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Rationale: Repeated, short-term exposures to ozone (O3) lead to
attenuation of the acute lung function and airway inflammatory
responses seen after a single exposure in healthy subjects, but it is
unclear whether these acute responses also attenuate in subjects
with asthma. Objective: To address this question by exposing 14
subjects with asthma to 0.2 ppm O3 for either 4 hours on a single
day or 4 hours on 4 consecutive days (multiday [MD]). At least 3
weeks later, subjects underwent the alternate exposure. Methods:
Spirometry was performed immediately pre- and postexposure and
bronchoalveolar lavage (BAL) was obtained 18 hours after each
exposure. Main Results: The decrease in FEV1 was greatest across
Day 2 of the MD (MD2) exposure and then gradually declined on
successive days of the MD exposure (mean � SD decrease in FEV1

of 25.4 � 18.0% across MD2 compared with 4.2 � 6.5% across
MD4). Respiratory symptoms followed a similar pattern to that
of FEV1. Although the concentration of neutrophils in BAL after
the MD4 exposure was not significantly different from that after
the single-day exposure (1.7 � 1.3 � 104 cells/ml vs. 1.2 � 0.8 �

104 cells/ml, p � 0.20), the concentration of alveolar macrophages
did significantly increase in BAL after the MD exposure (19.9 �

9.7 � 104 cells/ml after MD4 vs. 12.1 � 6.4 � 104 cells/ml after the
single day). Conclusions: Alveolar macrophages are recruited to the
airways of subjects with asthma with repeated short-term exposures
to O3, suggesting a possible role for these cells in the chronic
response to oxidant-induced injury.
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Ozone (O3), a highly reactive oxidizing agent, is a major com-
ponent of urban air pollution worldwide. Multiple controlled
human exposure studies have documented that short-term inha-
lation of O3 causes dose-dependent decrements in lung function
(1–4) as well as injury and inflammation in both proximal airways
and distal lung (5–8). Repeated, daily short-term exposures to
O3 lead to attenuation of both acute lung function responses and
bronchoalveolar lavage (BAL) neutrophilia in healthy persons
without asthma (9–12). However, the results of several studies
have also suggested that there is a lack of attenuation of airway
injury and neutrophilic infiltration of bronchial mucosa with
repeated, short-term exposures (11, 12).

Subjects with asthma may be at higher risk of experiencing
adverse effects after O3 exposure than healthy subjects without
asthma because of underlying airway inflammation and airway
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hyperresponsiveness (13–15). Given that persons with asthma
constitute a large, potentially vulnerable subpopulation, assess-
ing their responses to O3 is highly relevant to our biological
understanding of the effects of inhaled oxidants and from a
public health policy perspective. The results of several epidemio-
logic studies indicate that high-ambient O3 concentrations are
associated with increased rates of asthma attacks, emergency
room visits, and hospital admissions for asthma exacerbation
(16–19). In addition, several controlled exposure studies have
shown that, although subjects with mild asthma had similar lung
function changes after short-term O3 exposure to those of healthy
subjects without asthma, they had greater airway inflammatory
responses (20–23). Thus, it appears that subjects with asthma
constitute a susceptible subgroup at risk for both O3-induced
exacerbations and enhanced airway inflammatory responses.

To our knowledge, however, there are no data on whether
O3-induced acute inflammatory responses in subjects with
asthma persist or attenuate with repeated exposures similar to
healthy subjects without asthma. This is a key issue given the
potential for chronic lung injury and tissue remodeling from
repeated episodes of acute inflammation. Our study was de-
signed to test the hypothesis that repeated daily exposures to
O3 cause a progression of airway inflammation in subjects with
asthma. Some of the results of this study have been previously
reported in the form of an abstract (24).

METHODS

Study Design

This study had a crossover design. Subjects with mild asthma were
exposed to 0.2 ppm O3 for either 4 hours on a single day (1-D) or 4
hours on 4 consecutive days (multiday [MD] exposure) followed by
bronchoscopy 18 hours later. At least 3 weeks later, to allow recovery
from any inflammation or injury caused by the first exposure and bron-
choscopy, subjects underwent the alternate exposure (either 1-D or
MD exposure to 0.2 ppm O3), again followed by bronchoscopy. The
order of exposures within the group was counterbalanced and randomi-
zed to the extent possible.

