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Abstract
Objectives—Ozone (O3) imposes an oxi-
dative burden on the lung in two ways.
Firstly, directly as a consequence of its
oxidising character during exposure, and
secondly, indirectly by engendering in-
flammation. In this study the second
pathway was considered by ascertaining
the impact of O3 on the redox state of the
fluid lining the respiratory tract 6 hours
after challenge.
Methods—Nine subjects were exposed in a
double blind crossover control trial to air
and 200 ppb O3 for 2 hours with an
intermittent exercise and rest protocol.
Blood samples were obtained and lung
function (forced vital capacity (FVC),
forced expiratory volume in 1 second
(FEV1)) assessed before, immediately
after, and 6 hours after exposure.
Bronchoalveolar lavage (BAL) was per-
formed 6 hours after challenge. Inflam-
mation was assessed in BAL fluid (total
and diVerential cell counts, plus my-
eloperoxidase concentrations), and
plasma and BAL fluid redox state were
determined by measuring concentrations
of antioxidants and markers of oxidative
damage.
Results—Neutrophil numbers in BAL
fluid increased 2.2-fold (p=0.07) 6 hours
after exposure and this was accompanied
by increased myeloperoxidase concentra-
tions in BAL fluid (p=0.08). On the other
hand, BAL fluid macrophage and lym-
phocyte numbers decreased 2.5-fold
(p=0.08) and 3.1-fold (p=0.08), respec-
tively at this time. Of the antioxidants
examined, only ascorbate in BAL fluid
was aVected by O3, falling in all subjects
relative to air values (0.1 (0.0–0.3) v 0.3
(0.2–1.2) µmol/l (p=0.008)). A marginal
decrease in plasma ascorbate was also
detected at this time (p<0.05). Although
the decrease in macrophage numbers
seemed to be causally related to the
increase in neutrophils (R=-0.79), my-
eloperoxidase concentrations (R=-0.93)
and ascorbate concentrations (R=0.66), no
clear associations were apparent between
ascorbate changes and neutrophils or
myeloperoxidase concentration after O3.
Conclusions—Ascorbate in the fluid lining
the respiratory tract is depleted as a
consequence of O3 exposure at 6 hours
after exposure. This was contemporane-

ous with, although not quantitatively re-
lated to the increase in neutrophil
numbers and myeloperoxidase concentra-
tions. Decreased macrophage numbers 6
hours after O3 related to the degree of
neutrophilic inflammation with popula-
tions conserved where ascorbate concen-
tration in the fluid lining the respiratory
tract were high after exposure. These
results imply that ascorbate has a critical
protective role against inflammatory oxi-
dative stress induced by O3.
(Occup Environ Med 1999;56:473–481)
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Ozone (O3) is a highly reactive gas commonly
encountered as a component of photochemical
smog. It is known to elicit a range of
pathophysiological responses in humans at
concentrations only 2–3 fold greater than
ambient concentrations1; concentrations often
encountered during episodes of air pollution.2

The mechanisms by which symptomatic re-
sponses to O3 are manifest are largely un-
known, but they are thought to occur as a con-
sequence of the oxidant properties of O3

3 which
is highly reactive towards a wide range of
biomolecules.4 This property, allied to its low
aqueous solubility,5 has led to the belief that O3

toxicity must be interpreted in the context of its
initial interactions with components of the
fluid lining the respiratory tract (RTLF),6–8 the
first physical interface encountered by the
inspired gas. In this context, reactions with
lipid and protein moieties are thought to be
potentially injurious, generating toxic media-
tors, while reactions with aqueous antioxidants
such as ascorbate, urate, and reduced glutath-
ione are protective, limiting the extent of the
injurious reactions.6

Exposure to O3 is also a potent stimulus for
airway inflammation. This response, character-
ised by airway neutrophilia,9 represents a
secondary source of oxidative stress within the
lung. After exposure to O3, two discrete phases
of oxidative stress can therefore be envisaged.
The first is due to the direct oxidising eVects of
O3; the second arises from recruitment of
inflammatory cells induced by O3, which can
release reactive oxygen species10 when stimu-
lated. In both cases RTLF antioxidants act to
limit injury, although their relative contribution
will diVer depending on the nature of the spe-
cific oxidative insult—that is, O3 or reactive
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oxygen species derived from inflammatory
cells. Previously we have shown that urate is
consumed in human nasal fluid lining the res-
piratory tract during exposure to 200 ppb O3

without a corresponding loss of antioxidants in
bronchoalveolar lavage (BAL) fluid sampled
1.5 hours after exposure.11 12 In both cases, due
to the early sampling time, these findings were
found in the absence of airway neutrophilia. We
were therefore interested to determine the
manner, and to what extent, the redox state of
RTLF is modified as a consequence of inflam-
mation induced by O3. To examine this we
sampled human RTLF by BAL 6 hours after
exposure to air and O3. Six hours after
exposure was selected as the sampling time as
previous work by Schelegle et al9 had shown
with a similar O3 dosage that this corresponds
to the period of peak airway neutrophilia.
Plasma samples were also obtained to deter-
mine whether alterations in the redox state of
the fluid lining the respiratory tract impacted
upon this remote compartment.

Materials and methods
Unless otherwise stated all chemicals were
obtained from Sigma Chemicals, Poole, UK, or
BDH, Poole, UK.

