		1686.636		26.593		2.83										MR		*		408.269		88.271		8.74										MR		10.608		*		1686.636		408.269		26.593		88.271		2.83		8.74

				3.002		1440.995		33.057		3.79												*		7.664		101.493		8.63												3.002		*		1440.995		7.664		33.057		101.493		3.79		8.63

				48.989		0.000		40.402		4.71												11.084		0.000		58.650		7.07												48.989		11.084		0.000		0.000		40.402		58.650		4.71		7.07

				34.116		0.000		43.583		4.40												8.422		376.809		62.737		6.15												34.116		8.422		0.000		376.809		43.583		62.737		4.40		6.15

				18.741		381.990		28.699		6.47												68.132		1817.671		23.749		2.46												18.741		68.132		381.990		1817.671		28.699		23.749		6.47		2.46

				6.288		140.382		32.406		5.44												54.331		1773.743		28.890		2.75												6.288		54.331		140.382		1773.743		32.406		28.890		5.44		2.75

				20.3		608.3		34.1		4.6												35.5		730.7		60.6		6.0														26.4				669.5				47.4				5.3

				7.316		309.107		2.703		0.518												12.358		344.255		12.662		1.136														6.742				221.337				7.353				0.630

		PT		155.169		507.425		53.154		4.94										PT		*		375.378		83.026		8.67										PT		155.169		*		507.425		375.378		53.154		83.026		4.94		8.67

				121.12		0.000		58.760		5.53												*		1581.095		67.111		7.18												121.12		*		0.000		1581.095		58.760		67.111		5.53		7.18

				44.362		0.000		41.093		4.49												21.571		0.000		60.422		4.49												44.362		21.571		0.000		0.000		41.093		60.422		4.49		4.49

				36.919		176.667		44.465		4.54												23.104		0.000		54.350		*												36.919		23.104		176.667		0.000		44.465		54.350		4.54		*

				12.55		98.252		44.437		6.86												165.083		1832.844		31.419		3.16												12.55		165.083		98.252		1832.844		44.437		31.419		6.86		3.16

				15.359		241.872		42.197		6.00												124.423		1801.621		25.310		2.22												15.359		124.423		241.872		1801.621		42.197		25.310		6.00		2.22

				64.2		170.7		47.4		5.4												83.5		931.8		53.6		5.1														72.0				551.3				50.5				5.3

				24.294		77.891		2.866		0.378												29.640		366.795		8.922		1.109														17.851				212.419				4.566				0.532

												BT																		BT																										BT

		NK		95.171		45.585		55.852		4.42		140.184		838.704		51.851		5.45		NK		*		898.015		92.369		8.32		*		1778.383		73.377		7.70		NK		95.171		*		45.585		898.015		55.852		92.369		4.42		8.32		140.184		*		838.704		1778.383		51.851		73.377		5.45		7.70

				134.661		504.375		50.268		4.56		138.184		1193.887		47.137		4.44				*		1134.795		88.692		7.98		*		1674.594		72.993		8.86				134.661		*		504.375		1134.795		50.268		88.692		4.56		7.98		138.184		*		1193.887		1674.594		47.137		72.993		4.44		8.86

				72.189		0.000		47.791		5.07		93.975		1384.899		34.423		3.80				113.264		1029.061		49.903		3.46		613.446		1726.391		39.179		3.53				72.189		113.264		0.000		1029.061		47.791		49.903		5.07		3.46		93.975		613.446		1384.899		1726.391		34.423		39.179		3.80		3.53

				52.481		1586.374		37.401		3.05		29.824		0.000		52.001		4.85				94.172		1608.065		37.819		2.79		250.000		1760.747		25.939		2.79				52.481		94.172		1586.374		1608.065		37.401		37.819		3.05		2.79		29.824		250.000		0.000		1760.747		52.001		25.939		4.85		2.79

