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Summary  
Epidemiological studies indicate that elderly persons are particularly 
susceptible to the cardiovascular health complications of air pollution, 
but pathophysiological mechanisms behind the increased susceptibility 
remain unclear. Therefore, we investigated how continuous traffic-re-
lated air pollution exposure affects haemostasis parameters in young 
and old mice. Young (10 weeks) and old (20 months) mice were placed 
in an urban roadside tunnel or in a clean environment for 25 or 26 days 
and markers of inflammation and endothelial cells or blood platelet ac-
tivation were measured, respectively. Plasma microvesicles and pro/
anticoagulant factors were analysed, and thrombin generation analysis 
was performed. Despite elevated macrophage carbon load, tunnel mice 
showed no overt pulmonary or systemic inflammation, yet manifested 
reduced pulmonary thrombomudulin expression and elevated en-
dothelial von Willebrand factor (VWF) expression in lung capillaries. In 
young mice, soluble P-selectin (sP-sel) increased with exposure and cor-
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related with soluble E-selectin and VWF. Baseline plasma factor VIII 
(FVIII), sP-sel and VWF were higher in old mice, but did not pro-
nouncedly increase further with exposure. Traffic-related air pollution 
markedly raised red blood cell and blood platelet numbers in young and 
old mice and procoagulant blood platelet-derived microvesicle 
numbers in old animals. Changes in coagulation factors and thrombin 
generation were mild or absent. Hence, continuous traffic-related air 
pollution did not trigger overt lung inflammation, yet modified pulmon-
ary endothelial cell function and enhanced platelet activity. In old mice, 
subchronic exposure to polluted air raised platelet numbers, VWF, sP-
sel and microvesicles to the highest values presently recorded, collec-
tively substantiating a further elevation of thrombogenicity, already 
high at old age. 
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Introduction 

Over the last two decades, a large body of epidemiological research 
has consistently demonstrated an association between exposure to 
air pollution and cardiovascular disease and mortality (1–7). Both 
gaseous (carbon monoxide, nitrogen oxides, sulfur dioxide, ozone) 
and particulate components (particulate matter, PM) are impli-
cated in air pollution (8), but the larger body of evidence points to-
wards the deleterious effects of the particulates, as recently con-
cluded (9). Both acute and chronic cardiovascular health effects are 
described. Thus, exposure to PM for as little as 2 hours (h) suffices 
to trigger myocardial infarction (10), findings confirmed via diesel 
exhaust inhalation studies, accompanied by increased thromboge-
nicity (11) and inhibition of the endogenous fibrinolytic capacity 
(12). More chronic exposure, such as living near a major road, has 
been associated with increased coronary artery calcification, a 
measure for atherosclerosis (13), and with an enhanced risk for ve-
nous thrombosis (14). In view of its omnipresent exposure in 

modern society, traffic-related air pollution is believed to represent 
a major public health burden (9).  

Because of a gradual physiological decline and higher preva-
lence of pre-existing cardiovascular and respiratory risk factors, 
elderly persons (>65 years of age) are believed to be more suscep-
tible to deleterious cardiovascular effects triggered by air pollution 
than younger people (15). PM exposure-related relative risk esti-
mates appear to be higher in elderly, both for mortality (4, 7, 16) 
and hospitalisation for cardiovascular disease (17, 18). Similarly, 
the relative risk for cardiovascular disease associated with gaseous 
pollutants is increased in the very elderly (≥75 years of age) (19). 
Even though an association between age and increased relative risk 
for air pollution-related cardiovascular disease was not found in all 
studies, the attributable risk, an estimate depending both on the 
strength of the association between risk factor and disease and its 
prevalence, was highest among the elderly, due to their higher base-
line risk (19). Indeed, the elderly not only have a higher baseline 
risk for developing myocardial infarction (20), but they also show 
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a strongly upregulated tendency for venous thrombogenicity, 
linked to elevation of several coagulation factors (21, 22). Yet, des-
pite growing epidemiological evidence of raised cardiovascular 
risk associations with air pollution exposure in the elderly, it is not 
known whether and how air pollution affects haemostasis and 
blood parameters at advanced age. 

In the current study, therefore, we investigated the con-
sequences of traffic-related air pollution on haemostasis in young 
vs. old mice. In mice, short-term experimental exposure via intra-
tracheal instillation of PM was inadequate to induce changes in 
secondary haemostasis parameters (23). Therefore, we placed 
young and old mice in an urban roadside tunnel and analysed 
blood parameters and haemostasis, after 25 or 26 days of exposure 
to polluted air, in comparison to partial and non-exposed groups. 
In addition to a detailed analysis of parameters of haemostasis in 
the lung and plasma, plasma was analysed for microvesicles (also 
called microparticles, a term we prefer to avoid in the context of 
pollution by particles), since negatively charged phospholipids and 
tissue factor (TF) on their membranes manifest procoagulant 
properties, via binding of coagulation factors (24). An association 
between PM exposure and the number of circulating microvesicles 
was recently demonstrated in diabetic persons (25). 

Materials and methods 

Mice 

This study was approved by the Institutional Review Board of the 
University of Leuven, and experiments were performed in accord-
ance with protocols approved by the Institutional Animal Care and 
Research Advisory Committee. Male C57Bl6/j mice aged 10 weeks 
('young') or 20 months ('old') were purchased from Janvier (Le 
Genest St Isle, France). 

