
This is a repository copy of Urban Particulate Matter Induces Changes in Gene 
Expression in Vascular Endothelial Cells that Are Associated with Altered Clot Structure In 
Vitro.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/124820/

Version: Accepted Version

Article:

Pan, X, Gong, YY, Xu, Y et al. (2 more authors) (2018) Urban Particulate Matter Induces 
Changes in Gene Expression in Vascular Endothelial Cells that Are Associated with 
Altered Clot Structure In Vitro. Thrombosis and Haemostasis, 118 (2). pp. 266-278. ISSN 
0340-6245 

https://doi.org/10.1160/TH17-05-0362

Copyright (c) 2018 Schattauer. This article is not an exact copy of the original published 
article in Thrombosis and Haemostasis. The definitive publisher-authenticated version of 
Pan, X, Gong, YY, Xu, Y et al. (2 more authors) (2018) Urban Particulate Matter Induces 
Changes in Gene Expression in Vascular Endothelial Cells that Are Associated with 
Altered Clot Structure In Vitro. is available online at: 
https://www.thieme-connect.de/products/ejournals/abstract/10.1160/TH17-05-0362 

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


1 

 

Urban Particulate matter induces changes in gene expression in 

vascular endothelial cells that are associated with altered clot structure 

in vitro 

 

Xiaoxi Pan1, Yun Yun Gong2, Ya Xu1, Robert AS Ariens3* and Michael N Routledge1* 

1Environmental Epidemiology, Leeds Institute for Cardiovascular and Metabolic 

Medicine, School of Medicine, University of Leeds, Leeds, UK 

2School of Food Science & Nutrition, University of Leeds, Leeds, UK 

3Thrombosis and Tissue Repair Group , Leeds Institute for Cardiovascular and 

Metabolic Medicine, Multidisciplinary Cardiovascular Research Centre, School of 

Medicine, University of Leeds, Leeds, UK 

 

*These authors contributed equally 

 

Corresponding Author: Dr. Michael N Routledge, Environmental Epidemiology, Leeds 

Institute for Cardiovascular and Metabolic Medicine, School of Medicine, University of 

Leeds, Leeds LS2 9JT, UK. Email: M.N.Routledge@leeds.ac.uk 

 

  

mailto:M.N.Routledge@leeds.ac.uk


2 

 

Abstract 

Background: Particulate matter contained in ambient air pollution has been associated 

with cardiovascular diseases in a number of epidemiological studies.  

Objective: The aim of this study was to investigate the potential for urban particulate 

matter to induce changes in clot structure through interaction with vascular endothelial 

cells. 

Methods: We examined the structure of clots formed on human umbilical vascular 

endothelial cells that had been treated with various types of particles versus those 

formed on untreated cells. Particles used were standard reference particulate matter 

from diesel engine emissions (SRM2975) and urban ambient collection (SRM2787).  

Results: There was a dose dependent increase in fibre density in clots formed on 

particle treated endothelial cells. It was also found that exposure to the particles 

induced increased expression of tissue factor and reduced expression of 

thrombomodulin genes as measured by RT-PCR and increased expression of von 

Willebrand factor and plasminogen activation inhibitor-1 as measured by ELISA.  

Conclusions: These changes are consistent with increased pro-coagulant activity of 

air pollution particulate matter treated endothelial cells and suggest that particulate 

matter has the potential to promote clot formation through changes induced in 

endothelial genes controlling clot formation. 
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Introduction 

Air pollution has been associated with adverse effects on the pulmonary and 

cardiovascular systems (1–4) with 3.6 million premature deaths being attributable to 

ambient air pollution each year in both rural and urban areas worldwide (1,5,6).  

The components of air pollution vary depending on the meteorological conditions, time 

of the day, industrial operations, traffic density, etc. (3). Gaseous pollutants of air 

pollution include ozone (O3), nitrogen oxides (NOx), sulphur dioxide (SO2), carbon 

monoxide (CO), carbonyl compounds, and organic solvents (1,7,8). The particulate 

matter (PM) in air pollution is a mixture of particles, with different sizes, shapes, 

surface area, chemical composition, solubility, and different origins that are suspended 

in the air (9). PM is categorized by aerodynamic diameter, including coarse particles 

with an aerodynamic diameter range less than 10 たm (PM10), fine particles with a 

diameter less than 2.5 たm (PM2.5), and ultrafine particles with a diameter less than 

100nm (PM0.1) (7,10). PM10 is identified as “inhalable particles” (5) as particles are 

able to enter into the lung through the respiratory tract (11). Coarse particles most 

likely deposit in upper and larger airways. Fine particulate matter can transfer into 

deeper respiratory tract, with deposition in the alveolar region (8,12) and the potential 

to affect the cardiovascular system (11). PM0.1 deposits in the deeper alveolar region, 

where particles may interfere with cells, fluids, and tissues of the lungs due to their 

large surface area. Also, these ultrafine particles may be able to translocate to different 

organs by crossing into the circulatory and/or lymphatic systems (13,14).  

The PM in urban air pollution has been associated with cardiovascular mortality and 

morbidity in a number of studies (1,4,15). There are several cardiovascular diseases 
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where exposure to PM has been shown to contribute to risk, including ischemic heart 

disease, heart failure, cerebrovascular disease, cardiac arrhythmias, peripheral 

arterial and venous diseases (1,5,15).  

Some studies have shown that particulate matter can induce increased expression of 

C-reactive protein, fibrinogen, and reduced level of tissue Plasminogen Activator (tPA) 

in epidemiological studies (8,19–22). Associations between PM exposure and 

thrombosis/coagulation have been reported (16) and we have reported changes in the 

structure and function of clots formed from plasma of patients with DVT, but not from 

healthy controls (17,18).  

To further investigate the mechanism for such changes we have analysed changes in 

clot structure formed on vascular endothelial cells, and how this may be attributed to 

changes in coagulation factors expressed by these cells when exposed to PM in vitro.  