				63.246		681.305		38.186		5.90		74.422		1463.627		27.756		4.74				*		*		*		*		*		*		*		*				63.246		*		681.305		*		38.186		*		5.90		*		74.422		*		1463.627		*		27.756		*		4.74		*

				211.368		1224.636		29.785		4.97		28.383		855.235		32.637		4.90				*		*		*		*		*		*		*		*				211.368		*		1224.636		*		29.785		*		4.97		*		28.383		*		855.235		*		32.637		*		4.90		*

				104.9		673.7		43.2		4.7		84.2		956.1		41.0		4.7				103.7		1167.5		67.2		5.6		431.7		1735.0		52.9		5.7						104.6				871.2				52.8				5.1				171.1				1267.6				45.7				5.1

				24.405		259.077		3.957		0.385		20.258		218.790		4.340		0.224				5.511		126.261		11.200		1.190		104.918		18.661		9.827		1.227						14.660				163.462				6.167				0.546				55.587				163.827				4.947				0.537

		In Vitro 4																		In Vitro 5																		4hr		(In Vitro-4 and In Vitro-5 combined)

		4hr		IL-8				LDH				GSH				ATP				4hr		IL-8				LDH				GSH				ATP

		Control		128.58375		16.4344208037		0		0		53.6056428367		4.2283278475		6.4838510333		0.4258556962		Control		164.28425		7.1450850736		94.0585		31.0996285495		78.16454688		4.1614384442		7.3065342		0.3171943027				IL-8				LDH				GSH				ATP

		Harwell		87.8573333333		30.4570999447		277.5838333333		170.9819552574		49.6439791633		4.9330071316		5.6916290667		0.4287516489		Harwell		95.25925		28.106698627		647.5365		355.5624665851		67.7447857333		9.9212524895		6.2016234		0.8940883724		Control		146.434		9.958016095		56.4351		21.5699573075		65.8850948583		4.6590650421		6.8951926167		0.2818953944

		Birmingham		62.6785		19.9386360596		30.4201666667		19.4058423272		42.8741851533		5.0026283845		6.7882322667		0.4626034961		Birmingham		115.5023333333		35.1339864811		675.3171666667		363.8875127966		61.1146286333		10.4846088389		6.0744709667		0.9092101767		Harwell		90.8181		19.7625481326		462.5601666667		196.1828890608		58.6943824483		5.9453903108		5.9466262333		0.4789266921

		Marylebone Road		20.2906666667		7.316334117		608.3338333333		309.1068173451		34.12325931		2.7025875631		4.6077180333		0.5182010376		Marylebone Road		35.49225		12.3576626807		730.6926666667		344.2551762528		60.6319570733		12.66206927		5.9673952333		1.1360818312		Birmingham		80.2864444444		18.3484658323		352.8686666667		199.0773734613		51.9944068933		6.1832745644		6.4313516167		0.4980896824

		PortTalbot		64.2465		24.2941675946		170.7026666667		77.8910514671		47.35110464		2.865730634		5.3953246667		0.3784409542		PortTalbot		83.54525		29.6398263272		931.823		366.7951643589		53.6062659067		8.9215732529		5.1451736		1.109270283		Marylebone Road		26.3713		6.7421331099		669.51325		221.3367545966		47.3776081917		7.353154602		5.2875566333		0.6295897747

		North Kensington		104.8526666667		24.4053333934		673.7125		259.0774170211		43.2138044567		3.9573780844		4.6612559		0.3847751251		North Kensington		103.718		5.5113856697		1167.484		126.2613377026		67.19574568		11.1997319115		5.6367066		1.1899502802		PortTalbot		71.966		17.8505641217		551.2628333333		212.4190352052		50.4786852733		4.5656719515		5.2816196364		0.5322806335

		Belfast		84.162		20.258264669		956.0586666667		218.7904373512		40.9673832633		4.3399078978		4.6954093667		0.2236342372		Belfast		431.723		104.9178229679		1735.02875		18.660697124		52.871816375		9.8267075994		5.72082105		1.2269411521		North Kensington		104.569		14.6599520788		871.2211		163.4617580033		52.806580946		6.1673855127		5.05143618		0.546138267