SUBJECT GROUP

Eleven subjects were recruited into the study
after placing advertisements in the local press.
Subjects had a detailed consultation about the
study and medical histories were taken and
physical examinations performed before ob-
taining written informed consent. The study
was performed in accordance with the guide-
lines of the Southampton joint ethics com-
mittee. All subjects were healthy non-smokers
with no history of allergies or asthma. Subjects
were instructed to refrain from dietary supple-
ments or anti-inflammatory medications for
the duration of the study. Also, exposures were
rescheduled if subjects experienced any form of
respiratory infection within a 6 week period
before challenge dates. Before the start of the
study, subjects were randomised into two
groups, depending on whether they were to
receive air or O3 as their first challenge. Notably
there were no significant diVerences in the age
or sex distribution between these two groups.
Of the subjects who underwent exposure,
paired samples of plasma and pulmonary func-
tion measurements were obtained from nine
(all men). Two subjects failed to tolerate the
bronchoscopy after the first challenge, and the
subsequent exposure was abandoned. Of the
nine remaining subjects (all men, mean age
28.1(4.9) years), paired BAL fluid samples
were obtained from eight. Median (25th–75th
percentiles) BAL fluid recoveries were rela-
tively low for healthy subjects: 57.9% (48.5%–
61.0%) after air and 46.9% (42.6%–58.1%)
after O3, but did not diVer significantly between
exposures.

STUDY DESIGN

Subjects were exposed on separate occasions to
filtered air and 200 ppb O3. Successive
exposures were separated by at least 6 weeks to

minimise confounding carry over eVects due
either to the previous exposure or bronchos-
copy. Controlled double blind crossover expo-
sures were conducted. This design was used as
we had previously shown large variations
between people in antioxidant concentrations,
which could obscure responses in a conven-
tional cross sectional study. Total exposure
time was 2 hours, during which subjects alter-
nated between 15 minute cycles of exercise and
rest. Exercise was performed with a bicycle
ergometer with suYcient loading to produce an
average minute ventilation of 30 l/min. Plasma
samples were obtained and spirometry per-
formed before, immediately (0 hours) after,
and at 6 hours after exposure. Blood samples
were obtained and lung function performed
immediately after challenge, before subjects
prepared for the bronchoscopy procedure.

EXPOSURE CONDITIONS

The O3 was generated with an electrical
discharge apparatus (Triogen ozone system,
Glasgow, Model NVF 1/20 DE, manufactured
by Ordup Maskin, Copenhagen), and was
delivered to the subjects through a face mask
fitted with a one way valve to isolate the supply
at the mouth and prevent mixing of inspired
and expired gases. The O3 concentration was
measured every 20 seconds at the mask by
means of a probe connected to a UV
photometric O3 analyser (model 427, Rotork,
Oxon, UK) with a precision of 20 ppb and a
linearity of ±10 ppb. Mean (SD) O3 concentra-
tion for all nine challenges was 199.0 (9.0) ppb.
Before delivery to the subject, air was passed
through a humidifier (Fisher and Paykel Clini-
cal Humidifier, Model MR 730, New Zealand)
and conditioned to a relative humidity of
40%–60%. Room temperature was maintained
throughout exposures at 20–25°C.

Minute ventilation was determined with
pneumotachographs incorporated into the
breathing circuit. The pressure drop across the
stainless steel mesh of the pneumotachograph
was transmitted to a pressure transducer. A
bipolar analogue signal was then converted to a
digital value and transmitted through a dedi-
cated link to a computer, which averaged
values over a 0.5 second sampling window.

PULMONARY FUNCTION MEASUREMENTS

Lung function measurements were obtained
before air or O3, 0 hours after air or O3, and 6
hours after air or O3, with conventional
spirometry. Spirometry was performed with
the IOS master screen (Jaeger GmbH, Ger-
many) hand held heated mesh pneumotacho-
graph. After a practice manoeuvre patients
performed three conventional forced inspira-
tory measurements from residual volume, the
best of which was used for analysis.

BRONCHOSCOPY

Fibreoptic bronchoscopy was performed 6
hours after exposure. All subjects received
medication before exposure with application of
a 4% lidocaine spray to the nasal airways and
posterior pharyngeal wall, plus 0.6 mg atropine
and midazolam 2–10 mg intravenously. The
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bronchoscope was introduced through the
nose or mouth, based on the perceived comfort
of the patient. Airways were anaesthetised with
1% lidocaine delivered through the broncho-
scope before performing BAL. The BAL was
performed from the right upper lobe (first
challenge) and left upper lobe (second chal-
lenge). Lavage was performed by the instilla-
tion of 4×40 ml aliquots of saline (37°C)
followed by immediate aspiration into a
siliconised trap kept on ice. Saline dwell time
for each aliquot was therefore kept to an abso-
lute minimum to prevent over sampling of the
fluid lining the respiratory tract.

PREPARATION AND STORAGE OF PLASMA AND BAL

FLUID SAMPLES

After collection, blood was divided between
two heparinised tubes kept on ice, one of which
contained 100 µl 2 mmol/l butylated hydroxy-
toluene and desferrioxamine. Samples were
then centrifuged at 2000 rpm (4°C) for 10
minutes. Plasma was stored at -80°C for up to
2 months in 1 ml aliquots before analysis of
concentrations of markers of antioxidants and
oxidative damage. We have previously shown
these moieties to be stable over this period
under these storage conditions. Plasma sam-
ples protected with butylated hydroxytoluene
and desferrioxamine were used for the
measurement of the markers of oxidative dam-
age, malondialdehyde and protein carbonyls,
whereas those without additional antioxidants
were used to determine endogenous antioxi-
dant concentrations. The BAL fluid was
strained with a metal gauze to remove mucus
aggregates, and the recovered volume was
recorded. The filtered aspirate was then
separated into equal volume aliquots and cen-
trifuged at 1000 rpm (4°C) for 10 minutes.
Cell free BAL fluid was then separated into
aliquots for storage at -80°C. Aliquots of BAL
fluid (10 ml) for determination of malondialde-
hyde and protein carbonyls were mixed with
100 µl butylated hydroxytoluene and desferri-
oxamine (2 mmol/l). Cell pellets were retained
to count total and diVerential leucocytes.

