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ABSTRACT: Exposure to particulate matter and ozone cause adverse airway reactions. Individual

pollutant effects are often addressed separately, despite coexisting in ambient air. The present

investigation was performed to study the effects of sequential exposures to diesel exhaust (DE)

and ozone on airway inflammation in human subjects.

Healthy subjects underwent bronchoscopy with bronchoalveolar lavage (BAL) and bronchial

wash (BW) sampling on two occasions. Once following a DE exposure (with 300 mg?m-3 particles

with a 50% cut-off aerodynamic diameter of 10 mm) with subsequent exposure to O3 (0.2 ppm) 5 h

later. The other bronchoscopy was performed after a filtered air exposure followed by an ozone

exposure, using an identical protocol. Bronchoscopy was performed 24 h after the start of the

initial exposure.

Significant increases in neutrophil and macrophage numbers were found in BW after DE

followed by ozone exposure versus air followed by ozone exposure. DE pre-exposure also raised

eosinophil protein X levels in BAL compared with air.

The present study indicates additive effects of diesel exhaust on the ozone-induced airway

inflammation. Together with similar results from a recent study with sequential diesel exhaust and

ozone exposures, the present data stress a need to consider the interaction and cumulative

effects of different air pollutants.
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O
zone and particulate matter (PM) pollu-
tion have been linked with adverse effects
on respiratory health in a large number of

epidemiological studies. Both have been strongly
associated with increased symptoms, reduced
lung function, enhanced airway responsiveness,
deterioration of asthma and chronic obstructive
pulmonary disease, as well as increased health-
care visits and hospitalisation [1–5].

Diesel exhaust (DE) is an important source of PM
pollution and reaches its peak concentrations
during rush hour traffic. Ozone is a secondary
pollutant to which nitrogen oxides (NOx), volatile
organic compounds and sunlight contribute, thus
causing ozone levels to commonly culminate in
the afternoon. Both experimental and epidemio-
logical studies have mainly focused on the
separate effects of these air pollutants, although
exposure to both occurs during the course of the
day. However, in epidemiological studies it has
often been difficult to distinguish the potentially
additive health effects that a combination of PM

and ozone exposure may generate. Experimental
studies have the benefit that studies can be
designed to delineate additive and modulating
effects by one air pollutant upon the other.

Ozone is a powerful oxidant earlier demon-
strated to cause oxidative stress in the human
respiratory tract, resulting in an airway inflam-
matory response with neutrophilic inflammation
reflected in the bronchial mucosa as well as in
airway lavage fluids. Exposure to higher concen-
trations of ozone has been associated with
substantial inflammatory effects as reflected in
bronchoalveolar lavage fluid with increases in
interleukin (IL)-6, IL-8, granulocyte-macrophage
colony-stimulating factor and prostaglandin E2

[6–8]. The time course of the airway mucosal
inflammatory event has been determined in a
preceding series of studies at 1.5, 6 and 18 h after
ozone exposure [9–12].

Controlled DE exposure in human subjects has
been shown to cause an inflammatory airway
response with infiltration by neutrophils and

AFFILIATION

Dept of Respiratory Medicine and

Allergy, University Hospital, Umeå,
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other cell types, as reflected in the bronchial mucosa as well
as in bronchial wash (BW) [13, 14]. A pronounced bronchial
epithelial activation has been shown to be present, including
increased signal transduction and cytokine production [15, 16].
The time-course of these reactive events has previously been
determined at 6 and 18 h after exposure with bronchoalveolar
lavage (BAL) neutrophilia and alveolar macrophage increase
persistent at the later time-point [13, 14, 17].

In a recent study, BOSSON et al. [18] assessed whether an ozone
exposure given after a DE exposure would enhance the diesel-
induced airway inflammation, as compared with a subsequent
air exposure. Ozone was found to cause a significant increase
in the DE-induced sputum neutrophilia and the secretion of
the potent oxidative enzyme myeloperoxidase (MPO) in
healthy human subjects. Furthermore, strong correlations were
found between MPO, matrix metalloproteinase(MMP)-9 and
neutrophil numbers, implying a state of enhanced neutrophil
activation by the addition of an ozone exposure to a preceding
DE exposure. Consequently, these results suggest that ozone
has the ability to magnify the established DE-induced airway
inflammation.