Subjects

Subjects were initially recruited for this study by public advertisements.
Inclusion criteria were as follows: self-report of physician-diagnosed
asthma, airway hyperresponsiveness to inhaled methacholine (provoca-
tive concentration of methacholine resulting in a 20% decrease in FEV1

compared with baseline [PC20] � 8.0 mg/ml) verified in our laboratory
according to a standard protocol (25), and ability to perform moderately
strenuous exercise. All subjects were nonsmokers who denied any his-
tory of cardiac or pulmonary diseases other than asthma or any respira-
tory infections within 6 weeks of the onset of each exposure. In addition,
all subjects were atopic, although atopy was not an inclusion criterion
in our study. They were required to be off oral steroid medications for
at least 3 months and inhaled steroids for at least 2 weeks before all
sessions. No other medications were withheld. No subject used supplemen-
tal vitamin C or E during the study. The subjects were informed of the
risks of the experimental protocol and signed a consent form approved
by the Committee on Human Research of the University of California,
San Francisco. All of the subjects received financial compensation for



428 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 172 2005

their participation. Fourteen subjects completed the experimental proto-
col. Characteristics of individual study participants are listed in Table 1.

Experimental Protocol

Baseline spirometry, methacholine challenge test, and a 15-minute exer-
cise test designed to determine a workload that generated the target
expired minute ventilation (V̇e) of 25 L/minute/m2 body surface area
were completed on an initial screening visit. Atopic status was assessed
by skin-prick testing to 10 common aeroallergens (Dermatophagoides
pteronyssinus, Aspergillus fumigatus, birch mix, Chinese elm, cat, dog,
mountain cedar, mugwort sage, olive tree, perennial rye), with histamine
as a positive control and saline as a negative control. A positive response
was defined by a skin weal larger than 2 mm after 15 minutes.

On exposure days, each subject’s spirometry and peak expiratory
flow were measured immediately before and after each exposure. Spi-
rometry was performed on a dry rolling-seal spirometer. The best values
for FVC and FEV1 were used from three acceptable FVC maneuvers
(26) obtained approximately 30 seconds apart. The subjects exercised
for the first 30 minutes of each hour and then rested for the remaining
30 minutes of the hour. The exercise consisted of either walking/running
on a treadmill or pedaling a cycle ergometer. The exercise intensity
was adjusted for each subject to achieve the targeted V̇e. During exer-
cise, V̇e was calculated from Vt and breathing frequency, measured
using a pneumotachograph, at the 10- and 20-minute intervals of each
30-minute exercise period. Peak expiratory flow was measured 10
minutes into each 30-minute rest period to monitor for possible bron-
choconstriction. Subjects remained inside the chamber for the entire
4-hour exposure period.

Exposure Chamber and Atmospheric Monitoring

All exposures took place in a chamber ventilated with filtered air at
20�C and 50% relative humidity, to which O3 was added. The stainless
steel and glass chamber, 2.5 � 2.5 � 2.4 m, was custom-built and
designed to maintain chamber temperature and relative humidity within
2.0�C and 4%, respectively, of the set points (5). Relative humidity and
temperature were recorded every 30 seconds and averaged over each
exposure.

O3 was produced using a corona-discharge O3 generator (Model
T408; Polymetrics, Inc., San Jose, CA) and its concentration was moni-
tored every 30 seconds with an ultraviolet light photometer (Model

TABLE 1. SUBJECT CHARACTERISTICS

Age BMI FEV1
† FEV1

† PC20
‡

Subject No. Sex (yr) (kg/m2) (L ) (% predicted) (mg/ml) Medications

1 M 37 28.4 3.52 108 7.48 B
2 F 28 22.0 3.52 110 1.92 B, AH
3 F 33 31.3 2.67 97 0.13 B, AH, NS
4 M 28 25.4 5.08 109 0.49 B, ICS, AH
5 M 18 18.7 3.64 87 0.45 —
6 F 45 32.6 2.64 95 3.68 B, ICS
7 M 34 27.5 3.57 96 3.48 B
8 F 18 26.5 2.53 84 2.54 —
9 F 19 24.5 3.77 98 0.40 B, LTI