Experimental design 

Mice were randomly allocated to one of three groups: a first group 
('clean') remained in the animal facility of the University of Leuven 
during the whole period of the experiment. They were kept in 
micro-isolation cages covered by a conventional filter top (Tecni-
plast, Buggiate, Italy) in a light-controlled (14/10-h day/night 
cycle) room with continuous air filtration. The second ('tunnel-fil-
tered') and third ('tunnel-exposed') groups were stationed in an 
urban roadside tunnel (Craeybeckx tunnel, Antwerp, Belgium) at 
57 km from the University of Leuven. This tunnel is a major motor-
way of car and truck traffic entering Antwerp. It is 1,600 m long 
and consists of separate pipes for each direction, each comprising 
four lanes. Mice were placed in an alcove inside the tunnel, close to 
the end of one of the pipes and at 4 m distance of the bypassing 
traffic. Preliminary measurements demonstrated that PM concen-
trations were highest at this location of the tunnel (data not 

shown). Mean daily counts for vehicle traffic in 2010 for this pipe 
were 49,780 non-trucks and 6,545 trucks (source: Department 
Mobility and Public Works – Division Traffic Centre of the Flemish 
government, unpublished data). Mice allocated to the 'tunnel-fil-
tered' group were placed in micro-isolation cages covered with two 
layers of highly efficient flexible filter material (Pads F7, Camfil 
Farr, Zaventem, Belgium, minimum life efficiency on 0.4 μm: 
≥35%), separated by about 5 cm of air. Mice allocated to the 'tun-
nel-exposed' group were placed in the same location in micro-iso-
lation cages without filter tops, placed adjacent to each other. For 
all three groups, mice had access to food and water ad libitum and 
cages were cleaned once a week (n=7–8 per group). The total study 
period was 25–26 days. 

Exposure measurements 

PM measurements were performed every 30 minutes (min) during 
the entire exposure period, using a portable laser-operated aerosol 
mass analyzer (Aerocet 531, Met One Instruments Inc, Grant Pass, 
OR, USA) inside empty cages, placed among the mouse-contain-
ing cages, in the tunnel and control sites. PM concentrations were 
also assessed on a single occasion by sampling PM on a glass micro-
fibre filter (Whatman, Kent, UK) by using a sampling pump 
(SP350, TSI, Shoreview, USA) at 2 l/min over 10 h. Data on the tun-
nel traffic during the study period were collected through courtesy 
of the Department Mobility and Public Works – Division Traffic 
Centre of the Flemish government in Belgium. No gas collection 
was done in this study.  

Blood collection 

At the end of the exposure period (25–26 days), mice were anesthe-
tised (sodium pentobarbital, 60 mg/kg, i.p.) and blood was col-
lected from the retroorbital sinus on citrate 0.38% or on EDTA. 
Blood cell counts and differentials were performed on a Cell-Dyn 
3500R counter (Abbott, Diegem, Belgium). Citrated samples were 
centrifuged twice (1,500 g x 15 min), and plasma was snap frozen 
in liquid nitrogen and stored at –80°C for subsequent coagulation 
and microvesicle assays. EDTA-anticoagulated blood was centri-
fuged once (15,000 g x 10 min) and plasma stored at –20°C for 
antigen determinations. 

Bronchoalveolar lavage and lung tissue collection 

Following blood sampling, the mouse abdomen and thorax were 
opened. The left bronchus was ligated and the trachea exposed and 
cannulated with a 20 Gauge cannula to lavage the right lung three 
times with 0.4 ml (total volume of 1.2 ml) of sterile NaCl 0.9%. The 
recovered bronchoalveolar lavage fluid (BALF) aliquots were 
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pooled and placed on ice. No difference in the volume of collected 
fluid was observed between groups. Cells in fresh BALF were 
stained with Trypan Blue and counted in a Bürker hemocytometer. 
Cell differentials were determined by light microscopy on cytocen-
trifuge preparations fixed in methanol and stained with Diff Quick 
(Siemens, Brussels, Belgium). The remaining BALF was then cen-
trifuged (1,000 g x 10 min.) and the supernatant stored at –20°C 
for cytokine analysis. Upon bronchoalveolar lavage, the left lung 
was filled with 0.4 ml parafomaldehyde 4% (PFA), isolated and im-
mersed in PFA 4% for fixation. 

Carbon load 

Airway macrophages were visualised by light microscopy (Axio-
Plan 2 Imaging, Zeiss, Zaventem, Belgium) and pictures were taken 
with Axiovision Rel. 4.6. (Zeiss, Jena, Germany). ImageJ software 
(version 1.440, National Institutes of Health, Bethesda, MD, USA) 
was used to calculate the carbon load of airway macrophages via 
surface analysis, as described previously (26, 27). First, the nucleus 
was removed from the image of each macrophage. Then, carbon 
load was defined as the median area (μm2) occupied by carbon, in 
at least 20 randomly selected macrophages per mouse.  