																																						Belfast		171.05225		55.587381786		1267.6467		163.8272631165		45.729156508		4.9472369428		5.10557404		0.5368013693

		In Vitro 5

		18hr		IL-8		LDH		GSH		ATP

		Control				46.157		77.022		10.46

						78.365		71.565		10.06

						73.835		78.928		8.34

						147.012		72.358		8.91

						0.000		68.770		10.84

						0.000		115.103		11.04

				0.0		57.6		80.6		9.9

				0.000		22.698		7.061		0.444

		HW				1236.041		64.463		8.56

						127.626		87.660		8.68

						1426.354		51.791		6.11

						964.600		50.953		6.59

						39.848		82.843		11.30

						48.381		94.090		10.35

				0.0		640.5		72.0		8.6

				0.000		261.515		7.657		0.829

		BH				109.914		67.541		9.27

						95.700		59.100		9.51

						769.856		48.240		6.25

						687.512		45.956		6.59

						1840.691				0.11

						1795.306				0.23

				0.0		883.2		55.2		5.3

				0.000		317.175		4.092		1.719

		MR				107.753		61.754		5.66

						81.694		55.512		5.70

						1656.948		31.585		2.95

						1716.580		34.348		2.89

						35.330		95.892		10.86

						0.470		88.555		7.10

				0.0		599.8		61.3		5.9

				0.000		344.148		10.928		1.210

		PT				150.341		64.843		8.88

						1046.574		64.584		7.85

						1829.889		35.858		4.81

						1927.800		39.651		5.11

						0.000		91.258		10.34

						0.000		115.428		7.62

				0.0		825.8		68.6		7.4

				0.000		369.300		12.445		0.875

		NK				143.629		68.731		8.23		BT		343.264		73.194		8.78

						1030.778		62.154		8.16				289.788		78.493		8.53

						1811.299		32.182		4.20				1748.683		26.910		3.28

						1846.536		31.236		3.70				1872.517		25.475		3.19

						0.000		115.127		10.20				1451.845		93.957		7.74

						182.720		107.206		10.54				1802.902		80.403		5.64

				0.0		835.8		69.4		7.5		0.0		1251.5		63.1		6.2

				0.000		347.149		14.623		1.195		0.000		301.486		11.994		1.037

		In Vitro 5

		18hr		GSH				ATP				LDH

		Control		80.62428878		7.0606837565		9.9423510667		0.4439115798		57.5615		22.6978116049

		Harwell		71.9667080533		7.6570672961		8.6002121333		0.8288144871		640.475		261.5150647916

		Birmingham		55.209298095		4.0920480452		5.3267869667		1.7188260077		883.1631666667		317.1747418303

		Marylebone Road		61.2745268567		10.9278900605		5.8587041333		1.2099753492		599.7958333333		344.147563769

		PortTalbot		68.60353773		12.4453288265		7.4339174		0.8751282488		825.7673333333		369.3000592687

		North Kensington		69.43928229		14.6228564686		7.504532		1.1949470216		835.827		347.1492376701

		Belfast		63.0718991933		11.9939774971		6.1921619667		1.0374403152		1251.4998333333		301.486204054

		SCATTERPLOTS

		In Vitro 4

		4hr		Gravimetric		Primary		Secondary		Course		Roadside		Industrial		IL-8		LDH		GSH		ATP