10 F 33 28.4 3.23 114 2.95 B, NS
11 F 29 19.2 2.43 80 0.04 B
12 M 20 32.4 3.82 89 6.25 B
13 F 23 18.6 3.40 105 4.42 ICS
14 M 27 23.8 3.90 80 0.80 B
Mean* 28.0 25.6 3.42 96.6 2.50
SD 8.0 4.8 0.70 11.4 2.36

Definition of abbreviations: AH � antihistamines (nonsedating); B � �-agonist
metered dose inhalers; BMI � body mass index; F � female; ICS � inhaled
corticosteroids; LTI � leukotriene inhibitors; M � male; NS � nasal steroids.

* n � 14.
† The best effort of the three trials of spirometry performed during the initial

subject characterization visit.
‡ Concentration of methacholine required to produce a 20% decrease in FEV1

from baseline calculated by log linear interpolation.

1004AH; Dasibi, Glendale, CA). The O3 analyzer was calibrated with
an O3 transfer standard by the California Air Resources Board.

Respiratory Symptoms

A self-administered symptom questionnaire was completed immedi-
ately before and immediately after each exposure. The symptom ques-
tionnaire consists of a 5-point rating scale (0 � none and 4 � severe)
for 12 symptoms, including lower respiratory (chest discomfort/tight-
ness, chest pain on deep inspiration, shortness of breath, cough, phlegm
or sputum production, and wheezing), upper respiratory (throat irrita-
tion and nasal irritation), and nonrespiratory (anxiety, eye irritation,
headache, and nausea) symptoms.

Bronchoscopy and Lavage Procedures

Bronchoscopies were performed 18 � 2 hours after the 1-D exposure
and after the MD Day 4 (MD4) exposure. The 18 � 2–hour postexpo-
sure time was chosen because previous studies by both our laboratory
and other investigators have documented the presence of an O3-induced
inflammatory response in many subjects at this time point (5, 6, 27).
Our laboratory’s procedures of bronchoscopy and BAL have been
previously discussed in detail (5, 27). Briefly, intravenous access was
established, supplemental O2 was delivered, and the upper airways
were anesthetized with topical lidocaine. Sedation with intravenous
midazolam and fentanyl was used as needed for subject comfort. The
bronchoscope was introduced through the mouth and vocal cords into
the airways. The bronchoscope was then directed into the right middle
lobe where lavage was performed with two 50-ml aliquots of 0.9%
saline warmed to 37�C. The first 15 ml of fluid returned from the first
50-ml aliquot was collected separately and designated bronchial fraction
(BFx), whereas the remaining fluid returned was designated BAL. Both
lavage samples were immediately put on ice. Multiple endobronchial
biopsies were obtained from segmental orifices for potential immuno-
histochemical analyses of cellular infiltration and protein expression.
After bronchoscopy, each subject was observed for an approximate
2-hour recovery period.

Total cells were counted on uncentrifuged aliquots of BFx and BAL
using a hemocytometer. Differential cell counts were obtained from
slides prepared using a cytocentrifuge, 25 � g for 5 minutes, and stained
with Diff-Quik (Dade Behring, Düdingen, Switzerland) as previously
described (27). Cells were counted by two independent observers; the
average of the two counts was used in data analysis. BFx and BAL fluids
were then centrifuged at 180 � g for 15 minutes, and the supernatant was
separated and recentrifuged at 1,200 � g for 15 minutes to remove any
cellular debris before freezing at �80�C.

Measurement of Biochemical Constituents
of BFx and BAL Supernatants

Biochemical assays were performed on BFx and BAL supernatants that
had been frozen at �80�C from 13 subjects. Two markers of neutrophilic
inflammation, interleukin 8 (IL-8) and myeloperoxidase, and one marker
of acute phase reaction, IL-6, were measured with commercially avail-
able immunoassays (R&D Systems, Minneapolis, MN). Total protein
was measured using the BCA Protein Assay kit (Pierce, Rockford, IL).