The present study, in which the sequence of the filtered air
exposure is reversed, was performed as a complement to
the study of BOSSON et al. [18] to further clarify the association
of the airway inflammatory reactions in response to DE
and ozone. The hypothesis was that pre-exposure to DE
would enhance the ozone-induced airway inflammation in
human subjects, with an increase in BW neutrophils being
the primary end-point as based on a previous set of studies [9,
10, 12, 14–17].

METHODS
Subjects
A total of 14 healthy, nonsmoking subjects (five female and
nine male; mean (range) age 25 (21–29) yrs) were recruited to
the study. None had a history of asthma, allergies or other
significant illness and all were free from airway infections for a
minimum of 6 weeks prior to and during the study. All
subjects had negative skin prick tests against common
aeroallergens, and normal spirometry and ECG. The use of
vitamins and nonsteroid anti-inflammatory drugs was not
permitted for 2 weeks prior to exposure and extending until
after the last bronchoscopy was performed. The study was
approved by the Umeå University Ethics Committee (Umeå,
Sweden) and all subjects had given their written informed
consent. All research carried out was in compliance with the
Helsinki Declaration.

Study design
Bronchoscopy with BW and BAL was performed on two
occasions. Once following a 1-h morning DE exposure with
subsequent 2-h exposure to ozone, 5 h later. The second
bronchoscopy was carried out after a filtered air morning
exposure followed by an ozone exposure, using an identical
time-frame as before. The two exposure series were rando-
mised and a double-blinded approach was employed. Both
bronchoscopies were performed 24 h after the start of the
initial exposure (i.e. 16 h after the end of the ozone exposure;
fig. 1). A minimum of 3 weeks and a maximum of 5 weeks
separated the two exposure series. During all exposures,

subjects alternated between rest and moderate exercise on
a stationary bicycle ergometer (with minute ventilation
(V’E)520 L?min-1?m-2 body surface) at 15-min intervals.

Exposures
The exposures were carried out in two separate ‘walk-in’
chambers, one for ozone and one for DE. Ozone was generated
using a Fischer’s O3 generator 500 MM (Fischer Labor and
Verfahrens-Technik, Bonn, Germany) and a concentration of
0.2 ppm was continuously monitored and maintained in the
chamber [9]. DE at a steady state concentration of 300 mg?m-3

was generated by an idling Volvo diesel engine (Volvo TD45,
4.5L, 4 cylinders, 1991, 68 rpm). Particles with a 50% cut-off
aerodynamic diameter of 10 mm concentration were measured
with a gravimetric method as well as with a tapered element
oscillating microbalance instrument, whereas NOx (NO, NO2)
and total hydrocarbons were monitored using on-line equip-
ment [14, 19]. The mean levels of gaseous pollutants during DE
exposures for NO2, NO and total hydrocarbons were 0.51, 1.65
and 1.18 ppm, respectively.

Bronchoscopy and processing of samples
The subjects received atropine subcutaneously as pre-medica-
tion. Lidocaine was used for topical anaesthesia. The flexible
video bronchoscope (BF1T160; Olympus, Tokyo, Japan) was
introduced through the mouth with the subject in the supine
position. BW was performed by an instillation of 2620 mL
sterile saline solution (pH 5.4 at 37uC), followed by BAL with
3660 mL saline solution, within the middle or lingula lobes,
randomly selected for the two instances. The recovered
aspirate from the first and second 20 mL instillations of BW
and the collective BAL fluid were accumulated into individual
containers and immediately placed on ice.

BW and BAL samples were used for total and differential cell
counts as well as examination of soluble mediators. Lavage
fluid was filtered to eliminate mucus (pore diameter 100 mm;
Syntab Product Ab, Malmö, Sweden) and centrifuged at
4006g for 15 min in order to separate cellular components
from supernatant, which was then divided into aliquots and
stored at -80uC until analysis.