		Control														156.903		0		478.4605		4.971

																100.2645		0		365.35		3.7605

																*		*		317.658		5.317

		HW		0.597		1.1		6.6		6.4						58.3695		0		455.785		4.6785

				0.301		1.2		4.1		4.6						83.167		313.327		333.647		3.1975

				0.535		1.6		3.8		8.9						*		*		286.1995		4.456

		BH		0.604		2.6		6.9		3.5						55.8855		0		412.24		3.967

				0.452		5.0		2.4		6.6						119.4355		0		224.3075		5.2525

				0.635		8.2		5.4		4.5						*		*		292.4035		5.4885

		MR		1.6671		7.6		7.0		43.4		19.0				6.805		1563.8155		215.405		2.3905

				0.4254		10.8		3.8		0.0		0.0				41.5525		0		303.282		3.291

				1.0332		12.5		4.0		0.6		23.8				*		*		220.6585		4.302

		PT		0.237		*		*		*				*		138.1445		253.7125		404.137		3.782

				0.665		1.6		2.1		0.0				3.4		40.6405		88.3335		308.965		3.2615

				0.404		*		*		*				*		*		*		312.85		4.6465

		NK		0.699		3.4		8.6		7.0						114.916		274.98		383.214		3.2425

				0.271		3.1		4.7		3.2						62.335		793.187		307.642		2.935

				0.693		4.5		4.9		11.5						*		*		245.4535		3.922

		BT		0.449		3.6		2.9		12.5						139.184		1016.2955		357.4625		3.569

				0.824		2.8		6.7		7.5						61.8995		692.4495		312.088		3.1235

				0.914		5.7		9.5		21.8						*		*		218.086		3.481
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		Control		16.4344208037

		Harwell		30.4570999447

		Birmingham		19.9386360596

		Marylebone Road		7.316334117

		PortTalbot		24.2941675946

		North Kensington		24.4053333934

		Belfast		20.258264669



IL-8 Release (pg/ml)

128.58375

87.8573333333

62.6785

20.2906666667

64.2465

104.8526666667

84.162



		Control		0

		Harwell		170.9819552574

		Birmingham		19.4058423272

		Marylebone Road		309.1068173451

		PortTalbot		77.8910514671

		North Kensington		259.0774170211

		Belfast		218.7904373512



LDH Release (U/ml)

0

277.5838333333

30.4201666667

608.3338333333

170.7026666667

673.7125

956.0586666667



		Control		4.2283278475

		Harwell		4.9330071316

		Birmingham		5.0026283845

		Marylebone Road		2.7025875631

		PortTalbot		2.865730634

		North Kensington		3.9573780844

		Belfast		4.3399078978



GSH (nmoles/1x106cells)

53.6056428367

49.6439791633

42.8741851533

34.12325931

47.35110464

43.2138044567

40.9673832633



		Control		0.4258556962

		Harwell		0.4287516489

		Birmingham		0.4626034961

		Marylebone Road		0.5182010376

		PortTalbot		0.3784409542

		North Kensington		0.3847751251

		Belfast		0.2236342372



ATP (uM)

6.4838510333

5.6916290667

6.7882322667

4.6077180333

5.3953246667

4.6612559

4.6954093667



		Control		4.1614384442

		Harwell		9.9212524895

		Birmingham		10.4846088389

		Marylebone Road		12.66206927

		PortTalbot		8.9215732529

		North Kensington		11.1997319115

		Belfast		9.8267075994



GSH (nmoles/1x106cells)

78.16454688

67.7447857333

61.1146286333

60.6319570733

53.6062659067

67.19574568

52.871816375



		Control		0.3171943027

		Harwell		0.8940883724

		Birmingham		0.9092101767

		Marylebone Road		1.1360818312

		PortTalbot		1.109270283

		North Kensington		1.1899502802

		Belfast		1.2269411521



ATP (mmol/1x106 cells)

7.3065342

6.2016234

6.0744709667

5.9673952333

5.1451736

5.6367066

5.72082105



		Control		7.0606837565

		Harwell		7.6570672961

		Birmingham		4.0920480452

		Marylebone Road		10.9278900605

		PortTalbot		12.4453288265

		North Kensington		14.6228564686

		Belfast		11.9939774971



GSH (nmoles/1x106cells)

80.62428878

71.9667080533

55.209298095

61.2745268567

68.60353773

69.43928229

63.0718991933



		0		0.4439115798

		0		0.8288144871

		0		1.7188260077

		0		1.2099753492

		0		0.8751282488

		0		1.1949470216

		0		1.0374403152



ATP (mmol/1x106 cells)