Statistical Analysis

All data were entered into a database developed in Microsoft Access
2000 (Microsoft, Redmond, WA). Processed data were then analyzed
using Stata 7.0 software (StataCorp, College Station, TX).

For the analysis of spirometric responses to O3 across each exposure,
we performed paired Student’s t tests using preexposure minus postex-
posure values. For the analysis of symptoms (a categoric outcome vari-
able) across each exposure, we performed Wilcoxon’s signed-rank tests.
Correlation of respiratory symptoms and FEV1 was evaluated using
the Spearman coefficient. To compare cell counts and biochemical
constituents between the lavage fluids obtained after 1-D and MD4,
we also used paired Student’s t tests. For the analysis of spirometric
and respiratory symptom data among different exposure days, we per-
formed a multivariable linear regression that included random subject
effects to account for clustering by subject (repeated measures) in the
model. A p value of 0.05 was considered statistically significant in all
data analyses.
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TABLE 2. SPIROMETRIC VALUES BEFORE AND AFTER
EACH OZONE EXPOSURE

Spirometry (n � 14) Preexposure Postexposure Change p Value§

FVC, L*
1-D 4.2 � 1.0 3.7 � 0.8 �0.4 � 0.4 0.001
MD1 4.2 � 1.0 3.6 � 0.7 �0.6 � 0.5 0.001
MD2 4.1 � 0.8 3.2 � 0.8 �0.9 � 0.7‡ 0.001
MD3 4.0 � 0.8 3.5 � 1.0 �0.5 � 0.5 0.004
MD4 4.0 � 0.8 3.9 � 0.9 �0.1 � 0.2‡ 0.036

FEV1, L*
1-D 3.5 � 0.7 3.0 � 0.6 �0.5 � 0.4 0.001
MD1 3.4 � 0.8 2.8 � 0.6 �0.6 � 0.6 0.002
MD2 3.3 � 0.6 2.4 � 0.7 �0.9 � 0.7‡ 0.000
MD3 3.2 � 0.7 2.7 � 0.9 �0.5 � 0.5 0.004
MD4 3.3 � 0.7 3.2 � 0.7 �0.1 � 0.2‡ 0.017

FEF25–75, L/s†

1-D 3.6 � 1.1 2.9 � 0.9 �0.7 � 0.9 0.012
MD1 3.5 � 1.4 2.5 � 0.8 �0.9 � 1.2 0.010
MD2 3.3 � 1.0 2.2 � 1.0 �1.1 � 0.8 0.000
MD3 3.3 � 1.2 2.7 � 1.2 �0.7 � 0.8 0.011
MD4 3.4 � 1.2 3.3 � 1.2 �0.1 � 0.4‡ 0.271

FEF75, L/s†

1-D 1.7 � 0.5 1.3 � 0.4 �0.4 � 0.5 0.011
MD1 1.7 � 0.7 1.2 � 0.4 �0.5 � 0.5 0.001
MD2 1.5 � 0.5 1.0 � 0.4 �0.5 � 0.5 0.001
MD3 1.6 � 0.6 1.2 � 0.5 �0.3 � 0.5 0.026
MD4 1.6 � 0.6 1.6 � 0.6 0.0 � 0.2‡ 0.503

Definition of abbreviations: 1-D � single-day exposure; FEF25–75 � maximal
midexpiratory flow rate; FEF75 � FEF after 75% of expelled volume; MD � multiday
exposure.

Values shown are mean � SD.
*p � 0.001 for the association between exposure day and the pre- to postexpo-

sure change in spirometric parameters based on multivariable regression analyses.
† p � 0.005 for the association between exposure day and the pre- to postexpo-

sure change in spirometric parameters based on multivariable regression analyses.
‡ p � 0.05 for comparisons with 1-D in these regression models.
§ p values for paired Student’s t test between pre- and postexposure measurements.

