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To determine if diesel exhaust (DE) exposure modifies
the antioxidant defense network within the respiratory
tract lining fluids, a randomized, single blinded,
crossover control study using nasal lavage and flexible
video bronchoscopy with bronchial and broncho-
alveolar lavage was performed. Fifteen healthy, non-
smoking, asymptomatic subjects were exposed to
filtered air or diluted diesel exhaust (300mg m™ partic-
ulates, 1.6ppm nitrogen dioxide) for one hour on 2 sep-
arate occasions, at least three weeks apart. To examine
the kinetics of any DE-induced antioxidant reactions,
nasal lavage fluid and blood samples were collected
prior to, immediately after, and 5% hours post expo-
sure. Bronchoscopy was performed 6 hours after the
end of DE exposure. Ascorbic acid, uric acid and
reduced glutathione (GSH) concentrations were deter-
mined in nasal, bronchial, bronchoalveolar lavage and
plasma samples. Malondialdehyde (MDA) and protein
carbonyl concentrations were determined in plasma
and bronchoalveolar lavage samples. Nasal lavage
ascorbic acid concentration increased 10-fold during
DE exposure [1.02 (0.26-2.09) Vs 7.13 (4.66-10.79)
pmol/ L™}, but returned to basal levels 5.5 hours post-
exposure [0.75 (0.26-1.51) umol/L™"]. There was no sig-

nificant effect of DE exposure on nasal lavage uric acid
or GSH concentration. DE exposure did not influence
plasma, bronchial wash, or bronchoalveolar lavage
antioxidant concentrations and no change in MDA or
protein carbonyl concentrations were found. The
physiological response to acute DE exposure is an
increase in the level of ascorbic acid in the nasal cavity.
This response appears to be sufficient to prevent fur-
ther oxidant stress in the respiratory tract of normal
individuals.

INTRODUCTION

Diesel exhaust (DE) is the major pollutant in
urban areas and exposure to it results in increased
airway resistance, increased closing volume (CV),
reversible reductions in forced expiratory volume
in 1 second (FEV;) and forced vital capacity
(FVC).31 Symptoms such as burning eyes,
headache, nausea, difficult or laboured breathing,
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coughing, excessive production of phlegm and
wheezing have also been noted.[*”! DE is respon-
sible for much of the carbon based particulate
matter and is a major source of gaseous pollutants
such as oxides of nitrogen. Both particulate mat-
ter, especially particles <2.5 pm in diameter and
nitrogen dioxide (NO,) have been linked with
Public Health concerns.”®) Increased ground level
particle concentrations have been linked with
deaths from cardiovascular and respiratory
causes”®! as well as increases in hospital admis-
sions, emergency department visits and exacerba-
tions of asthma and COPD.®! Exposure to NO, is
associated with lung function impairment and
respiratory illness as well as a predisposition to
airway infections.'>! Although both particles
and NO, have marked impacts on the respiratory
system their biological mode of action(s) are still
far from clear.

A likely common feature of NO, and DE parti-
cles is that they exert their effects through free
radical mechanisms, either through the oxidation
of biomolecules to give other radical species or
by driving radical-dependent production of cyto-
toxic, non-radical species. These reactions are
likely to take place within the respiratory tract
lining fluid (RTLF) a thin layer of fluid which
overlays the respiratory tract. Recently we
demonstrated that NO,, itself a gaseous free rad-
ical, reacts with, and depletes antioxidants pres-
ent within RTLF.I"® Carbon based particles
emitted by diesel vehicles may act as vectors,
delivering the toxic substances such as hydro-
carbons to the airways, "% and it is therefore pos-
sible that they give rise to similar events, thereby
acting synergistically with NO,.

This study was designed to investigate the acute
impact of controlled DE exposure on the human
respiratory tract in terms of antioxidant status and
markers of oxidative stress. Appreciating that the
various components of DE may impact, and have
effects, at different levels of the respiratory tract,
we sampled the upper, middle and lower airways
by lavage.