		Control		4.6590650421

		Harwell		5.9453903108

		Birmingham		6.1832745644

		Marylebone Road		7.353154602

		PortTalbot		4.5656719515

		North Kensington		6.1673855127

		Belfast		4.9472369428



GSH (nmoles/1x106cells)

65.8850948583

58.6943824483

51.9944068933

47.3776081917

50.4786852733

52.806580946

45.729156508



		Control		0.2818953944

		Harwell		0.4789266921

		Birmingham		0.4980896824

		Marylebone Road		0.6295897747

		PortTalbot		0.5322806335

		North Kensington		0.546138267

		Belfast		0.5368013693



ATP (mmol/1x106 cells)

6.8951926167

5.9466262333

6.4313516167

5.2875566333

5.2816196364

5.05143618

5.10557404



		Control		7.1450850736

		Harwell		28.106698627

		Birmingham		35.1339864811

		Marylebone Road		12.3576626807

		PortTalbot		29.6398263272

		North Kensington		5.5113856697

		Belfast		104.9178229679



IL-8 (pg/ml)

164.28425

95.25925

115.5023333333

35.49225

83.54525

103.718

431.723



		Control		31.0996285495

		Harwell		355.5624665851

		Birmingham		363.8875127966

		Marylebone Road		344.2551762528

		PortTalbot		366.7951643589

		North Kensington		126.2613377026

		Belfast		18.660697124



LDH (U/ml)

94.0585

647.5365

675.3171666667

730.6926666667

931.823

1167.484

1735.02875



		Control		9.958016095

		Harwell		19.7625481326

		Birmingham		18.3484658323

		Marylebone Road		6.7421331099

		PortTalbot		17.8505641217

		North Kensington		14.6599520788

		Belfast		55.587381786



IL-8 (pg/ml)

146.434

90.8181

80.2864444444

26.3713

71.966

104.569

171.05225



		Control		21.5699573075

		Harwell		196.1828890608

		Birmingham		199.0773734613

		Marylebone Road		221.3367545966

		PortTalbot		212.4190352052

		North Kensington		163.4617580033

		Belfast		163.8272631165



LDH (U/ml)

56.4351

462.5601666667

352.8686666667

669.51325

551.2628333333

871.2211

1267.6467



		0		0		0		0		0		0

		0		0		0		0		0		0



HW

BH

MR

PT

NK

BT

Gravimetric Mass (mg)

IL-8 (pg/ml)

0

0

0

0

0

0

0

0

0

0

0

0



		0		22.6978116049

		0		261.5150647916

		0		317.1747418303

		0		344.147563769

		0		369.3000592687

		0		347.1492376701

		0		301.486204054



LDH (U/ml)