Histology, immunohistochemistry 

Lung tissues of three randomly chosen mice per group were em-
bedded in paraffin, and 8 μm cross-sections were stained with he-
matoxylin and eosin (H&E) or von Willebrand factor (VWF) using 
rabbit anti-human VWF antibody (cross-reactive with murine 
VWF, dilution 1/50) and a biotinylated secondary goat anti-rabbit 
antibody (both Dako, Heverlee, Belgium). All slides were stained at 
the same time and for an identical reaction time. Stainings were 
analysed with a Zeiss AxioPlan 2 Imaging microscope (Zeiss) and 
pictures were taken with Axiovision Rel. 4.6. (Zeiss). Per mouse, 
the intensity of the endothelial VWF staining was manually scored 
by three independent and blinded observers, excluding intravascu-
lar, i.e. platelet-associated VWF, via a simple graded score of 1, 2 or 
3, corresponding to light, moderate or intense staining, respect-
ively, for each section. Pulmonary thrombomodulin was stained 
with a goat anti-mouse 409 TM antibody (0.2 μg/ml), as recently 
reported (28). The specificity of thrombomodulin staining was 
confirmed by prior incubation of the 409 TM antibody with an ex-
cess of recombinant mouse thrombomodulin (R&D Systems, 
Minneapolis, MN, USA), which step eliminated subsequent anti-
body binding to lung sections completely. Staining of lung throm-
bospondin-1 (TSP-1) was done with home-made rabbit anti-
TSP-1 antibodies, adsorbed for cross-reactivity with TSP-2, as pre-
viously described (29). 

ELISA and Western blot of pulmonary proteins 

Isolated lungs were snap frozen at –80°C, and proteins were 
extracted by adding 4 μl of protein extraction buffer (Na2HPO4 10 
nM, NaCl 150 mM, Triton X-100 1%, SDS 0.1%, C24H39NaO4 
0.5%, NaN3 0.2%) per mg of frozen tissue, followed by homogeni-
sation with a Ribolyzer Fast Prep 24 system (MP Biomedicals, 
Brussels, Belgium). The protein concentration in these extracts 
was determined via the Bradford Protein Assay (Bio-Rad, 
München, Germany).  

Thrombomodulin expression in total lung extracts was investi-
gated via Western blotting, upon SDS-PAGE of total lung extracts 
on 7% gels and transfer to nitrocellulose. Western blot detection of 
intact thrombomodulin was by the same antibody, used for immu-
nohistochemical staining. Quantification was performed through 
ImageJ software (version 1.440, NIH). Each value was first normal-
ised to the value of a control sample, run on each gel, followed by 
a second normalisation over the value of the house-keeping pro-
tein β-actin, measured via the rabbit anti-β-actin monoclonal 
antibody 4970 (Cell Signaling, Bioké, Leiden, The Netherlands). 

VWF expression in total lung extracts was investigated via 
ELISA, using rabbit anti-human VWF antibody and biotinylated 
anti-human VWF antibody (Dako, Heverlee, Belgium), as recently 
described (30). VWF concentrations (μg/ml) were normalised to 
the total protein concentration and expressed in μg/mg protein. 

Coagulation assays 

All coagulation assays were performed on the BCS-XP coagulation 
analyzer (Siemens, Hamburg, Germany) using the manufacturer's 
reagents and adapted procedures for murine coagulation testing 
(31). Coagulation factor (F) VII and FVIII activity were deter-
mined by one-stage coagulation assays, calibrated with pooled 
murine plasma. Fibrinogen concentrations were determined by 
the functional Clauss method, calibrated with Standard Human 
Plasma (Siemens, Hamburg, Germany). 

Thrombin generation assays (TGA) 

Thrombin generation was measured in diluted plasma (1/4) by 
means of the Calibrated Automated Thrombography (CAT) 
method using a Fluoroskan Ascent reader (Thermo Labsystems 
OY, Helsinki, Finland). Thrombinoscope software (Thrombino-
scope BV, Maastricht, The Netherlands) was used to calculate 
thrombin generation curves, from which the lag times, endogen-
ous thrombin potential (ETP) and peak height were derived. TGA 
were performed in two ways: first, in the presence of 10 μM phos-
pholipids and in the absence of exogenously added tissue factor 
(TF) (condition called '+PL-TF'), and second, in the presence of 
both 10 μM phospholipids and 0.3 pM exogenously added TF (In-
novin, Siemens, Marburg, Germany) (condition called '+PL+TF'). 
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Flow cytometric microvesicle analysis 

Flow cytometric analysis of microvesicles was performed as re-
cently described (25). In brief, plasma was thawed at 37°C, labelled 
with fluorescein isothiocyanate-labelled anti-CD41/61 (Emfret, 
Eibelstadt, Germany), phycoerythrin-labelled anti-Ter119 (BD 
Biosciences, Erembodegem, Belgium) and allophycocyanin-la-
belled annexin V (AV, Immunotools, Friesoythe, Germany) and 
analysed on a FACSCantoII flow cytometer (BD Biosciences) to 
define blood platelet-derived microvesicles ('BP-μV') and red 
blood cell-derived microvesicles ('RBC-μV'). Surface expression of 
negatively charged phospholipids was assessed by measuring an-
nexin V binding ('AV').  