MEASUREMENTS OF MARKERS OF ANTIOXIDANTS

AND OXIDATIVE DAMAGE

Glutathione—reduced and disulphide forms—
were measured according to Baker et al.13

Detection limits for reduced glutathione and
disulphide glutathione were established as 25
and 10 nmol/l respectively. Ascorbate and urate
were measured simultaneously in plasma and
BAL fluid with reverse phase high performance
liquid chromatography (HPLC) with electro-
chemical detection.14 Minimum detectable
concentrations were measured as 10 nmol/l
(ascorbate) and 5 nmol/l (urate). Reverse phase
HPLC with detection at A292nm was used to
measure of á-tocopherol.15 Measurement of
á-tocopherol concentrations in BAL fluid
required a preconcentration step. To achieve
this, 3 ml BAL fluid was placed in 5 ml HPLC
vials containing 100 µl of an internal standard,
tocopherol acetate (2.75 mmol/l). Vials were
sealed with perforated caps and freeze dried
over a 24 hour period. These samples were

then reconstituted in 400 µl H2O by mixing,
and transferred to 10 ml glass centrifugation
tubes. Two ml hexane was then added and
samples were mixed thoroughly for a further 5
minutes before centrifugation: 3000 rpm for 5
minutes (4°C). The upper hexane layer was
decanted and dried down under N2. Finally,
before analysis, samples were resuspended in
200 µl methanol and thereafter treated identi-
cally with plasma samples. Recovery of the
internal standard after this sample concentra-
tion step was 50%–75%. Total protein was
measured with the bicinchonoic acid method
of Smith et al,16 and plasma total sulphydryls
with the method of Waynor et al.17 The HPLC
measurement of malondialdehyde was based
on the method of Chirico18 as previously
described.19 The detection limit of this assay is
5 nmol/l. Protein carbonyls were measured
according to Reznick et al.20 The measurements
of protein carbonyls in BAL fluid required a
preconcentration step in which 10 ml was con-
centrated to 0.7 ml with a Centriprep-10 cen-
trifugal concentrator (Millipore, UK), centri-
fuged twice at 3000 g (4°C), firstly for 30
minutes, after which the liquid in the concen-
trator reservoir was decanted, and finally for a
further 10 minutes. Samples were then treated
in the same manner as plasma.

BAL FLUID TOTAL AND DIFFERENTIAL CELL

COUNTS AND MYELOPEROXIDASE

Cell counts were performed on resuspended
cell pellets (106 cells/ml in phosphate buVered
saline). The total numbers of cells in lavage
fluid were counted in a Burker chamber. Cyto-
centrifuge samples were then prepared with
5×104 cells per slide at 1000 rpm for 5 minutes.
DiVerential counts (400 cells per slide) were
then performed on cytospin preparations
stained with May-Grunwald Giemsa. My-
eloperoxidase was measured in BAL fluid with
an immunoassay kit commercially available
from OXIS (Portland, OR, USA).

DATA MANIPULATION AND STATISTICAL ANALYSES

Determination of antioxidant partition ratios
To consider whether O3 exposure induced
changes in the relation between the antioxidant
pools in plasma and fluid lining the respiratory
tract, airway partitioning ratios, ([plasma]6h-after

exposure /[BAL]6h-after exposure) were calculated 6 hours
after challenge by air and O3. Airway partition-
ing ratios were obtained for ascorbate, urate,
á-tocopherol, and total protein. Glutathione
was not detected in plasma in this study so the
partition ratio for this antioxidant is not
available in this study.

Statistics
The BAL fluid data were not normally distrib-
uted, nor could they be adequately trans-
formed, hence redox marker concentrations
and inflammatory variables after exposures to
air and O3 were analysed with the Wilcoxon
signed rank test. Data are expressed through-
out as median values with (25th–75th percen-
tiles). Rejection of the null hypothesis—that
no significant diVerences occurred in these
variables as a consequence of exposure to
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O3—was assumed at the 5% level. By contrast
with the situation in BAL fluid, plasma moie-
ties were normally distributed (measured with
the Shapiro-Wilks normality test) and are
therefore expressed throughout as means
(SD). As multiple time points were consid-
ered, plasma data were analysed with a
repeated measures two way ANOVA with fac-
tors for treatment; air and O3, and time;
before, immediately after, and 6 hours after
exposure. All pairways comparisons between
groups were conducted with the Student-
Newman-Keuls procedure. Lung function
data were also non-parametric and time and
treatment factors were considered. Data were
therefore analysed with Quades two way
analysis of varience (ANOVA) with multiple
comparisons performed with rank sums and
the t distribution. Correlation analysis to
determine the degree of association between
variables was performed with Spearman’s rank
order correlation. When confounding influ-
ences between variables were found these were
resolved with partial correlation analysis. All
analyses were performed with the Unistat
(Unistat, London, UK) and SPSS (SPSS,
Chicago, USA) statistical packages on a Win-
dows based PC platform.

Details of correlation analyses
Correlation analysis between BAL fluid redox
markers and inflammatory variables were
limited to a consideration of those variables in
which significant eVects attributable to O3 had
been found, or where clear trends could be
inferred. The degree of association was as-
sessed with absolute values 0 and 6 hours after
challenge with air and O3. The absolute values
for forced expiratory volume in one second
(FEV1) and forced vital capacity (FVC) at 0
and 6 hours after exposure were used to
indicate pulmonary function responses, the
change in pulmonary functions across the
intervals before exposure to 0 or 6 hours after
exposure to air and O3.