SUBJECTS AND METHODS

Chemicals

All chemicals used were obtained from Sigma
(Poole, England) and h.p.l.c. grade solvents were
obtained from Rathburn Chemicals (Walkerburn,
Scotland).

Subjects

Fifteen healthy non-smoking, non-atopic volun-
teers (11 male, 4 female), median age 25, range
21-28, were recruited. Entrance criteria to this
study excluded anyone with a prior history of
asthma or other pulmonary disease or a history of
airway infection during the preceding six weeks.
Subjects presenting with a cold during the study
were replaced and the use of anti-inflammatory
drugs or vitamin supplements during the study
was prohibited.

Study Design

Each subject was exposed in a single blinded
crossover control fashion to either air or DE in a
specially built diesel exposure chamber’”! on
each of two visits separated by at least 3 weeks.
The exposure duration was one hour, during
which the subjects performed moderate exercise
(Vg = 20L/min/m?) on a bicycle ergonometer
which was alternated with rest at 15 minute
intervals. Nasal lavage and blood samples were
collected immediately before (0 min), immedi-
ately after (60 min) and 330 min post exposure.
Bronchoscopy with bronchial wash and
bronchoalveolar lavage was carried out 360 min
after the end of the exposure This approach
allowed us to compare events occurring in the
blood and upper airways compartment during
the exposure period and in the blood, upper,
proximal and distal airway compartments post
exposure.
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Exposure Protocol

DE was generated from a Volvo TD 45 B four
cylinder, four stroke, turbocharged diesel engine,
model 1991. Motor data: 87.5 kW at 2400 rpm,
torque 450 nm at 1400 rpm, displacement
4.48 dm?, bore 105.57 mm, stroke 128 mm, and
compression ratio 15.6:1. The fuel used was,
Diesel D 10 (OK Petroleum, Stockholm, Sweden):
composition by weight 86.4% carbon, 13.5%
hydrogen, <0.02% nitrogen, <0.1%, PAH, 0.06%
sulphur. The engine was allowed to idle
(680 r/min) on the test bench continuously
throughout the exposure period. Approximately
10% of the exhaust was diluted with air before
being fed into the exposure chamber. The air in
the chamber was changed every 2.3 minutes with
waste air being extracted via a tube in the ceiling.
The conducting tubing and the dilution chamber
were heated to 200°C to avoid condensation. The
DE entering the environmental chamber was
standardized to give a median steady state con-
centration of 1.6 ppm nitrogen dioxide and this
resulted in a median particulate concentration of
approximately 300pg m=. During the exposures,
air was sampled in the breathing zone of the sub-
jects and was continuously monitored for NO
(4.5ppm), CO (7.5ppm), total hydrocarbons
(4.3ppm), formaldehyde 0.26 mg/m? and sus-
pended particles (4.3/ cm®). The temperature and
humidity in the chamber were controlled at 20°C
and 50% respectively.

Nasal Lavage

Nasal lavage samples were collected using a
method according to Harder ef al.l'® Ten x 0.1 ml
saline were sprayed into one nostril and recov-
ered into a sterile plastic cup. This procedure
was repeated 5 times per nostril at each time
point. The plastic cup was placed on ice and the
recovered nasal lavage fluid was filtered
through a 100 pm pore nylon filter before being
centrifuged at 400g at 4°C for 15 minutes. The

supernatant was recovered and frozen at -70°C
prior to analysis. Previous studies have shown
that antioxidants are stable for at least 6 months
when samples are stored in this manner.""®!

Blood

Peripheral blood was collected into tubes con-
taining the anticoagulant EDTA and immedi-
ately placed on ice. For GSH analysis 1 ml of
blood was mixed with 5 mls of cold 5%
sulphosalicylic acid, left on ice for 15 minutes,
and centrifuged at 1500g at 4°C for 10 minutes.
The supernatant was frozen at -70°C. The
remainder of the blood was centrifuged at 4°C
(400g) for 10 minutes to separate plasma, which
was aliquoted and stored at -70°C for later
analysis of antioxidants.