Antigen measurements in blood 

VWF mouse plasma levels were determined via ELISA, using the 
same methodology as described above. Commercial ELISA's were 
used to determine the concentrations of soluble P-selectin (sP-sel), 
soluble E-selectin (sE-sel), platelet factor 4 (PF4) (all R&D Sys-
tems, Abingdon, UK) and interleukin-6 (IL-6, eBioscience, Vienna, 
Austria) in EDTA plasma. 

Statistical analysis 

We used non-parametrical Kruskal-Wallis tests with Dunn's 
multiple comparison post-tests to analyse significance between the 
different exposure groups within each age class, and Mann-Whit-
ney tests to analyze significance between both age classes for mice 
placed in the 'clean' environment. All statistical analyses were per-
formed using GraphPad Prism version 4.0b (GraphPad Software, 
San Diego, CA, USA). 

Figure 1: Exposure 
characteristics. Levels 
of PM10 (upper graph, 
left Y-axis) and PM2.5 
(lower graph, left Y-axis) 
were measured inside 
cages placed in both lo-
cations (as indicated), 
during the entire study 
period (days in X-axis). 
Dotted line represents 
total vehicle traffic tran-
sit through the roadside 
tunnel, calculated per 
hour (right Y-axis). The 
bottom panel shows 
glass microfibre filters on 
which PM was sampled 
in (from left to right) a 
cage in the clean en-
vironment, a filtered 
cage inside the roadside 
tunnel and an unfiltered 
cage inside the tunnel. 
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Results 

Exposure characteristics 

�Figure 1 shows the measurements for PM10 (PM with a mean di-
ameter smaller than 10 μm) and for PM2.5 (PM with a mean diameter 
smaller than 2.5 μm) at both locations, together with the hourly ve-
hicle transit through the tunnel. In general, PM measurements paral-
leled vehicle transit data, with higher values on working days than on 
weekend days, and higher values during the morning rush hours. 
Mean levels of PM10, averaged over the entire study period, were 59% 
lower inside the filtered cages in the tunnel ('tunnel-filtered', 38.6 
μg/m3) and 97% lower inside the cages in the clean environment 
('clean', 2.9 μg/m3), compared to the unfiltered cages in the tunnel 
('tunnel-exposed', 93.8 μg/m3). For PM2.5, values were 32.3% lower 
for the 'tunnel-filtered' group (16.8 μg/m3) and 95.5% lower for the 
'clean' group (1.1 μg/m3), compared to the 'tunnel-exposed' group 
(24.9 μg/m3). Correspondingly, the collection filter was considerably 
blacker upon sampling of unfiltered tunnel air than upon sampling of 
filtered tunnel air, while hardly any particulate material was sampled 
on the filter in the clean environment (�Fig. 1). 

Bronchoalveolar lavage cells and IL-6 

Baseline values (defined as the value for the 'clean group') of BALF 
WBC concentrations were higher in old mice than in young mice 
(�Table 1). Almost all BALF cells were monocytes/macrophages. 
Exposure to traffic-related air pollution did not influence WBC 

counts or differentiation in either age category (�Table 1 and 
�Fig. 2), despite the high carbon load in alveolar macrophages of 
the tunnel mice, which tended to be higher for the 'tunnel-ex-
posed' than for the 'tunnel-filtered' group (�Fig. 2D). Concen-
trations of IL-6 in BALF were below the detection limit for all but 
two mice (in different groups).  

Haematological parameters and IL-6 

Results for blood cell counts are shown in �Figure 3. Higher base-
line values in old vs. young mice were observed for WBC, RBC, 
haemoglobin and blood platelet levels. Group-wise, WBC 
numbers were not affected by exposure to traffic-related air pollu-
tion, but a few individual animals showed a drop in WBC numbers. 
In contrast, values for RBC and haemoglobin increased signifi-
cantly for the 'tunnel-filtered' and 'tunnel-exposed group' as com-
pared to the 'clean' group, both in young and old mice. BP numbers 
also increased in all 'tunnel' groups, with the highest values found 
for some 'tunnel-exposed' old mice. Concentrations of IL-6 in 
plasma were below the detection limit for all but three mice (in dif-
ferent groups, not shown). 

Haemostasis parameters in the lung 

VWF was present in lung extracts (at constant extract volume per mg 
tissue) of old mice, in slightly higher concentrations. Yet, no strict 

Table 1: Body weight, BALF cell counts and coagulation parameters in young and old mice.

 Young Old 
clean tunnel filtered tunnel exposed clean tunnel filtered tunnel exposed 

Final body weight (g) 27.8 (26.9–28.0) 28.7 (27.8–29.8) 29.0 (28.2–29.5) 30.3 (29.7–33.8)¶ 33.4 (32.2–34.1) 31.1 (29.5–32.6) 

BALF cell count 

WBC (/μl) 45.0 (25.0–50.0) 50.0 (42.5–57.5) 50.0 (32.5–60.0) 77.5 (70.0–90.0)¶¶ 80.0 (40.0–80.0) 60.0 (42.5–85.0) 

Neutrophils (%) 0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.0 (0.0–0.8) 0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.0 (0.0–0.0) 

Monocytes (%) 100 (99.3–100.0) 99.5 (97.5–100.0) 100.0 (99.0–100.0) 99.5 (97.5–100.0) 99.0 (96.0–100.0) 98.5 (98.0–100.0) 