Results
TOTAL AND DIFFERENTIAL CELL COUNTS

Total and diVerential cell counts in paired BAL
fluid samples were obtained from seven subjects
(table 1). Although not significant, a trend
toward a decrease in total BAL fluid cell
numbers was noted after O3 (median (25th–
75th percentile) 0.3 (0.1–0.3) ×106 cells/ml after
air v 0.1 (0.1–0.2) ×106 cells/ml after O3). This
decrease predominately reflected reduced mac-

rophage (-63.9 (-252.6–1.2) × 103 cells/ml;
p=0.08) and lymphocyte -6.9 (-10.4–1.2) × 103

cells/ml; p=0.08) numbers. Conversely, a mild
neutrophilia was apparent (+10.6 (1.8–11.2) ×
103 cells/ml; p=0.07). Of note, total cell, macro-
phage, and lymphocyte numbers after O3 (not
after air) were all inversely related to neutrophil
numbers (neutrophils v total cells (R=-0.77,
p<0.05), v macrophages (R=-0.79, p<0.05),
and v lymphocytes (R=-0.75, p<0.05)).

To acertain whether airway neutrophils were
activated, myeloperoxidase concentrations
were measured in BAL fluid. Although not sig-
nificant, a trend (p=0.08) towards an increased
myeloperoxidase concentration was apparent
(1.1 (1.0–1.2) ng/ml after air v 4.4 (1.0–6.9)
ng/ml after O3). To elucidate whether this
reflected actual cell activation or simply
increased neutrophil numbers, myeloperoxi-
dase concentrations were expressed per neutro-
phil. When this was done no evidence of
activation was apparent (median (25th–75th
percentile) 0.1 (0.1–0.3) pg/neutrophil after air
v 0.2 (0.1–0.3) pg/neutrophil after O3). My-
eloperoxidase expressed per BAL fluid volume,
or per neutrophil, was inversely related to both
total cell numbers and macrophages after O3

(myeloperoxidase v macrophages (R=-0.93,
p=0.001), v total cell numbers (R=-0.96,
p<0.001), and myeloperoxidase or neutrophils
v macrophages (R=-0.68, p<0.05), v total cell
numbers (R=-0.74, p<0.05)). No associations
were found 6 hours after air challenge.
Similarly, if the change in these variables (after
ozone minus after air values) were compared,
significant negative correlations were found
(data not shown), indicating that total cell,
macrophage, and lymphocyte numbers fell
more in those people with the greatest increase
in myeloperoxidase concentration in BAL
fluid.

BAL FLUID ANTIOXIDANT AND OXIDATIVE DAMAGE

MARKERS

As reported previously,19 21 22 considerable be-
tween subject variations in antioxidant concen-
trations in BAL fluid were found (table 2).
Baseline (after air) concentrations of the oxida-
tion markers, malondialdehyde, and protein
carbonyls were low, below detectable limits in
several subjects, and consequently there was
also considerable between subject variation
(data not shown). Glutathione disulphide was
not detected in any BAL fluid samples after
either exposure.

Table 1 BAL fluid diVerential cell counts obtained from healthy subjects 6 hours after a 2 hour exposure to 200 ppb O3 or
filtered air

Macrophages Neutrophils Eosinophils Lymphocytes Epithelial cells

DiVerential cell count (% of total cells):
After air 90.4(88.0–91.0) 3.6(1.8–5.6) 0.0 (0.0–0.2) 4.2(2.6–5.8) 1.8(1.4–3.5)

<0.05 <0.05 NS NS <0.05
After O3 78.0(74.5–87.8) 10.2(7.8–17.6) 0.0 (0.0–0.2) 2.5(1.2–4.0) 5.0(2.2–10.3)

Total cells/ml (×103):
After air 250.7(127.4–298.3) 6.4(2.9–14.0) 0.0 (0.0–0.3) 8.6(4.0–15.3) 4.6(2.9–8.3)

p=0.08 p=0.07 NS p=0.08 NS
After O3 99.1(68.6–176.8) 14.0(12.2–15.8) 0.0 (0.0–0.2) 2.8(2.4–5.2) 10.8(4.4–11.2)

Data presented as median values with 25th and 75th percentiles (n=7). Significant deviations from the air control values after expo-
sure to O3 were measured with Wilcoxon’s matched pairs signed rank test. Results of these analyses are shown for each paired
response above.
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Of the antioxidants examined, only ascor-
bate altered as a consequence of exposure to
O3, falling in all eight subjects from whom
paired BAL fluid samples were obtained (-0.2
(-0.9 to -0.1) µmol/l), a fall of 66.7% compared
with the median concentration after air (table
2). Notably, in two subjects ascorbate fell to
non-detectable concentrations 6 hours after
O3. Two subjects had high ascorbate concen-
trations after air (2.6 and 1.8 µmol/l) compared
with the other members of the group. To
exclude the possibility that the fall in ascorbate
after O3 was disproportionately influenced by
these two responses, analysis was repeated
without their paired data. This approach did
not alter the eVect, ascorbate concentrations
remained significantly depressed after O3 chal-
lenge (p<0.05). The eVect also persisted
irrespective of how the data were expressed:
either corrected for recovery of BAL fluid,
(median (25th–75th percentile) 0.6 (0.3–2.2)
µmol/l after air v 0.2 (0.1–0.6) µmol/l after O3,
p<0.01; or with total protein as a denominator,
2.6 (1.4–5.1) nmol/mg after air v 0.8 (0.1–1.2)
nmol/mg after O3, p<0.01). We do not favour
the use of either of these corrections as in our
experience they only introduce greater and
eVectively random variation into BAL fluid
measurements.