 

Materials and Methods  

Particulate Matter Preparation 

PM10 collected from an air intake filtration system of a major exhibition center in Prague, 

Czech Republic (SRM 2787) and diesel particulate matter (DPM) collected from an 

industrial diesel-powered forklift exhaust (SRM 2975) were purchased from the 

National Institute of Standards and Technology (Gaithersburg, MD, USA). These are 

designated as PM10 and total DPM, respectively, in this paper.  

To generate PM of smaller size, both particles were suspended in double distilled 

water, at a stock concentration of 1 mg/ml, and then centrifuged (Beckman Centrifuge, 
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UK) for 30 min at maximum speed, and filtered through a 0.2 たm membrane filter. 

Designated as PM0.2, the filtered SRM 2787 particles made up 30% of the mass 

fraction of the original PM10. The filtered SRM 2975 diesel particulate matter, referred 

to subsequently as filtered DPM constituted 35% of the total diesel particles. 

The four types of particles were suspended in distilled water with stock concentration 

1 mg/ml. 

 

Endothelial Cell Culture 

Human umbilical vein endothelial cells (HUVECs) were obtained from PromoCell 

(Heidelberg, Germany). Cells were cultured in M199 media supplemented with 20% 

fetal bovine serum, 1% 1M Hepes, 1% antibiotic antimycotic solution (100x), 0.5% 

endothelial cell growth supplements solution (15 µg/ml), 0.5% Heparin (1000 U/ml), 

and sodium pyruvate solution. Cells were maintained in a humidified atmosphere at 

37°C and 5% CO 2. HUVECs were used only between passage 3 to passage 7. 

 

Cytotoxicity Test 

Cytotoxicity was measured using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) reduction assay (23).  

For the treatment, cells were seeded into a 96-well plate with 2x104 cells per well. After 

the cells reached 80 to 90% confluence, they were treated for 24 hours with 6 different 

concentrations of these four types of particles respectively. Particle suspension were 

further diluted with ECGM without serum to different concentrations (0 µg/ml, 0.01 
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µg/ml, 0.1 µg/ml, 1 µg/ml, 10 µg/ml and 50 µg/ml). Following exposure, 10 µl of MTT 

solution was added to each well and incubated for 4 hours. Then, 100 µl of solubilising 

solution (10% sodium dodecyl sulphate in 0.01 M hydrogen chloride) was added to 

each well and incubated overnight. Optical density was read on a microplate reader at 

540 nm, with a reference at 690 nm (ASCENT software).  

 

Fibrin Clot Formation on HUVECs 

Particle concentrations for clot formation experiment were chosen based on the MTT 

assay.  The cells were seeded on ibidi µ-slide (5 x 104 cells per well). After reaching 

80 to 90% confluence, the cells were treated for 24 hours with 6 different 

concentrations of these four types of particle suspension respectively which was 

prepared as same as in MTT assay. 

After the treatment, the particle suspension was removed completely. Clot mixtures 

were prepared from either normal pooled plasma or purified fibrinogen mixed with 200 

µl of activation mix (containing Alexa Fluor® 488 dye, CaCl2, thrombin and M199 

media). Once the activation mixture mixed with plasma or fibrinogen, they were 

immediately introduced into each well. Slides were incubated for 30 min allowing clot 

formation. The final concentrations of normal pooled plasma/fibrinogen, Alexa Fluor® 

488 fibrinogen conjugate, thrombin and CaCl2 were three times dilution/1 mg/ml, 50 

µg/ml, 0.5 U/ml and 15 mM, respectively.  

The 3D structure of the clot was visualized by laser scanning confocal microscopy on 

a LSM 700 T-PMT ZEISS microscope (ZEISS, Jena, Germany). Clot structure was 

viewed using 63x oil immersion lens with a 5-W argon laser and 488 nm laser filter. 
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The images were collected in the format of single z-scan with 512x512 pixels (x: 

101.61 µm; y: 101.61 µm). Fibre density was calculated as the number of fibre bundles 

crossing a straight line of fixed length across the scanfield. All measurements were 

performed with Image J version 1.25s software. 

 

Enzyme-Linked Immunosorbent Assay (ELISA)  

After the cells were treated with different concentrations of particles for 24 hours, the 

cell supernatant was collected for protein quantification. Enzyme-Linked 

Immunosorbent Assay (ELISA) kits purchased from Abcam (Abcam, UK) were used 

to measure the concentrations of von Willebrand Factor (VWF) and Plasminogen 

Activator Inhibitor-1 (PAI-1) produced by endothelial cells. Cell supernatants were 

centrifuged before use. All standards, controls and samples (cell supernatants) were 

diluted with Standard Diluent Buffer 1:1 (50 たl : 50 たl) and added into each well in 

triplicates. Following the manufacturer’s protocols, the plate was incubated and then 

washed with Wash Buffer for four times. Then, provided Conjugate Solution was 

added into each well. After 2h incubation, the plate was washed and followed by 

Streptavidin-HRP Working Solution addition to each well. After washing, Stabilized 

Chromogen was added and incubated for 30 min. Finally, the plate was read at 450nm 

immediately after Stop Solution addition. 

 

Real Time Polymerase Chain Reaction (RT-PCR) 
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Relative gene expression in HUVECs was analysed using quantitative RT-PCR. Total 

RNA was isolated from HUVECs using an RNeasy kit (Qiagen, UK) as per 

manufacturer’s protocol. Total RNA was quantified using a Nanodrop 1000 

Spectrophotometer (Thermo Scientific, UK).  

Total RNA was reverse transcribed to cDNA using Taqman Reverse Transcription 

Reagents (Life Technologies, UK). GAPDH as household standard gene transcript, 

tissue factor (TF) and thrombomodulin (TM) primer pairs were obtained from Applied 

Biosystems (GAPDH: sense-5’ AAG CCT GCC GGT GAC TAA C 3’, antisense-5’ GCA 

TCA CCC GGA GGA GAA AT 3’; TF: sense-5’ AAA CCT CGG ACA GCC AAC AA 3’, 

antisense-5’ CCC GGA GGC TTA GGA AAG TG 3’; TM: sense-5’ AGC CCC TGA 

ACC AAA CTA GC 3’, antisense-5’ GAA ACC GTC GTC CAG GAT GT 3’). SYBR 

Green Master Mix (Thermo Fisher, UK) was used in the RT-PCR for fluorescence 

quantification after double stranded DNA binding to the SYBR® Green. Reactions 

were performed in triplicate by the LightCycler® 480 Instrument II (Roche, UK). 