The sample size for this study was calculated on the basis of our
laboratory’s previous data for O3 exposure in subjects with asthma (21).
Single-day O3 exposure results in neutrophilia of 23.6 � 14.3 and 10.7 �
8.0% (mean � SD) in BFx and BAL, respectively. Our null hypothesis

Figure 1. The percentage of
change in FEV1 across consecu-
tive days of ozone exposure.
Scatterplot representation of
percentage decrease in FEV1

across each exposure of multi-
day (MD) arm of experiment
(MD1–MD4). Mean values are
presented in parentheses for
each day. *p � 0.016 and †p �

0.003 for comparisons with
MD1 based on multivariable
regression analysis.

was that, similar to healthy subjects without asthma (11), the neutro-
philia would attenuate toward levels seen after filtered air exposure
(mean � SD: 6.6 � 11.9 and 3.3 � 1.2% in BFx and BAL, respectively)
(21). The alternate hypothesis was that MD exposure to O3 would result
in continued neutrophilia in BFx and BAL at least at the same level
as 1-D exposure. On the basis of these numbers, and for a two-sided
type I error of 0.05 and power of 0.8, the sample size would be 8 and
12 subjects for the outcomes of BFx and BAL neutrophilia, respectively.
We chose a conservative sample size of 14.

RESULTS

Exposure Data

Mean O3 concentrations were not significantly different from
each other on any exposure day (mean � SD: 0.208 � 0.005 ppm
for 1-D exposure and 0.209 � 0.005 ppm on the 4 days of MD
exposures). The subjects’ exercise V̇e was not different between
1-D and MD1 exposures (mean � SD: 41.3 � 7.2 vs. 41.3 �
8.2 L, respectively). V̇e, however, decreased slightly on MD2
exposure (40.6 � 7.4 L), and then increased slightly on MD3
and MD4 exposures (43.7 � 7.0 L on MD4). The median time
interval between exposure arms (1-D and MD) was 41 days
(interquartile range, 31–90 days). The exposure order had no
effect on any outcome variable in the multivariable regression
models.

Spirometry

The preexposure values for, and the changes across exposure
in, FVC, FEV1, maximal midexpiratory flow rate (FEF25–75), and
FEF after 75% of expelled volume (FEF75) are shown in Table
2. There were no statistically significant differences in any of
these values between the 1-D and MD1 exposures.

O3 exposure caused a significant decrease in FVC and FEV1

across all exposure days (Table 2). The largest decrease occurred
across the MD2 exposure (25.4 � 18.0% in FEV1). After MD2,
the decreases in these values across exposures attenuated, and
by MD4, the decreases were small. The FEF25–75 and FEF75 also
followed a similar pattern of changes (Table 2). The percentage
changes in FEV1 values across each exposure of the MD arm
for each subject are shown in Figure 1.
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TABLE 3. RESPIRATORY AND NONRESPIRATORY SYMPTOMS
WITH SINGLE-DAY AND MULTIDAY OZONE EXPOSURES

Symptoms (n � 14) Preexposure Postexposure p Value†

Lower respiratory*
0.0 0.7

1-D 0.012
(0.0, 0.5) (0.2, 1.5)

0.2 0.9
MD1 0.001

(0.0, 0.3) (0.3, 2.3)
0.3 1.3

MD2 0.001
(0.0, 0.5) (0.5, 2.2)

0.3 0.7
MD3 0.229

(0.0, 1.0) (0.2, 1.3)
0.3 0.4

MD4 0.950
(0.2, 0.8) (0.0, 0.7)

Upper respiratory
0.0 0.0

1-D 0.377
(0.0, 1.0) (0.0, 1.0)

0.0 0.8
MD1 0.112

(0.0, 1.0) (0.5, 1.0)
0.3 0.5

MD2 0.072
(0.0, 0.5) (0.0, 1.5)

0.3 0.5
MD3 0.760

(0.0, 1.0) (0.0, 1.0)
0.3 0.0

MD4 0.502
(0.0, 0.5) (0.0, 1.0)

Nonrespiratory
0.1 0.0

1-D 0.424
(0.0, 0.5) (0.0, 0.3)

0.1 0.1
MD1 0.249

(0.0, 0.3) (0.0, 0.8)
0.0 0.1

MD2 0.633
(0.0, 0.5) (0.0, 0.5)

0.1 0.1
MD3 0.381

(0.0, 0.5) (0.0, 0.3)
0.0 0.1

MD4 0.811
(0.0, 0.5) (0.0, 0.3)

Definition of abbreviations: 1-D � single-day exposure; MD � multiday exposure.
Values shown are median (interquartile range) scores for each symptom group.