		In Vitro 9 - TNFa release from J774 macrophages

		4hr

				Control		Harwell		Birmingham		Marylebone		PortTalbot		North Kensington		Belfast

						HW		BH		MR		PT		NK		BT

		Primary		2.078		771.658		168.541		2.874		165.158		165.617		667.584		323.6

		Secondary		0		1031.046		105.827		620.078		524.666		891.36		1075.744		708.1

		Coarse		5.212		1040.809		712.115		171.354		750.567		966.789		1126.684		794.7

		Road/Ind		3.09						328.068		973.469						650.8

				1.116														128.589

				0														150.241

				1.9		947.8		328.8		280.6		603.5		674.6		956.7		141.153

				0.822		88.135		192.497		131.201		172.449		255.416		145.289		186.311

				TNF		Mass on cells		primary		secondary		coarse

		HW		771.658		0.126		6.7		5.7		8.1

				1031.046		0.175		3.0		21.0		9.4

				1040.809		0.0885		1.2		3.8		19.0

		BH		168.541		0.1105		13.0		2.4		10.7

				105.827		0.119		9.8		12.7		1.5

				712.115		0.145		6.2		7.2		21.6

		MR		2.874		0.3745		25.8		4.3		20.5

				620.078		0.1615		7.0		11.8		6.9

				171.354		0.3105		11.0		2.5		38.3

				328.068		0.2705		10.8		1.9		2.3

		PT		165.158		0.2855		10.5		3.6		0.0

				524.666		0.205		3.3		8.9		9.3

				750.567		0.0235		1.4		2.2		29.7

				973.469		0.064		6.4		5.6		8.5

		NK		165.617		0.12		28.2		3.0		5.8

				891.36		0.1015		4.4		14.4		14.2

				966.789		0.139		7.9		7.9		21.2

		BT		667.584		0.096		18.4		5.1		0.5

				1075.744		0.196		7.5		33.1		1.4

				1126.684		0.04		2.8		3.8		24.4

		In Vitro 9 - LDH release from J774 macrophages

		4hr

				Control		Harwell		Birmingham		Marylebone		PortTalbot		North Kensington		Belfast

						HW		BH		MR		PT		NK		BT

		Primary		262.623		324.446		760.948		1436.337		340.277		393.321		302.728		593.0

		Secondary		227.389		276.37		1357.613		388.389		592.989		409.587		362.809		564.6

		Coarse		248.942		267.323		1032.589		868.312		333.46		549.965		251.991		550.6

		Road/Ind		193.137						819.782		259.675						539.7

				234.942														182.533

				339.284														164.170

				251.1		289.4		1050.4		878.2		381.6		451.0		305.8		135.378

				20.081		17.727		172.472		215.047		72.787		49.726		32.028		161.689

		In Vitro 9 - ATP in J774 macrophages

		4hr

				Control		Harwell		Birmingham		Marylebone		PortTalbot		North Kensington		Belfast

						HW		BH		MR		PT		NK		BT

		Primary		8.7423644		7.2774576		0.8321446		0.2963044		2.5975096		1.7085964		7.9254504		3.4																				12.1046777482		10.076367793		1.1521874132		0.4102630722		3.5965117922		2.3657225754		10.9735786238

		Secondary		9.249128		10.1685024		0.0719992		7.0836136		4.9970214		5.5508614		9.5205096		6.2																				12.8063426288		14.079308423		0.0996900923		9.8079713906		6.9188758304		7.6857226944		13.1820975922

		Coarse		6.0977784		10.8220336		2.1281302		5.213019		6.147624		5.7405516		16.6539688		7.8																				8.4429839726		14.9841877226		2.9466090749		7.2179461074		8.5120001904		7.9483677454		23.0590852005

		Road/Ind		6.7139254						4.9527142		12.8753954						8.9																				9.2961011088		0		0		6.8575280813		17.8272724708		0		0

				10.0092734														1.357																				13.8588399496		0		0		0		0		0		0

				9.0234382														1.494																				12.4938525317		0		0		0		0		0		0

				8.3		9.4		1.0		4.4		6.7		4.3		11.4		2.108

				0.630		1.089		0.600		1.444		2.202		1.314		2.683		2.287

		In Vitro 9 - GSH in J774 macrophages

		4hr

				Control		Harwell		Birmingham		Marylebone		PortTalbot		North Kensington		Belfast

						HW		BH		MR		PT		NK		BT

		Primary		19.4100151		6.94155364		1.1097569		0		5.52413862		3.6449595		8.93399304		4.4																				2.6875106907		0.961127517		0.1536569404		0		0.7648722333		0.5046810924		1.2370006763

		Secondary		20.20879084		14.49593124		0.52033268		6.10525524		1.62302812		6.2957762		10.12197984		6.5																				2.7981091797		2.0071066395		0.0720452629		0.8453336405		0.2247244735		0.8717131727		1.4014893286

		Coarse		25.8830201		16.46677088		2.61301712		1.15974096		13.37897442		7.06935222		18.0053384		9.8																				3.583762963		2.279989096		0.3617983504		0.1605777333		1.8524527982		0.9788225084		2.4930191549