Total and differential cell counts
The cell pellets resulting from the BW and BAL fluid samples
were resuspended in saline to a final concentration of
106 cells?mL-1 and used for total and differential cell counts.
A Bürker chamber was used to determine total leukocyte
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FIGURE 1. Schematic diagram of study design showing the timeline of the two

randomised exposure sequences, diesel exposure (DE) followed by ozone (O3) and

filtered air followed by O3, which all subjects completed on two separate occasions.
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numbers. A Cytospin 3 (Shandon Southern Instruments Inc.,
Sewikly, PA, USA) at 966g for 5 min produced cyto-
centrifuged specimens, resulting in 56104 nonepithelial cells
per slide. Differential cell counts were carried out on slides
stained with May-Grünwald Giemsa. On each slide, a total of
400 cells were counted.

Soluble proteins and cytokines
The lavage fluid supernatant was analysed using radio-
immunoassay or ELISA for soluble inflammatory markers
and cytokines, including IL-6 (monoclonal antibodies supplied
by R&D Systems Inc., Abingdon, UK), IL-8 (R&D Systems Inc.),
soluble intercellular adhesion molecule (sICAM; R&D Systems
Inc.), human neutrophil lipocalin (HNL; Dept of Clinical
Chemistry, Uppsala, Sweden), eosinophil protein X (EPX;
Diagnostics Development, Uppsala, Sweden), MPO (OXIS
Research, CA, USA), and MMP-9 (R&D Systems Inc.). HNL
and EPX were analysed using previously described methods
[20, 21]. Albumin was measured using a commercially
available kit (Boehringer Mannheim, Mannheim, Germany).

These cytokines were chosen since they each indicate
important pro-inflammatory signals. The soluble proteins were
selected to demonstrate degree of neutrophil and eosinophil
activation.

Statistical analyses
When comparing the cell count and soluble protein data of
filtered air followed by ozone versus DE followed by ozone,
Wilcoxon’s nonparametric signed-rank test for paired observa-
tions was applied. Correlations were assessed using the
Spearman correlation test. A p-value ,0.05 was considered
to be significant. Values are presented as medians with
interquartile ranges (IQRs).

RESULTS
The median (IQR) BW recoveries after the exposure series were
5.8 (5.5–6.7) mL and 6.7 (5.6–7.0) mL, after DE followed by
ozone and filtered air followed by ozone, respectively.
Corresponding BAL fluid recoveries were 128 (115–132) mL

and 131 (118–144) mL. There was no significant difference
between any of these recoveries.

Inflammatory cell responses
Exposure to DE significantly enhanced ozone-induced airway
inflammation reflected in BW, as opposed to filtered air. Pre-
exposure to DE generated significantly higher numbers of
neutrophils (p50.006) and macrophages (p50.046). Eosinophils
showed a clear tendency to increase, that did not reach statistical
significance (p50.050; table 1). No significant differences were
seen in other cell types in BW or in BAL (tables 1 and 2,
respectively).

Soluble protein and cytokine responses
Pre-exposure with DE significantly increased the median (IQR)
concentration of EPX in BAL fluid after ozone exposure, as
opposed to pre-exposure to air (0.25 (0.00–0.49) and 0.41 (0.00–
0.85) cells?L-1, respectively; p50.04). No significant differences
were found either in the collected BW or BAL regarding IL-6, IL-8,
sICAM, HNL, MMP-9, MPO or albumin concentration (table 3).

Correlations
The total number of eosinophils in BAL was significantly
correlated with the EPX concentration found in BAL after the
DE and ozone challenge (rs50.655; p50.011). There was also a
trend towards significance seen between the percentage of
eosinophils and EPX concentration in BAL following the same
exposure series (rs50.515; p50.059).