Although O3 exposure did not result in an
increased concentration of markers of oxida-
tion (malondialdehyde or protein carbonyls) in
BAL fluid, some evidence of altered epithelial
permeability was apparent. Total protein con-
centrations were increased in seven of eight
subjects after exposure to O3, although non-
significant (0.15 (0.09–0.25) mg/ml after air, v
0.24 (0.20–0.36) mg/ml after O3; p=0.08).

PLASMA ANTIOXIDANTS AND MARKERS OF

OXIDATIVE DAMAGE

Antioxidants (ascorbate, urate, total sulphydr-
yls, and á-tocopherol) and concentrations of
markers of oxidative damage (malondialde-
hyde and protein carbonyls) were measured in
plasma samples obtained from subjects, before
exposure, 0 hours after exposure, and 6 hours
after exposure. Mean (SD) baseline antioxi-
dant concentrations were broadly in line with
those reported previously with no significant
diVerences between concentrations before air
and O3 (ascorbate 26.2 (12.8) and 21.6 (9.4)
µmol/l; urate 233.2 (37.9) and 246.2 (50.2)
µmol/l; total sulphydryls 0.6 (0.1) and 0.7 (0.2)
mmol/l; and á-tocopherol 16.6 (1.3) and 15.9
(2.1) µmol/l, respectively). As with the results
from BAL fluid, only ascorbate seemed to be
significantly altered by exposure to O3, decreas-
ing significantly (p<0.05) 6 hours after O3,
compared with concentrations before exposure
(15.1 (9.3) v 21.6 (9.4) µmol/l). The magni-
tude of this loss was small when the parallel
response over the interval before exposure to 6
hours after exposure to air was considered
(-22.2% (22.2%) in air v -29.1% (33.7%) in
O3). This decrease seemed to reflect a response
after exposure, as no loss was found immedi-
ately after O3 compared with before exposure.
Importantly, no quantitative relation between
the loss of ascorbate from the pools in plasma
and fluid lining the respiratory tract was noted.
Exposure to ozone did not result in an increase
in concentrations of either plasma malondial-
dehyde or protein carbonyls (data not shown).

PARTITION RATIOS

Antioxidants (ascorbate, urate, and
á-tocopherol) and total protein partition ratios:
([plasma] 6 hours after O3 or air)/([BAL fluid]
6 hours after O3 or air), are given in table 3.
ascorbate partition ratios were found to
increase significantly (4.2-fold, p<0.05) after
exposure to O3, consistent with an increased
concentration of antioxidant in plasma relative
to fluid lining the respiratory tract. This was
largely attributable to the decrease in the pool
of ascorbate in the fluid lining the respiratory
tract. A decreased trend for the total protein
partitioning ratio was found (p=0.08).

ANALYSIS OF THE CORRELATION BETWEEN

INFLAMMATION AND ANTIOXIDANTS

Significant positive associations between the
concentration of ascorbate with total cell and
macrophage numbers in BAL fluid were found
after O3 challenge (R=0.72, p<0.05, and
R=0.66, p=0.05, respectively). Similar rela-
tions were not noted after the control exposure
to air. In agreement with these findings, signifi-
cant negative associations for these cell vari-
ables were also found with the ascorbate parti-
tion ratio after exposure to O3: v total cells
(R=-0.74, p<0.05), and v macrophages (R=-
0.79, p<0.05). In contrast, only the ascorbate
partition ratio was associated with myeloper-
oxidase after O3 challenge (ascorbate partition
ratio v myeloperoxidase or neutrophils
(R=0.68, p<0.05)). Notably, no relations
between lymphocyte and neutrophils numbers

Table 2 Bronchoalveolar lavage fluid antioxidant
concentrations 6 hours after a 2 hour exposure to either air
or 200 ppb O3

Antioxidant

6 Hours after exposure

Air O3

Ascorbate (µmol/l) 0.3(0.2–1.2) 0.1 (0.0–0.3)
p=0.008

Urate (µmol/l) 1.7(0.1–2.5) 2.4 (1.5–3.0)
NS

Glutathione (µmol/l) 1.5(1.1–2.7) 1.4 (0.9–2.5)
NS

á-Tocopherol (nmol/l) 30.0(8.0–43.8) 38.1 (22.6–47.5)
NS

All values are expressed as median values with 25th and 75th
quartiles. Rejection of the null hypothesis was assumed when
p<0.05 with the Wilcoxon’s signed rank test. In all cases n=8
(subjects 2–9).

Table 3 Antioxidant partition ratios indicative of the relation between plasma and RTLF
concentrations 6 hours after air (control) and O3 exposures

Antioxidant 6 h After air 6 h After O3 p Value

Ascorbate 40.3 (17.6–137.1) 170.7 (39.3–760.9) <0.05
Urate 120.5 (82.5–215.4) 92.9 (66.4–146.8) NS
Glutathione ND ND —
á-Tocopherol 568.0 (400.8–2467.9) 436.6 (367.0–720.6) NS
Total protein 366.3 (273.0–751.0) 276.8 (205.1–308.0) 0.08

All values are dimensionless representing the ratio of concentrations of plasma/BAL fluid, n=8.
Glutathione partition ratio was not determined (ND) as plasma concentrations were low or not
detectable.
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or their markers of activation were found after
either exposure. These correlations were found
after controlling for any underlying confound-
ing influence arising due to urate. Urate was
included in these analyses as (a) RTLF ascor-
bate and urate concentrations are known to be
positively correlated (unpublished observa-
tions), and (b) previous work has shown it to be
significantly depleted by O3 during the actual
exposure period. It was therefore possible that
apparent associations between ascorbate and
inflammatory markers could be spurious,
reflecting an underlying association between
these variables and urate. We found that urate
concentrations after O3 (allowing for the ascor-
bate eVect) were also significantly associated
with total cell numbers (R=-0.68, p<0.05),
macrophages (R=-0.68, p<0.05), and my-
eloperoxidase or neutrophils (R=0.75,
p<0.05).