Results were confirmed in at least three independent experiments. 

 

Plasmid Strand Break Assay 

The plasmid strand break assay was used to investigate the free radical generating 

capacity of the particles. pBR322 Plasmid DNA was purchased from Thermo Fisher 

Scientific (Road Loughborough, UK). The plasmid was precipitated to remove the 

chelating agent, EDTA, before use. 

The precipitated plasmid DNA was incubated with different concentrations of particles 

for 12 hours. After incubation, plasmid was transferred to the gel and gel 
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electrophoresis was run at 60 V for 2 hours. Strand breaks were quantified by BioRad 

QuantityOne software (Bio-Rad, UK) to calculate the proportion of supercoiled plasmid 

DNA remaining of each sample compared to the control. 

 

Cellular Reactive Oxygene Species Detection Assay 

Cellular reactive oxygen species (ROS) detection assay uses the cell permanent 

reagent 2’, 7’-dichlorofluorescin diacetate (DCFDA), a fluorogenic dye to measure 

hydroxyl, peroxyl and other ROS activity within cells. DCFDA cellular ROS detection 

assay kit was purchased from Abcam (Cambridge, UK). HUVECs were exposed to 

0.1, 1, 10, and 50 ug/ml of PM10, PM0.2, total DPM and filtered DPM respectively for 

for 4 hours. Cells were stained with DCFDA which could be deacetylated by cellular 

esterases to a non-fluorescent compound. Later, DCFDA could be oxidized by ROS 

into 2’, 7’-dichlorofluorescein (DCF), a highly fluorescent compound. The 

accumulation of DCF in cells can be measured by an increase in fluorescence at 

530nm when the samples is excited at 485nm. Fluorescence at 530nm was measured 

using the flow cytometer. Cells without staining and tert-butyl hydrogen peroxide 

(THBP) solution were used as negative and positive controls respectively. 

 

Fibrin Clot Formation on HUVECs without Thrombin Addition 

Particle concentrations for cell treatment and clot formation experiments were same 

as the previous fibrin clot formation on HUVECs.  The cells were seeded on ibidi µ-

slide (5 x 104 cells per well). After reaching 80 to 90% confluence, the cells were 

treated for 24 hours.  
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After the treatment, the particle solution was removed completely. Clot mixture was 

prepared from normal pooled plasma mixed with 200 µl of a mixture containing Alexa 

Fluor® 488, CaCl2 and M199 media, but without thrombin. This mixture was added to 

plasma and immediately introduced into each well. Slides were incubated for 4 hours 

allowing clot formation. The final concentrations of Alexa Fluor® 488 dye and CaCl2 

were 50 µg/ml and 15 mM, respectively.  

The visualisation and measurement methods of fibre density were same as clot 

formation with thrombin by using Image J. 

 

Statistical Analysis 

The data are reported as mean ± SEM. Comparisons between groups are analysed 

using two- sample (independent) t-test. We considered a p value of <0.05 to be 

statistically significant as indicated in the figures. 

 

Results 

Cytotoxicity 

HUVECs were treated with five different concentrations of PM10, PM0.2, total DPM and 

filtered DPM for 24 hours. For most of the particles, no significant cytotoxicity was 

observed up to a concentration of 50 たg/ml (Fig.1). Only the PM10 sample induced a 

slight reduction in cell viability at this highest dose. 
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Clot Formation on treated cells 

The fibrin clots formed using normal pooled plasma were formed on the cells that had 

been treated with PM for 24 h. 

As seen in figure 2(A), the structure of the clot became significantly denser on cells 

treated with 10 µg/ml or 50 µg/ml of PM10 compared to control. As the concentration 

of filtered particles increased, figure 2 shows that the clots became more compact with 

more branched fibres. Results were similar for the other particle types (not shown). 

Figure 2(B) shows the density of clot fibres, quantified by counting fibre bundles across 

a line of equal length drawn across the images generated from the confocal 

micrographs. As the concentration of particles increased, the number of fibre bundles 

increased in a dose-dependent manner.  

 

Gene expression 

As TF and TM are membrane bound proteins, RT-PCR was used to quantify gene 

expression of these clotting factors by the endothelial cells after incubation with the 

particles for 24 hours (Figure 3). 

After the cells were treated with PM10 and total DPM at 0.1 たg/ml, gene expression of 

TF was significantly higher compared to control. PM0.2 caused significantly increased 

expression of TF gene from 1 たg/ml. Filtered DPM had less effect on TF gene 

expression in comparison with the other three types of particles as shown in Figure 

4A. At 50 たg/ml, all four kinds of particles induced significantly higher TF mRNA 

expression than control. At this concentration, PM10 induced three times more TF gene 
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expression compared to control, whilst the other three particles induced 1.85, 1.72, 

and 1.49 times elevation of TF mRNA, respectively.  

In terms of the gene expression level of TM, the cells without particle treatment had 

the highest level of TM mRNA expression (Figure 3B). As the concentration of particles 

increased, the gene expression of TM decreased in a dose-dependent manner. PM10, 

PM0.2 and total DPM showed significantly reduced TM mRNA expression at 1 たg/ml, 

with filtered DPM showing a significant reduction compared to control at 10 たg/ml. At 

50 たg/ml, PM10 and total DPM inhibited the TM gene expression by 70% compared to 

control, whilst PM0.2 and filtered DPM led to approximately 55% less TM mRNA 

expression by the HUVECs.  

Although changes in gene expression were observed for TM and TF, we were unable 

to detect differences in protein level measured by ELISA (results not shown). TM 

protein levels were low with no difference seen between treated and untreated cells 

and TF protein levels were too low to detect. 