DISCUSSION
The objective of the present study was to further increase the
understanding of the inflammatory airway effects of sequential
exposure to air pollutants, with an attempt to mimic real life.
It was found that pre-exposure to DE enhances the ozone-
induced inflammation with significant increases in neutrophils
and macrophages in the BW as well as an increase in EPX in
BAL fluid, as compared with pre-treatment with air. These
effects were demonstrated on top of the established ozone-
induced airway inflammation, thus signifying an inflamma-
tory amplification by the preceding exposure to DE. Hence, the

TABLE 1 Cells in bronchial wash

Filtered air followed by O3 Diesel exhaust followed by O3 p-value#

Total cells 6104 cells?L-1 10.8 (7.7–13.3) 16.1 (10–24.9) 0.011

Macrophages

6104 cells?L-1 7.1 (4.0–9.5) 8.2 (4.2–10.9) 0.046

% 57.3 (44.5–64.5) 56.0 (37.0–65.8) 0.245"

Neutrophils

6104 cells?L-1 3.6 (2.8–5.1) 5.4 (4.5–10.1) 0.006

% 36.8 (24.1–51.0) 39.0 (29.0–58.0) 0.209"

Lymphocytes

6104 cells?L-1 0.5 (0.3–0.7) 0.7 (0.4–0.9) 0.13"

% 4.0 (2.7–5.2) 4.6 (2.6–5.2) 0.900"

Eosinophils

6104 cells?L-1 0.02 (0.0–0.04) 0.06 (0.0–0.09) 0.05"

% 0.2 (0.0–0.4) 0.3 (0.0–0.7) 0.152"

Data are presented as median (interquartile range), unless otherwise stated. #: calculated using Wilcoxon’s signed rank test; ": nonsignificant.
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present findings suggest a need to consider additive effects of
sequential or combined exposures, when it comes to regulation
of exposure limits.

The present study was performed as a complement to a
previous study which addressed whether a subsequent
exposure to ozone, as compared with filtered air, would
enhance the established DE-induced airway inflammation [18].
In the present study, the filtered air sequence was reversed
to focus instead on whether a pre-exposure to DE would
influence airway inflammation induced by ozone exposure,
thereby providing additional information towards under-
standing the complex nature of sequential air-pollutant
effects. Furthermore, the inflammatory responses in the
airways to separate DE and ozone exposures have already
been determined.

When considering the study design, ideally two additional
series would have been included in terms of air followed by air
as well as DE followed by air. Performing three or four
exposure series in human volunteers, each with two sequential
chamber exposures would not have been possible due to the
complexity for research subjects, staff, resources and number
of repeat bronchoscopies. Therefore, the present study has
relied upon historical controls regarding the DE effects at 18–
24 h in comparison with filtered air [13, 17]. Additionally,
previous studies have determined the DE-induced inflamma-
tion in the bronchial mucosa as well as in the lavage fluids at
6 h. This time point coincides which the ozone exposure in the
present study and it should be taken into account that a DE-
induced airway inflammation was established when the ozone
challenge was given [14–16]. In addition, the effects of ozone
exposure around the 16 h time-point, when bronchoscopies
were performed in the present study, have previously been
determined [9–12].

Both DE and ozone have the ability to induce oxidative stress in
the airways [17, 22]. An increased neutrophil accumulation in
addition to the exogenous source of oxidative stress has the
potential to cause additional cell damage within the airway tissues.

In the present study a significant elevation of BW neutrophils
was demonstrated when an ozone exposure was preceded by
a DE exposure, as compared with pre-treatment with filtered
air. This effect was seen on top of the ozone induced BW
neutrophilia, which would have been present in both expo-
sure series of the study, at the time of the bronchoscopy
sampling, as shown in a previous study [12]. In the previous
study, BW neutrophils were more than doubled and
increased in median from 0.9 to 2.16104 cells?mL-1. To the
best of the present authors’ knowledge, all other studies
addressing BW neutrophilia at 18 h post-exposure have
employed higher doses of ozone and slightly different
bronchoscopy methodology [23–25]. However, at these higher
ozone (approximately three times) doses, the BW neutrophils
were in the region of 66104 cells?mL-1. Accounting for
discrepancies in methodology, doses and individual variation,
the previous results are comparable with the findings after
the filtered air followed by ozone exposure seen herein.