Coagulation 

Fibrinogen (mg/dl) 199 (172–221) 188 (181–207) 196 (173–226) 191 (178–207) 181 (171–201) 192 (182–201) 

FVII (%) 115 (107–125) 116 (112–137) 122 (114–127) 117 (108–127) 120 (114–140) 115 (107–129) 

FVIII (%) 95 (93–112) 106 (86–119) 107 (103–125) 134 (112–144)¶¶ 111 (103–128) 120 (111–129) 

TG (+PL+TF) ETP (nM.min) 296 (279–320) 375 (350–422)** 317 (301–353) 330 (255–412) 365 (274–442) 312 (282–365) 

TG (+PL+TF) peak (nM) 42.1 (37.7–48.8) 39.3 (38.1–42.1) 37.5 (35.8–40.2) 44.4 (40.1–52.9) 45.4 (35.7–48.6) 38.0 (34.7–45.6) 

All data are represented as median (percentile 25 – percentile 75). ** p<0.01 vs 'young clean' (Kruskal Wallis), ¶ p<0.05 vs 'young clean', ¶¶ p<0.01 vs 'young 
clean' (Mann-Whitney).  

TG (+PL-TF) lagtime (min.) 9.0 (5.8–14.7) 10.7 (10.0–13.3) 14.7 (7.1–14.8) 17.3 (10.3–60.0) 13.5 (7.7–17.8) 14.3 (11.7–60.0) 

TG (+PL-TF) ETP (nM.min) 102 (76–139) 123 (108–208) 105 (70–161) 67 (0–162) 61 (39–89) 143 (0–193) 

TG (+PL-TF) peak (nM) 9.6 (7.0–10.5) 9.6 (7.4–18.7) 8.3 (5.0–11.5) 4.9 (0.0–11.5) 5.7 (2.9–7.9) 9.5 (0.0–20.8) 

TG (+PL+TF) lagtime (min.) 2.8 (2.4–3.2) 2.9 (2.4–3.1) 3.0 (2.3–3.1) 3.5 (2.8–3.7) 3.0 (2.7–3.3) 3.5 (2.7–3.8) 
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VWF-induction was observed in ‘tunnel-exposed’ or ‘tunnel-fil-
tered’ animals (�Fig. 4A). Normalising VWF-expression per total 
protein in the extract affected the results for young and old mice dif-
ferently, but a higher normalised VWF-expression was maintained 
for the old ‘tunnel-exposed’ and ‘tunnel-filtered’ animals than for the 
young mice (�Fig. 4B). Therefore, lung sections were stained for 
VWF. Making abstraction of luminal platelet VWF, endothelial 
VWF-positivity was suggestive of higher expression, especially in the 
smaller pulmonary blood vessels for the 'tunnel-exposed' [mean 
(SD) score for young mice: 2.2 (0.8), old mice: 1.8 (0.2)] and the 'tun-
nel-filtered' groups [mean (SD) score for young mice: 2.7 (0.3), old 
mice: 2.4 (0.4)], as compared to the 'clean' group [mean (SD) score 
for young mice: 1.6 (0.7), old mice: 1.4 (0.2)] (�Fig. 4C). Additional 
immunohistochemical staining for thrombospondin-1 confirmed 
that in all cases, thrombospondin-1 was exclusively present in the 
vessel lumen, i.e. present in platelets, and was absent on the vessel 
wall (not shown). Thus, the elevated VWF-staining in the endothe-
lium was not the result of increased platelet binding and detection of 
platelet VWF, but reflected specific upregulation of VWF in the vessel 
wall of lung capillaries. 

In agreement with recent findings on the distribution of throm-
bomodulin in the mouse lung (32), immunohistochemical stain-

ing revealed widespread expression of thrombomodulin through-
out the lung of young and old control mice (�Fig. 5A). Thrombo-
modulin lined the endothelium of small and capillary blood 
vessels, but was also expressed by lung epithelium (�Fig. 5A), 
slightly more in old than in young mice. Since immunohisto-
chemical evaluation did not allow appreciating differences in 
thrombomodulin expression for ‘tunnel-filtered’ and ‘tunnel-ex-
posed’ mice, batch analysis was performed on lung extracts via 
Western blotting for thrombomodulin, followed by digital im-
aging of the intensity of the bands. Analysis of the thrombomodu-
lin band intensity for control, ‘tunnel-filtered’ and ‘tunnel-ex-
posed’ young and old animals, in comparison to similarly scanned 
β-actin bands showed that the normalised thrombomodulin in-
tensity dropped both in young and old ‘tunnel-exposed’ and ‘tun-
nel-filtered’ animals (�Fig. 5B).  