 

Protein expression 

ELISA was used to quantify the levels of VWF and PAI-1 secreted by endothelial cells 

after incubation with different concentrations of PM (Figure 4). As the concentrations 

of PM increased, the levels of VWF expressed by treated HUVECs increased in a 

dose-dependent manner (Figure 4A). At 50 µg/ml, PM10 caused the most VWF 

secretion compared to the other three particles, followed by PM0.2, total DPM and 

filtered DPM. 
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There was also an increase in expression of PAI-1 when endothelial cells were 

stimulated by PM (Figure 4B). At 0.1 たg/ml of PM10, the concentration of PAI-1 

increased to approximately 250 pg/ml which was significantly higher compared to the 

control level of 200 pg/ml. Total DPM induced significant PAI- expression at 1 たg/ml. 

PM0.2 and filtered DPM caused similar levels of PAI-1 expression after cells were 

treated with concentrations of 5 and 10 たg/ml. 

 

Free radical generating capacity of particles 

The plasmid strand break assay was used to detect the generation of free radicals 

released from the particles. After 12 hours incubation in the dark, there was a dose 

dependent increase in free radicals as shown by the increase in conversion of 

supercoiled plasmid DNA to the nicked form of plasmid (Figure 5). PM10 and PM0.2 

generated more free radicals compared to the DPM and filtered DPM, with about twice 

as much supercoiled plasmid converted to the nicked form at 50 µg/ml (60% vs 35%).  

 

Cellular Reactive Oxygen Species Detection Assay 

After HUVECs were incubated with four types of air particulate matter for 4 hours at 

multiple doses, the flow cytometry assay was used to analyse the ROS production in 

HUVECs. The results showed that after the cells incubated with the particles, the ROS 

was induced in a dose-dependent manner. The significant upregulation of ROS was 

seen at 50 µg/ml of these four particles (Figure 6).  
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Clot Formation on treated cells without thrombin addition 

The fibrin clots using normal pooled plasma, but without thrombin, were formed on the 

cells that had been treated with PM for 24 h.  

The four types of particles were all used to treat the cells at concentrations of 1 µg/ml 

and 50 µg/ml. The results showed that the clots formed on the cells treated with 50 

µg/ml of PM10 were significantly denser compared to the control (figure 7). For the 

other three types of particles, the clots formed on the cells treated with different 

concentrations of particles showed no significant differences from control. Figure 8 

generated from the confocal micrographs shows the density of clot fibres that the clots 

formed on the cells treated with the highest concentration of PM10 induced significant 

denser clots. 

 

Discussion 

We have previously shown that blood clot structure and function is modified in vitro by 

the presence of diesel PM (24) Although no changes were seen in the clotting of 

plasma from young healthy individuals exposed to ambient diesel exhaust (18), we 

found changes associated with traffic emissions exposure in clotting of plasma from 

patients with deep vein thrombosis (17). In this study we have explored the impact of 

urban and diesel PM on vascular endothelial cells and observed changes in 

expression of genes and proteins that lead to similar alterations in clot structure in 

clots formed on the treated cells in vitro. This is the first study to investigate the 

structure of fibrin clots formed on vascular endothelial cells after the cells had been 

exposed to air pollution particles. 
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Vascular endothelial cells were treated in serum free media with four preparations of 

PM at doses that did not induce cytotoxicity. Studies on human coronary artery 

endothelial cells (12) and human aortic endothelial cells (25) have also shown that 

diesel particles induced no significant toxicity at 50 µg/ml. 

After endothelial cells were incubated with different concentrations of particles, clots 

subsequently formed on the cells showed altered structure compared to control clots. 

As the concentrations of particles increased, the clots formed became much denser, 

with increased number of fibres per clot area and smaller pores. It is important to note 

that unlike our previous experiments showing that clot structure was altered in the 

presence of PM (24), in the current experiments with vascular endothelial cells, the 

PM was not present in the culture media when the clot was formed. Observed changes 

were therefore due to coagulation factors expressed by the endothelial cells. There is 

strong evidence that air pollution is linked with cardiovascular diseases (CVD), 

especially thrombosis, and it is known that patients with CVD show altered fibrin clot 

structure (26,27). Okraska-Bylica et al. showed that patients with peripheral artery 

disease were characterized by thrombotic fibrin clot phenotype with 32% lower clot 

permeability (Ks) (P <0.001) and 7% longer clot lysis time (t50%) (P = 0.004) 

compared with controls (26) and Palka et al. found that clots in plasma from patients 

with chronic heart failure, who were predisposed to thromboembolic complications, 

showed 23% lower permeability (p < 0.0001), 13% less clot compaction (p < 0.001), 

15% faster fibrin polymerisation (p < 0.0001) and prolonged lysis time (p = 0.1) 

compared to controls (27). A review from Undas and Ariens also indicated that altered 

fibrin structure was found in patients with several diseases complicated by 

thromboembolic events, including patients with acute or prior myocardial infarction, 
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ischemic stroke, and venous thromboembolism. Even relatives of patients with 

myocardial infarction or venous thromboembolism display similar fibrin abnormalities 

(28). 

Our results show that the exposure of the HUVECs to urban and diesel PM induces a 

pro-coagulant state in the endothelial cells, which increase expression of genes and 

proteins that promote coagulation (TF, vWF and PAI-1) whilst reducing expression of 

the anti-coagulant, TM. 

Under normal physiological conditions, TF is only expressed in subendothelial cells 

such as vascular smooth muscle cells, and is produced by endothelial cells only when 

they are exposed to stimuli that activate the endothelial cells in response to the 

initiation of coagulation cascade (29). In this study, incubation of the endothelial cells 

with different concentrations of PM led to a dose-dependent increase in the gene 

expression of TF. This is consistent with results of Snow et al. (12) that soluble ultrafine 

PM (diameter less than 0.1 µm) induced 3.8 and 5.1 fold significant increases in TF 

gene expression after 50 and 100 µg/m3 treatment, respectively, and those of Karoly 

et al. (30) showed that TF was upregulated in a dose-dependent manner in human 

pulmonary arterial endothelial cells treated with ultrafine PM. Expression of TF has 

also been shown to be increased in a macrophage cell line treated with PM10 across 

a similar dose range (31). Although protein levels of TF were too low to detect, the 

changes in gene expression for this transmembrane protein are consistent with 

inducing a pro-coagulant state. 