Several circumstances may have influenced the additive BW
neutrophilia induced by DE, demonstrated in the present
study. It has previously been demonstrated that by 6 h, DE
challenge causes an activation of the bronchial epithelium by
epidermal growth factor receptor (EGFR) with upregulation of
phosphorylation of the specific EGFR tyrosine residue 1173,
leading to activation of downstream p38, jun N-terminal kinase
and mitogen-activated protein kinases controlling nuclear
factor-kB and activating protein-1 [16]. This in turn leads to
the increase in the epithelial expression of the neutrophil
chemoattractants IL-8 and Gro-a as well as the vascular
adhesion molecule expression of intercellular adhesion
molecule-1 [15]. These data indicate that at the time-point for
the ozone challenge, not only is an airway neutrophilia present
but an underlying DE-induced epithelial activation also exists.
This activation might be of consequence to the airway response
when subsequently exposed to ozone.

The alveolar macrophage response at this late time-point (24 h)
after DE challenge is similar to what has previously been
reported [17, 19]. Even though macrophages may potentially

TABLE 2 Cells in bronchoalveolar lavage

Filtered air followed by O3 Diesel exhaust followed by O3 p-value#

Total cells 6104 cells?L-1 13.1 (11.4–18.6) 13.5 (10.4–17.3) 0.116"

Macrophages

6104 cells?L-1 12.2 (10.1–16.1) 11.4 (9.0–15.2) 0.109"

% 89.9 (86.4–92.0) 86.8 (85.0–92.0) 0.272"

Neutrophils

6104 cells?L-1 0.2 (0.1–0.5) 0.4 (0.2–0.6) 0.551"

% 1.7 (1.0–2.4) 2.6 (1.6–3.6) 0.139"

Lymphocytes

6104 cells?L-1 1.0 (0.7–1.7) 1.0 (0.8–1.5) 0.397"

% 7.6 (6.0–10.9) 8.6 (5.2–12.0) 0.916"

Eosinophils

6104 cells?L-1 0.00 (0.00–0.06) 0.03 (0.00–0.06) 0.515"

% 0.0 (0.0–0.3) 0.2 (0.0–0.5) 0.472"

Data are presented as median (interquartile range), unless otherwise stated. #: calculated using Wilcoxon’s signed rank test; ": nonsignificant.
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have regulatory properties through release of pro-inflamma-
tory cytokines, the major recruitment of the cells occurs in this
late phase to facilitate particle clearance [17, 19, 26]. The
ingestion of diesel particles in vivo by alveolar macrophages
has been determined to cause functional abnormalities with
reduced phagocytosis, as shown in subsequent in vitro tests
[19]. Furthermore, a diminished particle clearance has been
reported as a consequence of particle-laden macrophages [27].
In epidemiological studies, these findings have been suggested
to be associated with an increased risk of airway infections by
PM air-pollution exposure. Two animal studies which have
focused on the interaction of PM and ozone exposure support
the demonstrated enhanced neutrophil and alveolar macro-
phage response in the airways after pre-treatment with DE
followed by ozone (as compared with filtered air followed by
ozone). Increased neutrophilia in rat airways was demon-
strated after concomitant exposure to ozone and DE [28], as
well as by ozone and ambient particulates fed through a
particle concentrator [29]. ADAMSON et al. [29] were also able
to demonstrate an increase of alveolar macrophage numbers
caused by the combined exposure. To the best of the present
authors’ knowledge, there are no animal studies using a
sequential exposure model of DE and ozone as in the present
human study. The reason for the study design with
sequential exposures was to investigate the potentially
additive effects of DE and ozone. However, combining DE
and ozone exposures in human subjects presents several
problems. Extreme concentrations of ozone would have been
required if it were to be mixed with the DE carried into the
chamber. This is because the ozone would otherwise have

been scavenged by the hydrocarbon content in the exhaust,
leading to oxidisation and potential generation of altered
chemical entities.