The subjects scored their symptoms from a minimum of 0 (no symptoms) to a
maximum of 4 before and after each exposure. The upper respiratory and nonrespira-
tory symptom changes were not significantly associated with exposure day.

* p � 0.001 for the association between exposure day and the pre- to postexpo-
sure change in lower respiratory symptoms based on multivariable regression
analysis.

† p values for paired Wilcoxon’s signed-rank test between pre- and postexposure
measurements.

Symptoms

The subjects had a worsening of their lower respiratory tract
symptoms (based on the eight symptoms of chest discomfort/
tightness, chest pain on deep inspiration, shortness of breath,
cough, phlegm or sputum production, and wheezing) after expo-
sure to O3 (Table 3). Symptoms were greatest after 1-D, MD1,
and MD2 exposures and decreased gradually with consecutive
days of exposure; by MD4, there was no significant difference
between the pre- and postexposure symptoms. This pattern of
change in lower respiratory symptoms correlated closely with
change in FEV1 (Spearman R � 0.80). There were no significant
changes in the upper respiratory (throat irritation and nasal
irritation) or in nonrespiratory (anxiety, eye irritation, headache,
and nausea) symptoms.

Lavage Cell Counts

Lavage cell count data are shown in Table 4. The concentration
of neutrophils in both BFx and BAL fluid was elevated as ex-
pected after 1-D exposure compared with historical filtered-air
control data from our laboratory (28). After MD4 exposure, the
concentration of neutrophils in BFx and BAL tended to decrease

TABLE 4. LEUKOCYTE CELL COUNTS IN LAVAGE SAMPLES
AFTER EXPOSURES

Samples (n � 14) Normal Values* 1-D MD4 p Value

BFx (� 104 cells/ml)
WBC 15.3 � 8.7 17.4 � 9.7 21.7 � 7.6 0.073
AM 13.9 � 8.8 10.8 � 5.3 17.0 � 6.5 0.004
PMN 1.0 � 2.2 4.5 � 4.5 2.9 � 2.3 0.155
EOS 0.11 � 0.20 0.18 � 0.25 0.18 � 0.21 0.977
LMP 0.3 � 0.3 1.9 � 1.4 1.7 � 1.04 0.289

BAL (� 104 cells/ml)
WBC 15.9 � 10.5 15.6 � 7.3 23.2 � 10.4 0.013
AM 15.0 � 10.3 12.1 � 6.4 19.9 � 9.7 0.005
PMN 0.50 � 0.27 1.7 � 1.3 1.2 � 0.8 0.204
EOS 0.15 � 0.06 0.14 � 0.14 0.16 � 0.15 0.743
LMP 0.3 � 0.3 1.7 � 0.9 1.9 � 0.7 0.471

Definition of abbreviations: 1-D � single-day O3 exposure; AM � alveolar macro-
phage; BAL � bronchoalveolar lavage; BFx � bronchial fraction; EOS � eosinophil;
LMP � lymphocyte; MD4 � multiday O3 exposure; PMN � neutrophil; WBC �

leukocyte.
The concentration of total and differential leukocytes in BFx (the first 15-ml

return of the lavage sample), and BAL (the remainder of the lavage return) after
instillation of a total of 100 ml of normal saline into the right middle lobe. Values
shown are mean � SD. p values are for paired Student’s t test between 1-D and
MD4 measurements.

* Values obtained in a previous study of 13 filtered-air–exposed, nonsmoking
subjects with asthma in our laboratory (28).

(from [mean � SD] 4.5 � 4.5 and 1.7 � 1.3 � 104 cells/ml after
1-D exposure to 2.9 � 2.3 and 1.2 � 0.8 � 104 cells/ml after
MD4 exposure in BFx and BAL, respectively). These decreases,
however, were not statistically significant. The concentration of
total leukocytes in BFx and BAL fluid increased 25 and 49%,
respectively, after MD4 exposure compared with 1-D exposure.
This increase in concentration of leukocytes was primarily due
to the increase in the concentration of alveolar macrophages in
the lavage fluid (an increase of 57 and 64% in BFx and BAL,
respectively). These alveolar macrophages were large with gran-
ular cytoplasm, appearing “foamy” under light microscopy (data
not shown), suggestive of intense metabolic activity (29).