		Road/Ind		23.9341956						3.77968108		6.61603418						5.2																				3.3139287228		0		0		0.5233346423		0.9160560926		0		0

				23.89418066														1.403																				3.3083882542		0		0		0		0		0		0

				24.50991228														2.135																				3.3936424543		0		0		0		0		0		0

				23.0		12.6		1.4		2.8		6.8		5.7		12.4		2.935

				1.048		2.903		0.623		1.367		2.445		1.037		2.847		0.819

		In Vitro 9 - TNFa release from J774 macrophages

		18hr

				Control		Harwell		Birmingham		Marylebone		PortTalbot		North Kensington		Belfast

						HW		BH		MR		PT		NK		BT

		Primary		6.099		1097.216		*		1.791		303.131		447.768		830.273		462.5

		Secondary		7.387		593.147		87.583		1021.628		784.305		1230.965		431.876		743.5

		Coarse		18.283		808.389		707.21		541.348		920.764		1049.047		849.672		805.4

		Road/Ind		18.868						841.561		1051.228						946.4

				15.186														188.670

				14.786														179.057

				13.4		832.9		397.4		601.6		764.9		909.3		703.9		79.594

				2.223		146.028		252.962		223.123		163.270		236.646		136.147		60.526

		In Vitro 9 - LDH release from J774 macrophages

		18hr

				Control		Harwell		Birmingham		Marylebone		PortTalbot		North Kensington		Belfast

						HW		BH		MR		PT		NK		BT

		Primary		354.781		1221.213		*		1559.482		1435.627		1463.489		436.307		1420.0

		Secondary		296.279		139.458		1714.492		966.322		1573.703		1066.493		141.243		1092.1

		Coarse		260.057		765.264		1641.384		1528.931		792.780		382.998		467.004		1022.3

		Road/Ind		232.700						1181.699		991.352						1086.5

				331.777														58.265

				260.938														253.584

				289.4		708.6		1677.9		1309.1		1198.4		971.0		348.2		220.548

				19.152		313.556		29.846		142.812		183.604		315.545		103.850		54.948

		In Vitro 9 - GSH in J774 macrophages

		18hr

				Control		Harwell		Birmingham		Marylebone		PortTalbot		North Kensington		Belfast

						HW		BH		MR		PT		NK		BT

		Primary		33.740		17.460		0.232		0.658		4.625		5.349		30.958		5.7																				4.671573582		2.4174655676		0.0320733701		0.0911205786		0.6403554738		0.7406782148		4.2864630869

		Secondary		30.883		36.195		0.768		29.412		3.097		18.641		25.108		17.6																				4.2760723119		5.011535968		0.1063233177		4.0723211001		0.4287632528		2.5810915172		3.4764810868

		Coarse		33.094		34.555		4.740		4.469		19.042		23.347		28.631		17.2																				4.58219758		4.7844342692		0.6563634021		0.6188262481		2.6364962031		3.232623784		3.9642340346

		Road/Ind		*						24.345		15.325						19.8																				0		0		0		3.3708671024		2.1218461015		0		0

				42.990														2.850																				5.9523420431		0		0		0		0		0		0

				41.718														6.390																				5.7762548319		0		0		0		0		0		0

				36.5		29.4		1.9		14.7		10.5		15.8		28.2		5.243

				2.237		5.990		1.422		7.137		3.932		5.389		1.700		2.604

		In Vitro 9 - ATP in J774 macrophages

		18hr

				Control		Harwell		Birmingham		Marylebone		PortTalbot		North Kensington		Belfast

						HW		BH		MR		PT		NK		BT

		Primary		18.20		7.86		0.20		0.00		1.85		3.30		21.11		2.6

		Secondary		18.91		18.40		0.14		9.97		3.46		6.71		19.02		7.7

		Coarse		20.14		14.25		2.24		5.79		14.91		13.41		32.38		10.1

		Road/Ind		21.56						6.86		23.64						15.3

				26.04														1.310

				24.88														2.856

				21.6		13.5		0.9		5.7		11.0		7.8		24.2		2.342

				1.310		3.066		0.691		2.083		5.130		2.971		4.151		4.846





				0.8215888672

				88.1349065398

				192.4968799482

				131.2011632732

				172.4490908138

				255.4156753297

				145.2894198182



TNFa (pg/ml)