Bronchoscopy

Six hours after the end of each exposure, fibreoptic
bronchoscopy was performed to obtain lavage
samples using a standard procedure.") Thirty
minutes before the bronchoscopy atropine was
administered subcutaneously and lidocaine was
used throughout for topical anaesthesia. The bron-
choscope was inserted through the mouth via a
mouthpiece with the subject in the supine posi-
tion. Subjects were mildly sedated using propofol.
A bronchial wash was performed by instilling 2 x
20 ml sterile phosphate buffered saline (PBS) at
37°C and bronchoalveolar lavage (BAL) was per-
formed by instilling 3 x 60mL PBS. The fluid was
instilled with the tip of the bronchoscope carefully
wedged into either a lingula lobe bronchus or a
middle lobe bronchus and gently suctioned back
into a siliconised container on ice. The recovery
from the first 20 ml instillation was used for cell
differential counts and analyses of soluble compo-
nents and is presented separately,”®! the recovered
fluid from the second 20 ml instillation and the
recovery from the 3 x 60 ml installations were sep-
arately filtered through a 100 pm pore nylon filter
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before being centrifuged at 400g at 4°C for 15 min-
utes. The cell pellets were removed and the sam-
ples were aliquoted and frozen prior to analysis
for antioxidants.

Analysis of Antioxidants

Determinations of ascorbic acid and uric acid were
carried out by high performance liquid chro-
matography (HPLC) as described previously.?!]
Glutathione (GSH) and glutathione disulphide
(GSSG) concentrations were determined using the
enzyme recycling method described by Teitze,™
adapted for use on a microplate reader.*!

Analysis of Markers of Oxidative Stress

MDA was determined in plasma samples by
h.p.l.c. as described previously.”!! Determination
of airway lining fluid MDA content by h.p.L.c. has
been described recently.!®! Briefly, lavage samples
(3 mls with 10 pl of 0.2% butylated hydroxy-
toluene, [BHT]) were concentrated by freeze-
drying and reconstituted in 350 pl of water. To
this, 50 ul of 25% H;PO, were added, mixed, and
allowed to stand at room temperature for 10 min.
One hundred microliters of 0.67% thiobarbituric
acid (TBA) were then added to the acidified sam-
ple which was mixed and then transferred to an
0.8-ml HPLC vial, sealed and incubated for 20 min
at 95°C. After the immediate cooling of the sam-
ple, aliquots of 20 pl were injected for analysis
using a Gilson model 234 autosampler. A 100 x
250 mm Spherisorb ODS2 5 pm column and a
mobile phase of 50 mM KH,PO, (pH6.8)/ metha-
nol at a ratio of 65:35 and a flow rate of
0.9 ml/min were used for elution of the TBA-
MDA adduct. The model 980 fluorescence detec-
tor (ABI Applied Biosystems, Cheshire, UK) with
an excitation set at 515 nm and emission filter of
550 nm was used for detection with the photomul-
tiplier tube (pmt) signal set at 1.48.

Protein carbonyl determination was based
upon the affinity of carbonyl groups for the com-
pound 2,4-Dinitrophenylhydrazine (DNPH)?*