Increased level of TF gene expression may be a potential mechanism of endothelial 

dysfunction and pathogenic role of PM and diesel particles in endothelial cell system. 

Evidence shows that increased levels of TF expression is associated with elevated 
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risks of procoagulability, inflammation and increased tendency of thrombosis (32–35). 

TF initiates the extracellular coagulation which provokes intracellular inflammation 

signalling. The coagulation factors (FVIIa, FXa, and thrombin) and fibrin are 

proinflammatory, all of which can activate the cells independently (32). Inflammation 

boosts coagulation through feedback upregulation on TF expression that sustains the 

coagulation TF pathway and coagulation dependent inflammation to refuel the 

coagulation-inflammation cycle. Therefore, regulation of TF expression is crucial in 

inhibition of coagulation-dependent inflammation (32).  

Von Willebrand factor is a large glycoprotein which plays a pivotal role in haemostasis, 

circulating in human plasma at concentrations of 10 µg/ml. VWF is synthesized by 

vascular endothelial cells (36–38) and mediates platelet aggregation and adhesion to 

the site of vascular injuries, which is particularly important under high shear stress 

(37,38). There are two platelet receptors for VWF; glycoprotein (GP) Ibg in the GP Ib-

IX-V complex and the integrin gIIbく3 (GP IIb-IIIa complex) (39). In this study, 

concentrations of VWF increased in a dose-dependent manner after HUVECs 

exposed to increased concentrations of PM. VWF acts as a plasma carrier for factor 

VIII and protects it from degradation and cellular uptake- when not bound to VWF the 

plasma half-life of FVIII is reduced from 12 hours to 1 to 2 hours (38–40). Consequently, 

the levels of VWF and FVIII are closely correlated, so high levels of VWF leads to high 

levels of FVIII, which contributes to atherothrombotic diseases and venous 

thromboembolism (36,41,42).  

The increase in PAI-1 we observed following PM treatment of the HUVECs is also 

consistent with thrombosis as this will act to decrease fibrinolysis. Plasmin is the main 

fibrinolytic enzyme which can be activated by two serine proteases, tPA and uPA. 



18 

 

Fibrinolysis is initiated when tPA and plasminogen both bind to the fibrin and 

plasminogen is partially cleaved to plasmin by tPA on the surface of fibrin. The 

elevated level of PAI-1 effectively supresses fibrinolysis through inhibiting tPA and 

uPA,  resulting in less plasmin activation and impairment of fibrinolytic function, thus 

facilitating thrombosis (43). High plasma PAI-1 concentration is associated with many 

thrombotic disorders, and is considered to be a strong marker of reduced fibrinolytic 

function (43,44). Budinger et al. indicated that after exposed to PM2.5, mice had 

increased levels of PAI-1 mRNA and protein compared to the mice only exposed to 

filtered air (45).  In a panel study in Taiwan healthy young people had increased high-

sensitivity C reactive protein, PAI-1, fibrinogen, and decreased heart rate variability 

associated with PM10 or PM2.5 in single-pollutant models, after ambient exposure to air 

pollution (46). Mills et al. found lower levels of tPA secreted from endothelial cells after 

exposure to diluted diesel exhaust compared with controls in humans with impaired 

fibrinolytic function persisting for 6 hours after the exposure (47). The reduction of tPA 

was possibly due to the increased secretion of PAI-1. Reviews also indicated that 

elevated level of PAI-1 was closely associated with cardiovascular diseases (43,48–

51).  

In contrast to the three coagulation factors above that showed increased expression 

from HUVECs after PM treatment, the TM gene expression decreased following 

exposure to the PM, although we were unable to detect differences in protein levels in 

cell lysates and cell supernatant (results not shown). TM is a transmembrane protein 

produced by endothelial cells that transforms thrombin from a pro-coagulant converter 

of fibrinogen to fibrin (among other procoagulant reactions) to an anti-coagulation 

activator of protein C. Activated protein C synergistically deactivates the coagulation 
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cascade by supressing the activities of FVa and FVIIIa and reducing thrombin 

generation (52,53). TM acts as a potent anticoagulant on intact, healthy endothelial 

cells. In addition to the anti-coagulant function, thrombin/thrombomodulin complex 

also inhibits fibrinolysis by activating the thrombin activatable fibrinolysis inhibitor 

(TAFI) (52). TAFIa is activated by thrombin from TAFI. TAFIa removes COOH-terminal 

lysine residues from partially degraded fibrin and causes impaired fibrinolysis (54). 

The reduced expression of TM that we observed following treatment of the cells with 

PM may cause low level of activated protein C. In a cross-sectional study conducted 

in 2009-2010, it was reported that participants who were exposed to high levels of 

PM10 over six months had reduced levels of serum TM compared to those exposed to 

low levels of PM10, although the difference was not significant (55). 

There were differences in the magnitude of the changes in gene/protein expression 

observed for different types of PM tested here. PM from different sources and of 

different size fractions can contain various amounts of chemicals such as organic PAH 

and nitro-PAH and inorganic metals such as Cu, Fe and Zn. It is known that ROS is a 

common cause of endothelial dysfunction, and can be generated from Fenton 

chemistry by transition metals such as iron and copper that are adsorbed to the surface 

of PM (56). We have previously found that the free radical generating capacity of PM 

may be related to differences in cellular toxicity (57). We have also shown that 

inclusion of hydroxyl radical scavengers in the media can reduce the impact of PM on 

clot structure (24). We therefore used the plasmid strand break assay to test the free 

radical generating activity of the PM and DCFDA flow cytometry assay to detect the 

ROS formed in cells in this study. It was found that the particles were able to generate 

significantly more free radicals as determined by the ability to induce strand breaks in 
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supercoiled DNA in the strand break assay. Also, after HUVECs were exposed to 50 

µg/ml of particles, intracellular ROS was significantly increased compared to control. 