Markers of BP and endothelial cell activation 

Baseline plasma values for sP-sel and VWF were higher in old vs. 
young mice. Traffic-related air pollution upregulated the plasma 

Figure 2: Microscopic images of BALF cells and carbon load. A-C) 
Microscopic image of cytospins of bronchoalveolar lavage fluid (BALF) cells 
from young mice placed in a cage in the clean environment (A), a filtered 
cage inside the roadside tunnel (B) and an unfiltered cage inside the tunnel 
(C). Carbon particles are obvious in macrophages for both tunnel groups. D) 
Measurement of carbon load in alveolar macrophages from young and old 

mice, as indicated, placed in a clean environment ('clean', white dots), in fil-
tered cages inside the tunnel ('tunnel-filtered', grey dots) or in unfiltered 
cages inside the tunnel ('tunnel-exposed', black dots). Data are represented 
as a scatter dot plot with median values. Dotted line represents baseline 
median value (= value for the 'clean' group) for the young mice. * p<0.05, 
*** p<0.001. 
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Figure 3: Blood cell 
parameters after expo-
sure. A) White blood 
cells (WBC), B) red blood 
cells (RBC), C) haemoglo-
bin (Hgb) and D) blood 
platelets (BP) in blood 
from young and old mice, 
as indicated; ('clean', 
white dots; 'tunnel-fil-
tered', grey dots and 
'tunnel-exposed', black 
dots). Data are repre-
sented as a scatter dot 
plot with median values. 
Dotted line represents 
baseline median value (= 
value for the 'clean' 
group) for the young 
mice.* p<0.05, ** 
p<0.01, *** p<0.001. 

concentration of sP-sel in young mice, with trends towards similar 
elevations in the concentration of sE-sel and VWF. No differences 
were observed between 'tunnel-filtered' and 'tunnel-exposed' 
groups. Values in old mice were not significantly altered by air pol-
lution exposure (�Fig. 6). Both in young and old mice, the plasma 
levels of the specific endothelial marker sE-sel correlated strongly 
with levels of sP-sel (p<0.0001, r2: 0.605 and p=0.0035, r2: 0.386, 
respectively), in agreement with endothelial cell activation. Plasma 
sE-sel also correlated with VWF in young and old mice (p=0.02, r2: 
0.312 and p=0.05, r2: 0.200, respectively). 

Microvesicles 

Baseline values for all investigated microvesicle populations were 
similar between old and young mice. The majority of microvesicles 
bound annexin V, a measure for their surface exposure of pro-
coagulant negatively charged phospholipids. In contrast to the 
young mice, a trend towards increased levels of BP-μV (total, AV- 
and AV+) was observed for the old mice in the tunnel, with the 
highest values for the 'exposed' group (�Fig. 7). Total BP-μV 
numbers correlated with circulating BP numbers in young mice 
(p=0.01, r2: 0.279) and to a lesser extent in old mice (p=0.07, r2: 
0.171). No correlations were found between RBC-μV and circu-
lating RBC. 

Coagulation 

Baseline values were higher in old vs. young mice for FVIII, but not 
for FVII or fibrinogen, or for any of the thrombin generation (TG) 
parameters. ETP in the 'tunnel filtered' group was significantly 
higher than in the 'clean' group for young mice, when TG was 
measured upon addition of both phospholipids and TF. No air pol-
lution-induced changes were observed in any of the other coagu-
lation parameters (�Table 1). 

Discussion 

Young and old mice were continuously exposed to traffic-related 
air pollution in an urban roadside tunnel for more than three 
weeks, in unfiltered or filtered cages and compared to controls kept 
in a clean environment. Thus, haemostatic complications of traf-
fic-related air pollution were investigated in a real-life condition, 
over a time-window, exceeding that of commonly applied experi-
mental acute and subacute time-windows (25). Exposure for 25/26 
days to intermittently high PM10 (and PM2.5) levels induced car-
bon particle uptake by resident lung macrophages, and triggered 
subtle changes in the pulmonary circulation and blood, suggestive 
of thrombogenic changes in the microvasculature. In old mice, 
relative changes in relevant parameters were smaller, in agreement 
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with already higher baseline values, but the highest values for 
blood platelet numbers, sP-sel, VWF, BP microvesicles measured in 
this study were encountered in old exposed mice, compatible with 
a collectively higher attributable cardiovascular risk in old mice. 

Our study also addressed pulmonary endothelial cell changes as-
sociated with continuous traffic-related air pollution. Thus, a mild 
drop in pulmonary expression of the anticoagulant protein throm-
bomodulin was found, in agreement with mouse studies, in which 

Figure 4: VWF in the 
lung after exposure. 
VWF concentration, pres-
ent in detergent extracts 
derived from the lungs of 
young and old mice, as 
indicated ('clean', white 
dots; 'tunnel-filtered', 
grey dots and 'tunnel-ex-
posed', black dots), be-
fore (A) and after (B) nor-
malisation vs. the total 
protein concentration in 
the extract. Represen-
tative images (left: low 
magnification, right: high 
magnification) of immu-
no-histochemical staining 
for VWF in lung tissues 
derived from young mice 
(C). While large blood 
vessels stained positive 
in all three groups, the 
majority of smaller blood 
vessels did not stain in 
the 'clean' group, but 
stained moderately to 
strongly positive in both 
tunnel groups. Arrows in-
dicate alveolar macro-
phages. AW= large air-
ways; white bars equal 
100 μm. * p<0.05, ** 
p<0.01, *** p<0.001. 
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Sirt1-dependent downregulation of thrombomodulin was observed, 
upon exposure to particulate matter (32), further in line with recent 
findings in children (33). Although the total pulmonary VWF-ex-
pression was not affected by exposure to polluted air in the tunnel, 
semi-quantitative immunohistochemical analysis of lung sections 
pointed to increased VWF expression in the endothelium, especially 
in lung capillaries, suggestive of endothelial cell activation in the pul-
monary microcirculation. Also in humans, altered endothelial cell 
function was demonstrated upon exposure to diluted diesel exhaust 
(34, 35), these adverse vascular effects recently having been attributed 
to the nanoparticulate fraction, present in diesel exhaust (36).  