Lavage Biochemical Constituents

Several biochemical markers of inflammation (IL-6, IL-8, and
myeloperoxidase) were measured in the lavage fluid. There was
no significant difference in the concentration of IL-6, IL-8, or
myeloperoxidase in either BFx or BAL after MD4 exposure
compared with that after 1-D exposure, although the concentra-
tions of these markers were elevated compared with those of
historical control subjects exposed to filtered air in our laboratory
(see Table 5). The total protein concentration was elevated (com-
pared with that of historical control subjects exposed to filtered
air in our laboratory [30]) after 1-D exposure in both BFx and
BAL and remained elevated after MD4 exposure in BAL fluid
(mean � SD: 171.8 � 74.5 and 123.7 � 62.2 	g/ml in BFx [p �
0.025] and 195.8 � 93.4, and 176.5 � 82.5 	g/ml in BAL [p �
0.205] after 1-D and MD4, respectively; normal values from
filtered-air–exposed historical control subjects: 101.0 � 67.0 and
147.2 � 33.6 	g/ml in BFx and BAL, respectively).

DISCUSSION

Contrary to our study hypothesis, we found that short-term O3

exposures on 4 consecutive days did not result in enhancement
of the acute neutrophilic response in subjects with asthma seen
after a single short-term exposure. In fact, similar to previous
reports in subjects without asthma (11, 12), there was some
attenuation of lavage neutrophilia in our subjects with asthma
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TABLE 5. INFLAMMATORY MARKER CONCENTRATIONS IN
LAVAGE SAMPLES AFTER SINGLE-DAY AND MULTIDAY
OZONE EXPOSURES

Samples (n � 13) Normal Values* 1-D MD4 p Value

BFx
IL-6, pg/ml 5.2 � 4.9 6.0 � 3.7 5.5 � 6.7 0.740
IL-8, pg/ml 24.3 � 21.4 49.1 � 28.6 61.8 � 58.1 0.752
MPO, ng/ml N/A 42.9 � 31.9 43.2 � 24.0 0.970

BAL
IL-6, pg/ml 3.8 � 3.1 4.5 � 4.1 3.1 � 2.0 0.083
IL-8, pg/ml 20.7 � 32.4 23.1 � 19.1 26.9 � 39.7 0.895
MPO, ng/ml 4.2 � 1.8 18.0 � 13.5 17.3 � 25.5 0.898

Definition of abbreviations: 1-D � single-day O3 exposure; BAL � bronchoalveolar
lavage; BFx � bronchial fraction; IL � interleukin; MD4 � multiday O3 exposure;
MPO � myeloperoxidase; N/A � not available.

The concentration of IL-6, IL-8, and MPO in BFx (the first 15-ml return of the
lavage sample) and BAL (the remainder of the lavage return) after instillation of
a total of 100 ml of normal saline into the right middle lobe. Values shown are
mean � SD. p values are for paired Student’s t test between 1-D and MD4
measurements.

* Values obtained in previous studies of filtered-air–exposed, nonsmoking
subjects with asthma in our laboratory (28, 46).

after MD exposure; however, this change did not reach statistical
significance. The most striking finding, however, was that MD
exposure resulted in a marked increase in the number of alveolar
macrophages in lavage fluid beyond what is seen after 1-D expo-
sure. In addition, we found that the severity of lower respiratory
tract symptoms followed a similar pattern of spirometric values
with an initial worsening and then subsequent improvement in
our subjects with asthma.