with the following modifications. Each sample
was divided into two 100 ml aliquots which were
ran in parallel throughout the assay. 400 ml of
10 mM 2,4-Dinitrophenylhydrazine in 2.5 M
HCL were added to one of the 100 ml aliquots,
‘+ DNPH’ sample, and 400 ml of 2.5 M HCL were
added to the other ‘- DNPH’ and samples incu-
bated for 15 min at room temperature, with con-
tinual mixing. Post incubation protein was
precipitated with 500 ml of 20% TCA (w/v), and
samples centrifuged; 5 min. at 14,000 rcf, 4°C.
Supernatants were then carefully decanted and
discarded before the addition of 400 pl of 10%
TCA (w/v) to both the ‘+’ and ‘-’ samples, fol-
lowed by mechanical disruption of the protein
pellet with a mild sonication, 14 microns for
10 sec., and centrifugation, conditions as above.
Samples were washed three timesina 1:1 (v/v)
absolute ethanol:ethyl acetate solution. On each
occasion samples were mixed and allowed to
stand for 5 min. in the wash solution before cen-
trifugation and aspiration of the supernatant. The
final pellet produced from these washings was
redissolved in 1.0 ml of 6 M guanidine-HCL, in
20 mM potassium phosphate; pH adjusted to 2.3
using concentrated HCL, by warming at 37°C for
10 min followed by sonication at 14 microns for
10 sec. After centrifugation, the absorbance of
each supernatant (‘+" and '~ DNPH samples)
were read against a blank of the Guanidine-HCL
solution described above using a LKB Ultraspec
IT at a wavelength of 370 nm. The carbonyl con-
tent for each sample was calculated from the Beer
Lambert’s law, using the molar extinction coeffi-
cient of DNPH, 22,000 M cm™, and corrected for
non-specific absorbance at 370 nm by subtraction
of the absorbance associated with the ‘- DNPH
sample. In order to compare the carbonyl content
of different samples, protein assays were per-
formed on the ‘~ DNPH samples and the car-
bonyl content of each sample expressed as
M mg™! protein. Intra-assay variation associated
with this assay was <5%. Inter-assay variation
was corrected for by running aliquots of a posi-
tive control sample, a highly oxidised plasma
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sample of known carbonyl concentration, in each
assay. The detection limit of sensitivity was
determined as 2.5 x 107 M/ mg protein.

STATISTICS

Nasal lavage data were analyzed using
Friedman’s repeated measures analysis of vari-
ance on ranks test (Sigmastat for Windows ver-
sion 1.0, Jandel Corp.) followed by Dunnett’s
all pairwise multiple comparison procedure.
Results from blood, bronchial wash and broncho-
alveolar lavage analyses were examined using
Wilcoxon’s signed rank test using SPSS for
Windows version 6.1.3. Statistical significance
was accepted at p < 0.05.

RESULTS

Nasal Lavage

Recovery was routinely between 47 and 64% for
all lavages performed. All data presented are
based on concentrations expressed per unit vol-
ume of recovered nasal lavage fluid. No signifi-
cant differences in basal (i.e. time 0, air and diesel)

nasal lavage ascorbic acid concentrations were
seen in individuals, when measured on separate
occasions three weeks apart, demonstrating the
constancy of this antioxidant with time (Table I).
Similarly, no differences were noted either for
basal uric acid or GSH concentrations.

Loss (washout) of ascorbic acid and GSH were
seen during air exposure (i.e. compare 60 min
values relative to time zero values), although in
the case of GSH, the concentration had returned
to control levels by 330 min (Table I). Following
exposure to DE for 60 min, nasal lavage ascorbic
acid concentration increased 12-fold in compari-
son to that seen in the same individuals exposed
to air (Table I). Neither, GSH or uric acid concen-
trations in nasal lavage were influenced by diesel
exhaust.