This raises the possibility that the ROS generating activity of the PM was played an 

important role in the induction of the changes observed in our study. 

In this study, our results are limited to HUVEC’s and do not necessarily apply to 

endothelial cells from other vascular beds. Future studies on human saphenous vein 

endothelial cells, or endothelial cells of arterial origin should be performed. 

 

Conclusion 

Many studies have confirmed that patients with thrombotic diseases had abnormal 

fibrin clot structure with thinner fibres, more compact arrangements and prolonged 

lysis time. These features are in accordance with the clots formed here from plasma 

samples on HUVECs after those cells had been exposed to various PM.  

Our results show that PM can induce changes in expression of genes in HUVECs that 

may explain the ability of PM to alter clot structure and function in vitro. This is 

important because healthy endothelial cells have several functions such as anti-

coagulation, anti-inflammation, anti-oxidation and pro-fibrinolysis and disruption of 

these functions by PM may contribute to the pathogenic effects of particulate exposure 

in vivo.  

  



21 

 

References 

1.  Newby DE, Mannucci PM, Tell GS, et al. Expert position paper on air pollution and 

cardiovascular disease. Eur Heart J 2014; 36: 83–93.  

2.  Franchini M, Mannucci PM. Short-term effects of air pollution on cardiovascular 

diseases outcomes and mechanisms. J Thromb Haemost 2007; 2169–74.  

3.  Langrish JP, Bosson J, Unosson J, et al. Cardiovascular effects of particulate air 

pollution exposure: Time course and underlying mechanisms. J Intern Med 2012; 

272: 224–39.  

4.  Kim K-H, Kabir E, Kabir S. A review on the human health impact of airborne 

particulate matter. Environ Int 2015; 74: 136–43.  

5.  Mills NL, Donaldson K, Hadoke PW, et al. Adverse cardiovascular effects of air 

pollution. Nat Clin Pr Cardiovasc Med [Internet] 2008/11/26. 2009; 6: 36–44. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/19029991 

6.  World Health Organisation. Air quality and health [Internet]. 2011. Available from: 

http://www.who.int/mediacentre/factsheets/fs313/en/ 

7.  Polichetti G, Cocco S, Spinali A, et al. Effects of particulate matter (PM(10), 

PM(2.5) and PM(1)) on the cardiovascular system. Toxicology [Internet] 

2009/04/22. 2009; 261: 1–8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19379789 

8.  Sun Q, Hong X, Wold LE. Cardiovascular effects of ambient particulate air 

pollution exposure. Circulation [Internet] 2010/06/30. 2010; 121: 2755–65. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/20585020 



22 

 

9.  Pope  3rd CA. The expanding role of air pollution in cardiovascular disease: does 

air pollution contribute to risk of deep vein thrombosis? Circulation [Internet] 

2009/06/10. 2009; 119: 3050–2. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19506104 

10.  Brook RD. Cardiovascular effects of air pollution. Clin Sci [Internet] 2008/08/12. 

2008; 115: 175–87. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18691154 

11.  Shah AS, Langrish JP, Nair H, et al. Global association of air pollution and heart 

failure: a systematic review and meta-analysis. Lancet [Internet] 2013/07/16. 2013; 

382: 1039–48. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23849322 

12.  Snow SJ, Cheng W, Wolberg AS, et al. Air pollution upregulates endothelial cell 

procoagulant activity via ultrafine particle-induced oxidant signaling and tissue 

factor expression. Toxicol Sci [Internet] 2014/04/23. 2014; 140: 83–93. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/24752501 

13.  Wichmann H-E, Peters A. Epidemiological evidence of the effects of ultrafine 

particle exposure. Philos Trans R Soc A Math Phys Eng Sci 2000; 358: 2751–69.  

14.  Nemmar A, Hoet PHM, Vanquickenborne B, et al. Passage of inhaled particles 

into the blood circulation in humans. Circulation 2002; 105: 411–4.  

15.  Brook RD, Rajagopalan S, Pope  3rd CA, et al. Particulate matter air pollution and 

cardiovascular disease: An update to the scientific statement from the american 

heart association. Circulation [Internet] 2010/05/12. 2010; 121: 2331–78. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/20458016 

16.  Baccarelli A, Martinelli I, Pegoraro V, et al. Living near major traffic roads and risk 



23 

 

of deep vein thrombosis. Circulation [Internet] 2009/06/10. 2009; 119: 3118–24. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/19506111 

17.  Pan X, Gong YY, Martinelli I, et al. Fibrin clot structure is affected by levels of 

particulate air pollution exposure in patients with venous thrombosis. Environ Int 

2016; 92–93: 70–6.  

18.  Metassan S, Routledge MN, Lucking AJ, et al. Fibrin clot structure remains 

unaffected in young, healthy individuals after transient exposure to diesel exhaust. 

Part Fibre Toxicol [Internet] 2010/06/23. 2010; 7: 17. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/20565709 

19.  Baccarelli A, Zanobetti A, Martinelli I, et al. Effects of exposure to air pollution on 

blood coagulation. J Thromb Haemost [Internet] 2006/11/07. 2007; 5: 252–60. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/17083648 

20.  Altemose B, Robson MG, Kipen HM, et al. Association of air pollution sources and 

aldehydes with biomarkers of blood coagulation, pulmonary inflammation, and 

systemic oxidative stress. J Expo Sci Environ Epidemiol [Internet] 2016; . Available 

from: http://www.nature.com/jes/journal/vaop/ncurrent/full/jes201638a.html 

21.  Franchini M, Mannucci PM. Air pollution and cardiovascular disease. Thromb Res 

[Internet] 2011/11/25. 2012; 129: 230–4. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/22113148 

22.  Chuang KJ, Chan CC, Su TC, et al. The effect of urban air pollution on 

inflammation, oxidative stress, coagulation, and autonomic dysfunction in young 

adults. Am J Respir Crit Care Med [Internet] 2007/04/28. 2007; 176: 370–6. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/17463411 



24 

 

23.  Supino R. MTT assays. Methods Mol Biol 1995; 43: 137–49.  

24.  Metassan S, Charlton AJ, Routledge MN, et al. Alteration of fibrin clot properties 

by ultrafine particulate matter. Thromb Haemost [Internet] 2010/01/12. 2010; 103: 

103–13. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20062921 

25.  Wu Y, Yu T, Gilbertson T a., et al. Biophysical assessment of single cell 

cytotoxicity: Diesel exhaust particle-treated human aortic endothelial cells. PLoS 

One 2012; 7: 1–10.  