ANALYSIS OF CORRELATIONS WITH PULMONARY

FUNCTION

No O3 dependent decrease in FVC or FEV1

was found. The FVC responses (air v O3) from
before exposure to 0 hours after exposure being
-0.06 (0.11) v -0.13 (0.27) l; and from before
exposure to 6 hours after exposure, -0.07
(0.12) v +0.01 (0.17) l, respectively. Compara-
ble FEV1 responses were -0.04 (0.12) v -0.07
(0.25) l and -0.01 (0.09) v +0.05 (0.21) l from
0 hours to 6 hours after exposure. Despite the
absence of a clear group eVect, considerable
variations between people were found. To
ascertain whether the size of these individual
decrements represented an important determi-
nant of the magnitude of the subsequent
inflammatory and antioxidant response, corre-
lation analyses were performed with the values
0 and 6 hours after air and O3. As lung function
values were available both before and after
exposure, the response over the time from
before exposure to 0 and 6 hours after exposure
were also considered. The number of variables
tested were limited to ascorbate and urate con-
centrations and partition ratios in BAL fluid,
macrophage and neutrophil numbers in BAL

fluid, and myeloperoxidase expressed per
volume of recovered BAL fluid and per neutro-
phil (table 4). In general, both the absolute
values of FVC and FEV1 after O3 and their
responses during the time from before expo-
sure to 0 or 6 hours after exposure were nega-
tively correlated with urate and myeloperoxi-
dase or neutrophil concentrations and
ascorbate partition ratio, and positively corre-
lated with ascorbate concentration, macro-
phage numbers, and the urate partition ratio.
These eVects seemed more pronounced when
lung function values and responses at 0 hours
after exposure, or the time before exposure to 0
hours after exposure were used, suggesting that
the magnitude of the pulmonary response was
predictive of the subsequent inflammatory and
antioxidant response. Notably, significant asso-
ciations with FVC seemed to be more persist-
ent at the 6 hours after exposure than did those
with FEV1.

Discussion
Previously, we failed to show antioxidant
consumption in the distal fluid lining the respi-
ratory tracts of healthy subjects 1.5 hours after
O3 (200 ppb for 2 hours).12 We interpreted this
finding to indicate that O3, at this dose, did not
compromise antioxidant status, or that, even at
this early time after exposure, eVects directly
induced by O3 had fully resolved. Importantly,
no evidence of airway inflammation was appar-
ent at 1.5 hours after exposure. In the current
study we therefore examined whether inflam-
mation induced by O3 would impact upon
RTLF antioxidant state. To achieve this we
performed BAL at 6 hours after exposure, a
time previously shown to correspond to
maximal neutrophil influx into human airways
after O3.

9 As neutrophils represent the pre-
dominant source of reactive oxygen species in
the lung during inflammatory episodes10 we
used this cell and its product, myeloperoxidase
as temporal markers of the inflammatory
response. The primary aim of this study was
therefore to relate changes in these variables to
alterations in RTLF antioxidant state.

Table 4 Correlation coeYcients(Rs) resulting from analyses between FEV1 and FVC values at 0 and 6 hours after exposure to air and O3 (unweighted,
and weighted for values before exposure) and a range of BAL fluid variables, measured at 6 hours after air and O3 challenge: correlation coeYcients (Rs)
and p values are illustrated for each significant interaction

Variable

FEV1 FVC

Air (0 h) O3 (0 h) Air (6 h) O3 (6 h) Air (0 h) O3 (0 h) Air (6 h) O3 (6 h)

Unweighted
Ascorbate NS 0.77* NS NS NS 0.71* NS NS
Urate NS −0.76* NS −0.67* NS −0.93*** NS −0.81**
Ascorbate partition ratio −0.81** −0.88** −0.83** NS NS −0.74* NS NS
Urate partition ratio NS 0.62* NS NS NS 0.79* NS 0.71*
Macrophages NS 0.68* NS NS NS NS NS NS
Neutrophils NS NS NS NS NS NS NS NS
Myeloperoxidase NS NS NS NS NS NS NS NS
Neutrophils/Myeloperoxidase NS −0.71* NS NS NS −0.90** NS −0.86**

Weighted:
Ascorbate NS 0.89** NS NS NS 0.77** 0.69* NS
Urate NS −0.71* NS −0.69* NS −0.81** NS −0.72*
Ascorbate partition ratio NS −0.95*** −0.63* NS NS −0.86** NS NS
Urate partition ratio NS 0.76* NS NS NS 0.76* NS 0.86**
Macrophages NS 0.71* NS NS NS NS NS 0.74*
Neutrophils NS NS NS −0.67* NS NS NS −0.96***
Myeloperoxidase NS NS NS NS NS NS NS NS
Neutrophils/Myeloperoxidase NS −0.75* NS NS NS −0.83** NS −0.75*

*p<0.05; **p<0.01; ***p<0.001 with Spearman’s rank order correlation. n=8 For all comparisons with BAL antioxidants, and partition ratios, and n=7 for BAL dif-
ferential cell counts.
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Our main findings were: (a) a significant
decrease in ascorbate in BAL fluid 6 hours after
O3 challenge (p<0.01), contemporaneous with,
although not quantitatively related to, a small
decrease in ascorbate in plasma (p<0.05) over
the period after exposure. (b) Trends indicating
increased neutrophil numbers (p=0.07) and
myeloperoxidase concentrations (p=0.08) in
BAL fluid recovered from subjects after expo-
sure to O3. (c) Reduced macrophage and
lymphocyte numbers after exposure to O3 which
were inversely related to neutrophils (R=-0.79)
and myeloperoxidase increases expressed per
volume of recovered BAL fluid (R=-0.93), or
per neutrophil (R=-0.68). (d) Total cell and
macrophage numbers after exposure to O3 were
positively associated with ascorbate concentra-
tions in BAL fluid (R=0.72 and R=0.66, respec-
tively). (e) Alterations in concentrations of
ascorbate in plasma and fluid lining the respira-
tory tract resulted in a significant (p<0.05)
decrease in the ascorbate partitioning ratio. (f)
No decrements were found in FEV1 and FVC
after exposure to O3, but evidence that the mag-
nitude of individual responses were predictive of
ascorbate and myeloperoxidase per neutrophil
concentrations as well as macrophage numbers
6 hours after O3.