Bronchial Wash and Bronchoalveolar
Lavage Fluid

Of the 20 ml instilled for the second bronchial
wash, approximately 16-17 ml were recovered in
all subjects. Of the 180 ml installed for the bron-
choalveolar lavage, recoveries were 127-142 ml
and 129-145 ml following the air and DE expo-
sures respectively. Ascorbic acid, uric acid and
GSH were found in the bronchial wash and bron-

TABLEI Antioxidant responses of nasal lavage fluid following exposure to diesel exhaust

Lavage time Treatment Ascorbic acid Uric acid GSH
(min)
0 Air 1.93 28.01 1.37
(0.39-3.18) (23.67-43.33) (0.66-2.51)
Diesel 1.45 37.51 1.67
(0.71-2.93) (17.20-53.71) (0.66-2.38)
60 Air 0.58* 2221 0.62*
(0.25-1.02) (17.03-26.63) (0.44-0.86)
Diesel 7.13! 23.15 0.87*
{4.68-10.79) (14.52-39.35) (0.38-1.35)
330 Air 0.75* 27.99 1.00
(0.44-1.12) (23.33-33.69) (0.59-1.28)
Diesel 0.78 33.40 0.71
(0.26-1.51) (16.04-59.06) (0.34-1.07)

Median (interquartile range) values for antioxidant components of nasal lavage fluid. Results are expressed

as ymol L1,

*p < 0.05 from time zero control ' p < 0.05 from equivalent air control.
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choalveolar lavage fluid of all volunteers.
Following exposure to DE, no significant changes
in antioxidant composition of either of these two
samples of respiratory tract lining fluid were
noted (Table II). Likewise, no change in MDA or
protein carbonyls concentrations were seen in the
bronchoalveolar lavage fluid following DE expo-
sure (data not shown).

Blood

No significant changes in plasma ascorbic acid or
uric acid or whole blood glutathione concentra-
tions were seen following DE exposure in compar-
ison to air exposure (data not shown). Likewise,
exposure to DE did not alter MDA (421 [322, 734]
versus 476 [375, 861] nmol/L or protein carbonyl
levels (2.2 [0.5, 4.4] versus 2.1 [0.6, 3.8] nmol/mg
protein, DE versus air exposure, respectively.

DISCUSSION

Breathing DE elicits a number of responses in
the respiratory tract, including coughing,
increased production of phlegm, wheezing and
inflammation. The mechanisms underlying
these responses are not well understood. Due
to the oxidative capacity of DE, redox changes
in the lung are a likely early event during DE
exposure. On entering the respiratory tract,

prior to any interactions with the respiratory
epithelium, DE passes through the RTLF. As
NO, is a free radical™ and DE particles have
free radical activity,®®! we hypothesised that
DE would influence RTLF antioxidant activity.
We tested this hypothesis in a human volunteer
study exposing subjects to DE, containing PM;,
at 300 ug/m? and NO; at 1.6 ppm. These pollu-
tion levels are encountered in most busy cities
of the developing world, several occupational
settings and during peak pollution episodes in
the developed world.""]

We were particularly interested in examining
the antioxidant response to DE at all levels of
the respiratory tract, hence we devised an
approach to examine nasal cavity lining fluid, as
well as proximal airways and distal airways lin-
ing fluid. As nasal lavage is a less invasive pro-
cedure than bronchial or bronchoalveolar
lavage, we employed a sequential nasal lavage
study design to help define the timing of partic-
ular responses in the nasal cavity. Repeated
sampling of airway fluid in this manner was
however found to have the drawback of
washout. That is, even following air exposure,
the concentration of ascorbic acid and GSH, but
not uric acid, were significantly lower when
nasal lavage was performed the second time i.e.
at 60 min. Little is know about the source of air-
way lining fluid antioxidants, but it is likely that
uric acid and ascorbic acid are derived from

TABLEIl Antioxidant concentrations of bronchial and bronchoalveolar lavage fluid following

exposure to diesel exhaust

Region Treatment Ascorbic acid Uric acid GSH
bronchial wash Air 0.31 0.69 024
(0.24-0.42) (0.43-0.95) (0.10-0.44)
Diesel 0.34 0.86 0.78
(0.24-0.38) (0.52-0.99) (0.20-1.02)
bronchoalveolar wash Air 0.36 0.78 0.35
(0.31-0.51) (0.51-1.26) (0.16-0.41)
Diesel 0.37 0.81 0.42
(0.34-0.39) (0.54-1.05) (0.25-0.65)

Median (interquartile range) values for bronchial and bronchoalveolar lavage fluid.