26.  Okraska-Bylica A, Wilkosz T, Słowik L, et al. Altered fibrin clot properties in 

patients with premature peripheral artery disease. Pol Arch Med Wewn 2012; 122: 

608–15.  

27.  Palka I, Nessler J, Nessler B, et al. Altered fibrin clot properties in patients with 

chronic heart failure and sinus rhythm: a novel prothrombotic mechanism. Heart 

[Internet] 2010/07/09. 2010; 96: 1114–8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/20610458 

28.  Undas A, Ariëns RAS. Fibrin clot structure and function: A role in the 

pathophysiology of arterial and venous thromboembolic diseases. Arterioscler. 

Thromb. Vasc. Biol. 2011.  

29.  Steffel J, Lüscher TF, Tanner FC. Tissue factor in cardiovascular diseases: 

Molecular mechanisms and clinical implications. Circulation. 2006. p. 722–31.  

30.  Karoly ED, Li Z, Dailey L a, et al. Up-regulation of tissue factor in human pulmonary 

artery endothelial cells after ultrafine particle exposure. Environ Health Perspect 

[Internet] 2007; 115: 535–40. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1852686&tool=pmcen



25 

 

trez&rendertype=abstract 

31.  Milano M, Dongiovanni P, Artoni  a, et al. Particulate matter phagocytosis induces 

tissue factor in differentiating macrophages. J Appl Toxicol 2015; .  

32.  Chu AJ. Tissue factor mediates inflammation. Arch Biochem Biophys [Internet] 

2005; 440: 123–32. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16036212 

33.  Tatsumi K, Mackman N. Tissue Factor and Atherothrombosis. J Atheroscler 

Thromb [Internet] 2015; 22: 543–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/26016513 

34.  Belting M, Ahamed J, Ruf W. Signaling of the tissue factor coagulation pathway in 

angiogenesis and cancer. Arterioscler. Thromb. Vasc. Biol. 2005. p. 1545–50.  

35.  Versteeg HH, Spek CA, Slofstra SH, et al. FVIIa:TF Induces Cell Survival via 

G12/G13-Dependent Jak/STAT Activation and BClXL Production. Circ Res 2004; 

94: 1032–40.  

36.  Lenting PJ, Casari C, Christophe OD, et al. von Willebrand factor: The old, the 

new and the unknown. J Thromb Haemost [Internet] 2012; 10: 2428–37. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/23020315 

37.  Mannucci PM. von Willebrand Factor A Marker of Endothelial Damage? Arter 

Thromb Vasc Biol 1998; 1359–62.  

38.  Vischer UM. von Willebrand factor, endothelial dysfunction, and cardiovascular 

disease. J Thromb Haemost [Internet] 2006; 4: 1186–93. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16706957 



26 

 

39.  Ruggeri ZM, Ruggeri ZM. Von Willebrand factor, platelets and endothelial cell 

interactions. J Thromb Haemost [Internet] 2003; 1: 1335–42. Available from: 

https://www.pubchase.com/article/12871266%5Cnhttp://www.ncbi.nlm.nih.gov/p

ubmed/12871266 

40.  Meyer SF De, Deckmyn H, Vanhoorelbeke K. von Willebrand factor to the rescue. 

Current 2009; 113: 5049–57.  

41.  Lenting PJ, van Mourik J a, Mertens K. The life cycle of coagulation factor VIII in 

view of its structure and function. Blood 1998; 92: 3983–96.  

42.  Koster T, Blann  a D, Briët E, et al. Role of clotting factor VIII in effect of von 

Willebrand factor on occurrence of deep-vein thrombosis. Lancet 1995; 345: 152–

5.  

43.  Kohler HP, Grant PJ. Plasminogen activator inhibitor type 1 and coronary artery 

disease. N Engl J Med 2000; 342: 1792–801.  

44.  Su T-C, Chan C-C, Liau C-S, et al. Urban air pollution increases plasma fibrinogen 

and plasminogen activator inhibitor-1 levels in susceptible patients. Eur J 

Cardiovasc Prev Rehabil [Internet] 2006; 13: 849–52. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17001229 

45.  Budinger GRS, McKell JL, Urich D, et al. Particulate Matter-Induced Lung 

Inflammation Increases Systemic Levels of PAI-1 and Activates Coagulation 

Through Distinct Mechanisms. PLoS One [Internet] 2011; 6: e18525. Available 

from: http://dx.plos.org/10.1371/journal.pone.0018525 

46.  Chuang K-J, Chan C-C, Su T-C, et al. The effect of urban air pollution on 

inflammation, oxidative stress, coagulation, and autonomic dysfunction in young 



27 

 

adults. Am J Respir Crit Care Med [Internet] 2007; 176: 370–6. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17463411 

47.  Mills NL, Törnqvist H, Gonzalez MC, et al. Ischemic and thrombotic effects of dilute 

diesel-exhaust inhalation in men with coronary heart disease. N Engl J Med 2007; 

357: 1075–82.  

48.  Carter AM. Inflammation, thrombosis and acute coronary syndromes. Diab Vasc 

Dis Res 2005; 2: 113–21.  

49.  Mills NL, Tornqvist H, Robinson SD, et al. Air pollution and atherothrombosis. Inhal 

Toxicol [Internet] 2007/10/04. 2007; 19 Suppl 1: 81–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17886055 

50.  Vaughan DE. PAI-1 and atherothrombosis. J Thromb Haemost 2005; 3: 1879–83.  

51.  Aso Y. Plasminogen activator inhibitor (PAI)-1 in vascular inflammation and 

thrombosis. Front Biosci 2007; 12: 2967–2966.  