We found a significant loss of ascorbate in the
fluid lining the respiratory tract 6 hours after the
end of the exposure to O3. The extent to which
this reflected a direct eVect induced by O3 that
had failed to resolve, or an inflammatory eVect
was diYcult to ascertain. Although increased
neutrophil numbers and myeloperoxidase con-
centrations were found after exposure to O3,
these were not significant and neither was quan-
titatively related to either ascorbate concentra-
tion in the fluid lining the respiratory tract or its
partition ratio. Previously we found no impact of
a 200 ppb O3 (2 hour) challenge on ascorbate
concentration in fluid lining the respiratory tract
1.5 hours after exposure.12 Notably at this early
time after exposure there was no evidence of
neutrophilic inflammation. Further, as both
ascorbate and urate had similar reactivities
toward O3,

23 24 had O3 been directly responsible
for the loss of ascorbate, an even more
pronounced eVect on urate would have been
expected, as urate baseline concentrations were
5.4-fold those of ascorbate. The absence of urate
depletion may therefore be taken as supporting
the view that the loss of ascorbate was not
directly related to O3.

The importance of ascorbate in conferring
protection against oxidative stress derived from
inflammatory cells is well established. In the
plasma of humans exposed to phorbol-
myristate activated neutrophils, ascorbate rep-
resents the first tier of defence against reactive
oxygen species derived from the neutrophils.25

Urate, thiol, and lipid oxidation only occur in
this model when ascorbate is completely
depleted. Ascorbate has also been shown to
represent the primary antioxidant in plasma of
people exposed to H2O2 and O2,

26 or the gas
phase oxidants present in cigarette smoke.27

Ascorbate is also compromised in plasma and
fluid lining the respiratory tract of subjects with
a range of chronic and acute pulmonary condi-

tions associated with a heavy lung burden of
inflammatory cells.19 28 29 Further, evidence for
a protective role for ascorbate against injury
induced by O3 has been shown in guinea pigs,
in which epithelial injury is exacerbated in ani-
mals deficient in ascorbate.30 Ascorbate has
also been implicated in the development of
adaptation, as ascorbate concentration in-
creases in the lungs of rats exposed to repeated
subacute exposures to O3, contemporaneous
with attenuation of the subsequent response to
1 ppm O3.

31

The lack of a quantitative relation between
ascorbate concentration in the fluid lining the
respiratory tract and neutrophil numbers or the
markers of their activation after O3 is therefore
perplexing. Several possibilities may, however,
explain this lack of an association. Firstly, due
to subject dropout the current study was
under-powered (n=7, for correlation analysis
between antioxidants and inflammatory cells)
and that unless these associations were pro-
found they were unlikely to be detected. A sec-
ond possible explanation is that although two
processes may be mechanically related they
could have diVerent temporal profiles—that is,
activation of neutrophils may have been maxi-
mal before the 6 hour bronchoscopy point and
the loss of ascorbate may be related to this,
rather than the absolute number of cells or
state of activation 6 hours after exposure.
Thirdly, the loss of ascorbate in the current
study may not be related to reactive oxygen
species derived from neutrophils or other con-
temporaneous processes may have obscured
this relation. Neutrophils take up ascorbate (in
its oxidised form as dehydroascorbate) before
activation,34 to protect themselves from their
own respiratory burst. It is possible therefore
that cellular sequestration of ascorbate in the
fluid lining the respiratory tract may also have
contributed to decreased concentrations after
exposure to O3.

Although neutrophil numbers increased after
exposure to O3, total BAL fluid cells decreased,
predominately due to losses in the macrophage
and lymphocyte populations. Decreased num-
bers of total cells and macrophages in BAL fluid
have been reported previously,12 35 but to our
knowledge this is the first report of decreased
lymphocyte numbers in BAL fluid after expo-
sure to O3. Whether this reflects a direct toxic
eVect of O3, or a consequence of inflammation
induced by O3, resulting in cell death or altered
cell adhesion properties making cells more diY-
cult to wash from the airway surfaces cannot be
diVerentiated in the current study. Importantly,
the number of macrophages after O3 correlated
positively with ascorbate in BAL fluid, and
negatively with neutrophil numbers, myeloper-
oxidase, and myeloperoxidase per neutrophil
concentrations. These findings infer that the loss
of macrophages was related to the degree of air-
way neutrophilia, with ascorbate being protec-
tive against this eVect. Although this is consist-
ent with the results, it is notable that a similar
decrease in macrophage numbers has been
found at 1.5 hours after exposure in the absence
of airway inflammation. Consequently, unless
macrophages are sensitive to both O3 and
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reactive oxygen species derived from neu-
trophils, with a biphasic loss of cells, it is possible
that these two processes are simply proportion-
ate and parallel to the earlier O3 insult.