		Primary		128.5887391552

		Secondary		150.2408207047

		Coarse		141.1530938812

		Road/Ind		186.3112205426



TNFa (pg/ml)

323.572

708.1201666667

794.7196666667

650.7685



		



HW

BH

MR

PT

NK

BT

Mass applied to cells (mg)

TNFa (pg/ml)



				20.0805402109

				17.7266076124

				172.4719873683

				215.046925433

				72.7873986774

				49.7258642604

				32.0282851156



LDH (U/ml)



				0.6299922308

				1.0890684624

				0.6002348797

				1.4436023796

				2.2015689334

				1.3135119472

				2.6834626001



ATP (mmol/1x106cells)



				1.0478310942

				2.9028969561

				0.6230097362

				1.3665316697

				2.4451443725

				1.0368680013

				2.8465179651



GSH (nmole/1x106cells)



				2.2234132532

				146.0281006546

				252.9616634753

				223.1228998023

				163.2698344434

				236.6464939025

				136.1473850947



TNFa (pg/ml)



				19.151840747

				313.5563497348

				29.8462160192

				142.8124020878

				183.6040679653

				315.5446825308

				103.8495971816



LDH (U/ml)



				2.2370990675

				5.9904289283

				1.4220124767

				7.1373592944

				3.9323489564

				5.3889455451

				1.7004439929



GSH (nmole/1x106cells)



				1.3100170784

				3.0662444873

				0.691119314

				2.083085106

				5.1297030835

				2.9706191356

				4.150720739



ATP (mmol/1x106cells)



		6.6966638658		12.9544019042		25.8479037688		10.5444598628		28.1779395262		18.3864274377

		2.9548166336		9.7656260508		7.03215029		3.2563773106		4.3799905999		7.5127337918

		1.1598345665		6.1782532158		11.0233707249		1.395590276		7.8839830799		2.7678492917

						10.833312609		6.3576890349



HW

BH

MR

PT

NK

BT

Primary component of PM10 (ng/m3)

TNFa (pg/ml)

771.658

168.541

2.874

165.158

165.617

667.584

1031.046

105.827

620.078

524.666

891.36

1075.744

1040.809

712.115

171.354

750.567

966.789

1126.684

328.068

973.469



		5.6712936632		2.3503747086		4.2597314789		3.5559306045		3.0455495446		5.075685172

		20.9524399036		12.7094926477		11.7624931072		8.8973997873		14.41268084		33.0916491518

		3.7626150942		7.2104100642		2.5171072176		2.1835510791		7.9173009241		3.8411756549

						1.8655477855		5.6131395925



HW

BH

MR

PT

NK

BT

Secondary component of PM10 (ng/m3)

TNFa (pg/ml)

771.658

168.541

2.874

165.158

165.617

667.584

1031.046

105.827

620.078

524.666

891.36

1075.744

1040.809

712.115

171.354

750.567

966.789

1126.684

328.068

973.469



		8.062042471		10.6952233873		20.5462733966		0		5.7765109292		0.5378873903

		9.4327434628		1.5248813015		6.9137769582		9.3114196608		14.2073285601		1.3956170564

		18.9975503394		21.6113367199		38.2769658354		29.6992845757		21.198715996		24.3909750534

						2.3294393476		8.4785155104



HW

BH

MR

PT

NK

BT

Coarse component of PM10 (ng/m3)

TNFa (pg/ml)

771.658

168.541

2.874

165.158

165.617

667.584

1031.046

105.827

620.078

524.666

891.36

1075.744

1040.809

712.115

171.354

750.567

966.789

1126.684

328.068

973.469