Plasma sE-sel (specific marker for endothelial cell activation), 
sP-sel and VWF strongly correlated with each other, even when sP-
sel, sE-sel and VWF only increased modestly upon exposure 
(�Fig. 6). Platelet-endothelial interactions activate platelets in a 
VWF-dependent manner (37), and P-sel is implicated in blood 
platelet activation upon intratracheal instillation of carbon nano-
tubes in mice (38). In conjunction with the direct activation of 
blood platelets by particulate matter (39), platelet-endothelial in-
teractions lead to platelet degranulation, further raising sP-sel and 
VWF in plasma. In old mice, sP-sel and VWF were significantly 

elevated at baseline; no statistically significant upregulation was 
observed upon air pollution exposure, yet, the highest sP-sel and 
VWF antigen levels were encountered in exposed old mice. At pres-
ent, it is unclear whether endothelial cells are directly activated 
upon subchronic transepithelial passage of ultrafine particles in 
the lung as is the case for platelets (39, 40). 

Negatively charged phospholipids can promote coagulation 
through surface-bound TF (24). Elevated numbers of circulating 
microvesicles have been demonstrated in patients with venous 
thromboembolism (41), and pathophysiological procoagulant 
changes are believed to be more pronounced after chronic expo-
sure (25). We observed a trend towards higher levels of total BP-μV 
for old mice located inside the tunnel, with the highest median 
values for the 'exposed' group. No changes were observed in 
microvesicle numbers for young mice. As the majority of BP-μV in 
the present study bound annexin V, a measure for the surface ex-
pression of negatively charged phospholipids, the air pollution-in-
duced increase of their numbers reflects a procoagulant risk factor 
in the old mice. All thrombin generation measurements were per-
formed in the presence of an excess of exogenously added phos-
pholipids. Therefore, these assays are insensitive to the phos-

Figure 5: Thrombomo-
dulin in the lung after 
exposure. Represen-
tative distribution of 
thrombomodulin (left: 
low magnification, right: 
high magnification) over 
blood vessels and epithe-
lium, in young and old 
mouse lungs, as indi-
cated. AW= large air-
ways; white bars equal 
100 μm (A). Thrombomo-
dulin band intensity, nor-
malised to β-actin inten-
sity, after SDS-PAGE, 
transfer on nitrocellulose 
and Western blotting of 
detergent extracts from 
the lungs of control, 
“tunnel-filtered” and 
“tunnel-exposed” young 
and old mice ('clean', 
white dots; 'tunnel-fil-
tered', grey dots and 
'tunnel-exposed', black 
dots). Stained bands 
were digitally quantified 
and expressed as arbit-
rary units (AU); B) * 
p<0.05.  
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Figure 6: Markers of 
endothelial and blood 
platelet function. A) 
soluble P-selectin (sP-
sel), B) soluble E-selectin 
(sE-sel), C) platelet factor 
4 (PF4) and D) von Wille-
brand factor antigen 
(VWFag) levels in plasma 
from young and old mice, 
as indicated; ('clean', 
white dots; 'tunnel-fil-
tered', grey dots and 
'tunnel-exposed', black 
dots). Data are repre-
sented as a scatter dot 
plot with median values. 
Dotted line represents 
baseline median value (= 
value for the 'clean' 
group) for the young 
mice.* p<0.05, ** 
p<0.01. 

pholipid-dependent procoagulant state observed in the old mice 
exposed to air pollution. Moreover, in the absence of changes in 
any of the measured coagulation factors, no enhanced TG was ob-
served under any condition, except for a small increase in ETP for 
the 'tunnel filtered' group of the young mice. Antithrombin and 
protein C were not assessed in the present study.  

Our findings are in part comparable to a recent study in which 
rats were exposed to diesel engine exhaust and to roadside particu-
late matter for four weeks, five days/week at 6 h/day (42). Diesel en-
gine exhaust and concentrated PM administered ranged from 174, 
over 214 to 485 μg/m3. While continuously exposed to the traffic, in 
our study, mice confronted PM at 300 μg/m3 on working days, dur-
ing morning and evening traffic, up to 400 μg/m3 at peak moments. 
In contrast to the careful monitoring of the gaseous pollutant con-
centrations in the rat study (42), we could not monitor gas levels in 
the roadside tunnel, i.e. we cannot further split up the mild effects 
observed, as a function of contributions by particulate and gaseous 
air pollutants. Earlier work by the same authors had revealed an as-
sociation between platelet activation and levels of nitric oxide (NO), 
nitrogen dioxide (NO2) and carbon monoxide (CO) (8), an associ-
ation not investigated by us. Gerlofs-Nijland (42) found that expo-
sure of rats to 800 μg/m3 O3 for 12 h increased lung permeability, 
triggering slight inflammation of polymorphonuclear neutrophils 
in alveoli after 24 h. However, since both our and their study show al-
veolar macrophage loading with PM, but no PMN inflammation, 
the impact of ozone (O3) appears minimal in both studies. 