We found a small but significant loss of
plasma ascorbate after O3 in the period after
exposure. As subjects were not permitted food
from their reception into the department on
the day of the study until after the anaesthesia
had worn oV about 10 hours later, this may
simply represent a fasting artifact. However,
the crossover control design of this study
should have eliminated this possibility, and
notably ascorbate concentrations in plasma did
not fall significantly over the air control arm of
this study. Whether this decrease represents
evidence of movement of ascorbate from the
plasma pool to oVset its loss from the fluid lin-
ing the respiratory tract, or the consequence of
a more systemic oxidative insult is not clear, as
systemic markers of inflammation were not fol-
lowed up. The significant alteration in the
ascorbate partition ratio in favour of the plasma
pool would, however, imply a greater concen-
tration gradient between the two compart-
ments conducive to a net movement of
ascorbate to the fluid lining the respiratory
tract. These results may therefore reflect an
adaptive response to re-establish ascorbate
concentrations in the fluid lining the respira-
tory tract, a response which will impact upon
the plasma pool, although the absolute change
may be of little systemic relevance.

Clearly, the capacity to replenish the redox
balance of the fluid lining the respiratory tract,
and the rate and eYciency of such a process is
likely to represent an important determinant of
individual sensitivity. Of note, those people
displaying the greatest falls in ascorbate in the
fluid lining the respiratory tract did not have
the largest decreases in the plasma. This
finding suggests that the process is not simple
and is likely to be modified not only by
individual state of airway inflammation, but
also by alterations in airway permeability.
Notably, the timing of this response (after
exposure) is consistent with our view that the
oxidative insult found arises as a function of the
developing inflammatory response.

The fact that O3 did not elicit decrements in
FEV1 or FVC in the current study probably
reflects the moderate work rate used. Previous
studies have shown significant decrements in
FVC and FEV1 in healthy subjects at lower O3

concentrations than used here. These studies,
however, used work rates or exposure durations
that delivered a total dose to the subject in excess
of that in the current study.1 Despite the lack of
an overall eVect, considerable individual
heterogeneity in responsiveness was found. Cor-
relations were performed to investigate whether
individual pulmonary responses were related to
the subsequent magnitude of inflammatory and
antioxidant responses. Previous studies had
shown some evidence of an inverse relation
(positive correlation) between initial decrements
in lung function (FEV1) and airway neutrophilia
6–18 hours after O3 challenge9 32—that is, large
initial decrements associated with attenuated
neutrophilia. No such relation was found in the

current study for FEV1 or FVC measured 0
hours after exposure; however a negative corre-
lation (R=-0.96) between the FVC response
during the time from before exposure to 6 hours
after exposure and neutrophil numbers was
found. Although no clear associations between
lung function values and responses with neutro-
phil numbers and myeloperoxidase concentra-
tions were found, when myeloperoxidase con-
centrations were expressed per neutrophil,
significant negative correlations were noted with
FEV1 at 0 hours after exposure, and FVC at both
0 and 6 hours after exposure to O3. These find-
ings contrast with those already outlined, as
subjects with the greatest decrements in FEV1

and FVC seemed to have the more active
neutrophil populations. Conversely, significant
positive correlations were found between FEV1 0
hours after exposure with macrophage numbers
and ascorbate concentrations after exposure to
O3 indicating that large decrements in FEV1

were predictive of decreased macrophages and
ascorbate 6 hours after exposure to O3. Decre-
ments were largest in those people in whom no
detectable ascorbate was found after O3. A pro-
portionate but opposite association was noted
for urate. Increased movement of urate into fluid
lining the respiratory tract has been found after
exposure to O3 and this has been proposed to
represent a protective mechanism.11 33 It is nota-
ble in the present study that urate concentra-
tions after O3 were lower in those subjects with
the greatest initial decrements in lung function
suggesting that this mechanism may have been
impaired.

These data support the view that the lung
function response is predictive of both the
development of an active inflammation (if not
of the absolute increase in neutrophil num-
bers), of the subsequent loss, or activation of
macrophages, and the significant decrease in
RTLF ascorbate concentrations. Although the
low ascorbate concentrations after exposure to
O3 may reflect a response to airway inflamma-
tion rather than a direct consequence of altered
lung function, the relation between initial dec-
rements and neutrophil activation, on a per cell
basis is notable. It is possible that the reporting
of neutrophils as a % of total cells and then
using this as a correlate for lung function
responses may have led to the detection of arti-
factual associations in previous studies. Also, it
is clearly more meaningful to consider whether
neutrophils (resident or marginating into the
lung) are activated as a consequence of
exposure to O3, rather than simply considering
the change in cell number after challenge.

The current study showed a profound eVect
of O3 on the redox state of fluid lining the res-
piratory tract 6 hours after the end of exposure.
In the light of our earlier findings at 1.5 hours
after exposure we think that this reflects a con-
sequence of the developing airway inflamma-
tion. Indeed, we found this response to be con-
temporaneous with increased neutrophil
numbers and myeloperoxidase concentrations
after O3. We also found a loss of macrophages,
which seemed to be related to the extent of air-
way inflammation. Given the limitation of
using a single bronchoscopy sampling point to
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follow responses in the fluid lining the respira-
tory tract it was diYcult to show direct cause
and eVect between these processes. Evidence of
a small decrease in plasma ascorbate concen-
trations over the period after exposure was also
found, possibly reflecting an adaptive response
to the oxidative stress within the lung. Further-
more, it seemed that the magnitude of
individual initial pulmonary decrements to O3

was predictive of the antioxidant and inflam-
matory responses in the fluid lining the
respiratory tract found at 6 hours after
exposure. Further work will be necessary to
dissect out the precise relation between inflam-
mation and alterations in the fluid lining the
respiratory tract induced by O3 and antioxi-
dants. Also, it will be interesting to examine
whether ascorbate supplementation, targeted
to the fluid lining the respiratory tract, would
represent an eVective strategy in limiting
inflammatory injury induced by O3.

We thank John A Sommerville, Jackie Madden, and Nick J
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