Results are expressed as ymol L™
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blood while GSH is synthesized and released
locally by respiratory tract cells. Interestingly,
washout of uric acid was not seen following the
lavage procedure. This may be due to its much
higher concentration in the nasal cavity,*
which may be related to a higher rate of move-
ment into this compartment.

Taking washout into account, nasal lining fluid
ascorbic acid concentration increased markedly
in 14 of the 15 subjects during the 60 min expo-
sure to DE. Following exposure, the ascorbate
concentration in the nasal cavity returned to con-
trol levels by 330 min. Wiester et al®! have
demonstrated a similar response in animals,
albeit over a longer time period, during adapta-
tion to ozone. They found airway ascorbic acid
concentration increased, whereas other antioxi-
dants such as uric acid and o-tocopherol were
unaffected. In the present experiment, 60 min
separated the first and second nasal lavage,
hence it is not clear whether the increase in ascor-
bic acid, observed at 60 min in the nasal cavity,
was in response to its prior depletion by DE.

No differences in proximal or distal airway
antioxidant defences were seen 6 hours post DE
exposure compared to following air exposure.
DE consists of a combination of several pollu-
tants including gaseous (oxides of nitrogen, car-
bon and sulphur) and particulate components.
Previously we have shown that exposure to NO,
alone depletes ascorbic acid and uric acid from
the proximal and distal airways."® These losses
however are resolved within 6 hours following
the end of the exposure period, indicating that
pathways can be brought into play to replace air-
ways antioxidants. Interestingly, in the present
study, the proximal airways had increased num-
bers of neutrophils 6 hours post DE exposure
(data not shown). However, as no measure of
neutrophil activation was made, it is not pre-
sently clear whether these cells were contributing
to the oxidative stress in the airways at this time.

It is also presently unclear why there was such
a marked increase in ascorbic acid in the nasal
cavity in response to DE, especially as other air-

ways antioxidants were unresponsive to DE. As
mentioned above, DE exposure is associated
with subsequent airway inflammation, hence the
ascorbic acid response could be viewed as a pro-
tective one as increased levels of this antioxidant
will help prevent neutrophil derived oxidant
injury of the respiratory tract. Alternatively as
DE particles contain metals, DE toxicity could
paradoxically be increased in the presence of
elevated ascorbic acid concentrations. Such an
outcome would however be dependent not only
on the ascorbic acid concentration present, but
the nature of redox-active metals adsorbed on the
surface of the DE particles and the duration of
the exposure period.

The source of the ascorbic acid, which enters
the nasal cavity post DE exposure, is unresolved.
It may arise through increased transfer from the
blood compartment. As membrane permeability
was not determined in the present study this
potential route can not be ruled out. Alterna-
tively, the rise in ascorbate may be in response to
the conversion of ascorbate to dehydroascorbate
by iron contained within the soot particles in DE.
Ascorbate, by reducing Fe®* to Fe?", gives rise to
the semidehydroascorbate radical which can
undergo disproportionation to give ascorbate and
dehydroascorbate from two molecules of semi-
dehydroascorbate. Dehydroascorbate in turn, is
rapidly taken up by neutrophils and reduced
back to ascorbic acid.®” We feel this mechanism
to be less plausible explanation in the current set-
ting as the number of neutrophils recovered in
nasal lavage fluid did not increase following DE
exposure and the ascorbic acid that neutrophils
regenerate is not normally released back into the
airways.

In summary, exposure of normal human vol-
unteers to DE results in a marked increase in
ascorbic acid concentration in the fluid that lines
the nasal cavity. Although no evidence of overt
oxidative stress was found, this ascorbic acid
response suggests that free radical mechanisms
underlie the impact of DE on the upper respira-
tory tract.
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