52.  Fuentes-Prior P, Iwanaga Y, Huber R, et al. Structural basis for the anticoagulant 

activity of the thrombin-thrombomodulin complex. Nature 2000; 404: 518–25.  

53.  Li Y-H, Kuo C-H, Shi G-Y, et al. The role of thrombomodulin lectin-like domain in 

inflammation. J Biomed Sci [Internet] BioMed Central Ltd; 2012; 19: 34. Available 

from: http://www.jbiomedsci.com/content/19/1/34 

54.  Versteeg HH, Heemskerk JW, Levi M, et al. New fundamentals in hemostasis. 

Physiol Rev [Internet] 2013/01/11. 2013; 93: 327–58. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/23303912 

55.  Poursafa P, Kelishadi R, Lahijanzadeh A, et al. The relationship of air pollution 



28 

 

and surrogate markers of endothelial dysfunction in a population-based sample of 

children. BMC Public Health [Internet] BioMed Central Ltd; 2011; 11: 115. 

Available from: http://www.biomedcentral.com/1471-2458/11/115 

56.  Lodovici M, Bigagli E. Oxidative stress and air pollution exposure. J. Toxicol. 2011.  

57.  Healey K, Smith EC, Wild CP, et al. The mutagenicity of urban particulate matter 

in an enzyme free system is associated with the generation of reactive oxygen 

species. Mutat Res - Fundam Mol Mech Mutagen 2006; 602: 1–6.  

 

  



29 

 

 

Figure 1. Cytotoxicity of endothelial cells after 24H particles exposure (n=10) 

MTT assay was performed to detect the particle cytotoxicity. HUVECs were treated with 

different concentrations of the four different particles for 24 hours.  

Values are mean +/- SE. 
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Figure 2. (A) Fibrin clots formation on HUVEC after PM10 24H treatment (Normal 

Pooled Plasma) 

Laser scanning confocal microscope assay was used to measure the fibrin clot structure. 

After the cells were treated with different concentrations of particles for 24 hours, 

particles were washed off and fibrin clots were formed with thrombin on the cells using 

plasma samples. The image represents the clot structure formed on the cells that had 

been treated with different concentrations of PM10 (A: Control; B: 0.01 µg/ml; C: 0.1 

µg/ml; D: 1 µg/ml; E: 10 µg/ml; F: 50 µg/ml).  

(B) Density of clots formed from normal pooled plasma samples on cells treated 

with different concentrations of particles (n=5) 

The clots formed from plasma were analysed using J Image software. The number of 

fibre bundles were counted on a line of equal length drawn across the image.  

Values are mean +/- SE.  
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Significant differences from control are indicated by: *p<0.05; **p<0.001 
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Figure 3. Gene expression of Tissue Factor (A) and Thrombomodulin (B) in 

endothelial cells after treatment with the different particles (n=3)  

Relative gene expression level of TF and TM were determined by real-time PCR. 

Relative gene expression compared to GAPDH gene expression is shown.  
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Values are mean +/- SE. 

Significant differences from control are indicated by: *p<0.05; **p<0.001; ***p<0.0001 
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Figure 4. Concentrations of von Willebrand factor (A) and Plasminogen Activator 

Inhibito-1 (B) from endothelial cells after treatment with different concentrations 

of particles (n=5) 
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After the cells were treated with different concentrations of particles for 24 hours, the 

VWF and PAI-1 concentrations were measured by ELISA. 

Values are mean +/- SE. 

Significant differences from control are indicated by: *p<0.05; **p<0.001; ***p<0.0001 
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Figure 5. Induction of single stand breaks in pBR322 DNA following incubation 

with different particles; (A) Gel electrophoresis; (B) Percentage of nicked plasmid 

caused by particles (n=3) 
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Supercoiled plasmid DNA was incubated with different particles at concentrations from 

0 to 50 µg/ml for 12 hours in the dark. The amount of DNA in nicked or supercoiled forms 

was visualised by gel electrophoresis with ethidium bromide staining (A). The induction 

of strand breaks was assessed and expressed as the percentage of nicked DNA 

observed (B).  

Values are mean +/- SE.  

Significant differences from control are indicated by: *p<0.05; **p<0.001; ***p<0.0001 
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Figure 6 (A) DCFDA flow cytometry assay results (n=3).  

Labeled and unlabedled HUVECs were treated with 30 µM TBHP and then analysed by 

flow cytometry. 
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 (B) Effect of air particulate matter on ROS production in HUVECs (n=3).  

Labelled HUVECs were treated with different concentrations of four types of air pollution 

particles respectively for 4 hours. The samples were analysed by flow cytometry. 

Values are mean +/- SE.  

Significant differences from control are indicated by: *p<0.05. 
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Figure 7. (A) Density of clots formed from normal pooled plasma samples (without 

thrombin addition) on cells treated with different concentrations of PM10 (n=5) 

The clots formed from plasma were analysed using J Image software. The number of 

fibre bundles were counted on a line of equal length drawn across the image.  

Values are mean +/- SE.  

Significant differences from control are indicated by: *p<0.05 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 ug/ml 1 ug/ml 50 ug/ml

N
u

m
b

e
r 

fo
 F

ib
re

 B
u

n
d

le
s 

p
e

r 
1

0
 µ

m

Concentrations of PM10

*
(A)

(B) 



42 

 

(B) Fibrin clots formation on HUVEC (without thrombin) after PM10 24H treatment 

(Normal Pooled Plasma) 

Laser scanning confocal microscope assay was used to measure the fibrin clot structure. 

After the cells were treated with different concentrations of particles for 24 hours, 

particles were washed off and fibrin clots were formed on the cells using plasma samples. 

The image represents the clot structure formed on the cells that had been treated with 

different concentrations of particles (A: Control; B: 1 µg/ml of PM10; C: 50 µg/ml of PM10).  

 

 

 