The mild inflammation in rats (42) has been explained by an 
adequate host defence system, a conclusion presently corroborated 
for the mouse. Already during intratracheal administration of die-
sel exhaust particles to the mouse, several-fold higher doses were 
required than anticipated from human epidemiological studies 
(23), a conclusion not valid for the hamster, where low diesel ex-
haust exposure triggers potent prothrombotic amplification (39). 
Therefore, the finding that the tunnel air exposure raised both RBC 
(also haemoglobin) and BP numbers, over an interval as short as 
25 days, both in young and old mice, was surprising. It is difficult 
to correctly interpret this, against the rise in oxidative stress in 
lungs and bone marrow, enhancing haematopoiesis (43), or via al-
ternative explanations, such as hypoxia, translocation via the 
epithelial-endothelial barrier of macrophages loaded with PM, or 
exposure to gaseous pollutants such as CO or sulfur dioxide (S02) 
(44–46) or to stress (e.g. caused by noise) inducing adaptative up-
regulation of growth factors (47, 48). In diabetic subjects, we also 
found a correlation between chronic air pollution exposure and BP 
numbers (27). Yet, the red blood cell count does not correlate posi-
tively with PM10 (49), whereas the causal relationship between ex-
posure to hydrogen sulfide (H2S), respectively S02 (44, 46) and 
RBC elevation, has become improbable, since modern diesel fuel 
hardly contains sulphurous substances. In view of its documented 
effects on the numbers of circulating nucleated RBCs in neonates, 
born from mothers exposed during pregnancy (50), CO seems the 
best candidate for this effect. 
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Figure 7: Microvesicle 
numbers in plasma 
after exposure. A) 
Blood platetelet-derived 
microvesicles (BP-μV), B) 
red blood cell-derived 
microvesicles (RBC-μV), 
C) BP-μV that do no bind 
annexin V (BP-μV AV-), 
D) RBC--μV that do not 
bind annexin V (RBC-μV 
AV-), E) BP-μV that bind 
annexin V (BP-μV AV+) 
and F) RBC-μV that bind 
annexin V (RBC-μV AV+), 
measured by flow cyto-
metry, in plasma from 
young and old mice, as 
indicated; ('clean', white 
dots; 'tunnel-filtered', 
grey dots and 'tunnel-ex-
posed', black dots). Data 
are represented as a 
scatter dot plot with 
median values. Dotted 
line represents baseline 
median. 

The paucity of changes in secondary haemostasis parameters is 
in agreement with previous findings of our group (23, 25), and can 
be explained by absent lung inflammation and IL-6 production in 
alveolar macrophages (51, 52). Intratracheal instillation of ultra-
fine particles, collected near a roadside tunnel caused a TF-driven 
increase in thrombin generation at 4 h, and a contact activation-
driven increase at 20 h (53). On the other hand, reduced lung tissue 
factor activity, in conjunction with reduced lung tissue thrombin 
generation (42), was found by others. The present study illustrates 
that a 25/26 day exposure of young healthy mice to moderate air 
pollution activates in the first place primary, but not secondary 
haemostasis pathways, only triggered at much higher concen-
trations in acute experimental exposure studies.  

The 'tunnel-filtered' group were unexpectedly similar to the 
'tunnel-exposed' group. Several explanations may apply: first, fil-

tering reduced the exposure of mice considerably, but not com-
pletely. Indeed, PM2.5 were filtered less efficiently (-32%) than 
PM10 (-59%) and ultrafine particles are propably poorly filtered. In 
view of their major impact on cardiovascular status (9) and in view 
of the presence of gaseous components in the polluted air, we can-
not exclude these factors, or other environmental factors (car light, 
noise, stress), identical for both groups to play a role in the effects 
observed. 

In conclusion, continuous inhalation for 25/26 days of polluted 
air triggers platelet and endothelial cell activation, especially in 
young mice. However, higher baseline values of platelet and en-
dothelial cell activation markers, of the number of circulating 
blood platelets and of FVIII, in combination with a pollution-re-
lated increase in the numbers of blood platelets, platelet activation 
markers and blood platelet-derived microvesicles, collectively in-
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dicate a boost in thrombogenicity in exposed old mice. Experi-
mental thrombosis studies will need to confirm a gain in throm-
botic risk profile for exposure at advanced age. 
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What is known about this topic? 
● Acute exposure to polluted air rapidly leads to cardiovascular com-

plications, primarily due to inhalation of ultrafine particulate 
matter. 

● Short-term exposure triggers arterial thrombogenicity; the hae-
mostatic risk profile after long-term exposure is less clear.  

What does this paper add? 
● Continuous exposure of mice to traffic-related air pollution, in a 

real-life setting leads to activation of pulmonary endothelium, 
without overt pulmonary inflammation, accompanied by reduced 
thrombomodulin expression, elevated von Willebrand factor (VWF) 
expression, and release of VWF and E-/P-selectin in the circulation. 

● Exposure triggers stronger changes for most parameters in young 
mice, compared to aged mice with higher baseline values, but 
blood platelet and platelet microvesicle numbers rise more in ex-
posed aged mice. 

● The attributable risk for intrinsic thrombogenicity rises to higher 
values upon exposure to traffic-related air pollution at an older 
age.
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