A significant increase in BAL EPX was found after pre-
exposure with DE compared with filtered air. Since no
accompanying significant rise in eosinophils was seen, this
finding needs to be interpreted with caution. However, an
increase in EPX indicates eosinophil activation, where granular
contents of reactive proteins such as EPX, eosinophil cationic
protein and eosinophil peroxidase would be released. These
components have been linked with propagation and worsen-
ing of the asthmatic airway inflammation, as well as clinical
deterioration and increased airway hyperresponsiveness [30].
Previous experimental studies have found a significant
rise in eosinophils in induced sputum in healthy subjects at 1
and 24 h after a 0.25 ppm ozone exposure [31], whereas no
ozone-induced eosinophilia has been reported in airway
lavages in healthy subjects. Airway eosinophilia has not
been previously discovered in healthy subjects in earlier
DE exposure studies. This raises the question of whether
the increased EPX level indicates a combination effect by
the pollutants. If this eosinophil activation in fact is a
consequence of a DE and ozone exposure combination in
these healthy subjects, it could well be more pronounced in
asthmatics exposed to a similar sequence of air pollutants. This
could be of clinical importance, since airway eosinophilia and
eosinophil activation is linked to hyperresponsiveness and
exacerbations of asthma, and both DE and ozone have been
implicated as causative agents [30, 32, 33].

TABLE 3 Soluble protein and cytokine responses in bronchial wash (BW) and bronchoalveolar lavage (BAL)

Filtered air followed by O3 Diesel exhaust followed by O3 p-value#

IL-6 pg?mL-1

BW 5.6 (4.4–7.4) 7.0 (4.1–7.5) 0.55"

BAL 1.37 (0.6–1.9) 1.4 (0.6–2.4) 0.36"

IL-8 pg?mL-1

BW 67.6 (41.8–129.7) 92.3 (58.2–302.0) 0.27"

BAL 0.0 (0.0–1.2) 0.0 (0.0–6.0) 0.14"

sICAM ng?mL-1

BW 24.3 (13.8–30.2) 22.8 (15.1–31.7) 1.0"

BAL 65.8 (61.1–71.9) 66.3 (60.0–69.6) 0.81"

MPO ng?mL-1

BW 59.5 (40.9–73.6) 55.2 (41.4–75.6) 0.64"

BAL 7.9 (4.1–10.3) 5.4 (0.9–15.1) 0.30"

MMP-9 ng?mL-1

BW 17.4 (13.3–28.1) 16.1 (10.0–27.3) 0.43"

BAL 0.0 (0.0–0.6) 0.3 (0.0–0.9) 0.34"

HNL ng?mL-1

BW 53.5 (44.8–77.5) 64 (49.8–104.5) 0.40"

BAL 7.05 (5.28–10.25) 8.45 (6.68–11.25) 0.53"

EPX ng?mL-1

BW 1.50 (0.85–5.15) 2.80 (1.48–5.38) 0.45"

BAL 0.25 (0.0–0.49) 0.41 (0.0–0.85) 0.041

Data are presented as median (interquartile range), unless otherwise stated. IL: interleukin; sICAM: soluble intercellular adhesion molecule; MPO: myeloperoxidase;

MMP: matrix metalloproteinase; HNL: human neutrophil lipocalin; EPX: eosinophil protein X. #: calculated using Wilcoxon’s signed rank test; ": nonsignificant.
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Taken together, the human studies employing sequential
exposures to DE and ozone suggest that an additional, rather
than synergistic effect occurs in terms of airway inflammatory
parameters attributable to the two pollutants. This is in
accordance with epidemiological data implying a hazardous
interaction between exposure to PM and ozone [34, 35].

The present study shows that when diesel exhaust exposure
was administered before the ozone exposure, in order to mimic
an ambient urban pollution profile, there was a significant
increase in neutrophil and macrophage recruitment as well as
increased release of eosinophil protein X, indicating eosinophil
activation. Together with similar results from a recent study
with sequential diesel exhaust and ozone exposures, the
present data further stress the need to consider both the
interactive and cumulative effects of different air pollutants.
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