Inhaled O3 at high ambient concentrations can induce recruit-
ment of neutrophils into the airway lumen, resulting in an in-
crease in both the concentration and percentage of neutrophils
in the respiratory tract lining fluid (RTLF). Many other irritants
as well as viral infections that can cause asthma exacerbation
also induce an initial neutrophilia in RTLF (31–33). Our hypoth-
esis was that repeated short-term exposure to oxidative injury
by O3 would cause augmentation of this RTLF neutrophilia,
which may in turn result in asthma exacerbation. Our previous
data from healthy individuals without asthma using an identical
MD O3-exposure protocol showed an attenuation of RTLF neu-
trophilia (11). In this experiment, we expected the subjects with
asthma to respond differently because they are an especially
susceptible group with preexisting airway inflammation and in-
creased airway oxidative burden (13–15, 34). The response of
individuals with asthma to MD O3 exposure may indeed be
different from that of individuals without asthma because we
observed no significant attenuation of RTLF neutrophilia in our
subjects. It is important to note that, although we showed no
progression of RTLF neutrophilia with MD O3 exposure, pro-
gressive oxidative injury or inflammation might still be occurring
in the airways given that we and others have observed persistent
elevated concentrations of markers of injury and inflammation
in RTLF (11, 12, 35, 36).

Despite the epidemiologic findings of increased rates of
asthma exacerbation with episodes of air pollution (16–19), re-
peated short-term exposures appeared to blunt the effect of O3

on respiratory symptoms in our study. After the initial worsening
of respiratory symptoms across MD1 exposure (similar to 1-D
exposure), the subjects’ symptoms gradually improved starting
with MD3 exposure, and by MD4, the subjects had no change
in symptoms across the exposure, indicating the development
of a sort of “tolerance” toward the O3-induced oxidative injury.
The close correlation between respiratory symptoms and the

change in FEV1 suggests that the increase in acute asthma exacer-
bations observed after O3 exposure may be related in part to
decreases in spirometric values (37). In our previous study of
healthy subjects without asthma, we found a similar pattern of
respiratory symptoms and lung function changes (11), suggesting
the possibility that increased symptomatic morbidity from acute
O3 exposure in individuals with asthma may be related to lower
baseline lung function. Thus, the acute O3-induced worsening
of respiratory symptoms in individuals with asthma may be unre-
lated to the underlying eosinophilic airway inflammatory process
often considered responsible for asthma exacerbations.

Perhaps the most intriguing finding in our experiment is the
increase in the concentration of alveolar macrophages in RTLF
with successive days of O3 exposure. As noted above, these
macrophages demonstrate features associated with “activation,”
including large cytoplasm with foamy, granular microscopic ap-
pearance (29). In our previous study of healthy subjects without
asthma, we found a similar pattern of increase in the concentra-
tion of macrophages in BFx, but not in BAL (35% increase in
concentration of alveolar macrophages in BFx [p � 0.05] vs. 7%
decrease in BAL from 1-D to MD4 exposure) (11). An increase
in RTLF alveolar macrophages with recurrent O3 exposures also
has been previously reported in some animal studies (35, 38,
39). Taken together, the data from the current study and from
previous animal studies suggest that repeated oxidative injury
can result in continued recruitment and activation of macro-
phages into the airways. In addition, the greater macrophage
response in individuals with asthma may be due to their altered
airway inflammatory response to oxidative injury (34, 40, 41).

These alveolar macrophages may either produce or prevent
further oxidative injury. They may be involved in suppression
of the initial O3-induced neutrophilic inflammation and/or may
be directly involved in the antioxidant defense of the lungs.
Recently, an alternative activation pathway of macrophages has
gained attention, suggesting a possible role for alveolar macro-
phages in Th2 inflammatory responses, including asthma (42).
In addition to increasing risk of asthma exacerbation, exposure
to O3 has been shown to be a risk factor for new-onset asthma
in children (43), and alveolar macrophages may play a role in
these responses. In a previous study, we showed that chronic
long-term exposure to O3 is associated with lower spirometric
values in healthy individuals without asthma (44). The mecha-
nisms of these chronic changes are not known, but likely involve
airway remodeling. Alveolar macrophages have been implicated
in airway remodeling processes (45) and thus may be involved
in the long-term effects of O3-induced oxidative injury. Further
research is necessary to elucidate the role of alveolar macro-
phages in both asthma and oxidative injury.

The major limitation of our study was the relatively small
sample size. This is a generic problem in controlled human expo-
sure studies involving bronchoscopy. Despite the small sample
size, however, we still had adequate power to detect significant
differences in several lavage endpoints between 1-D and MD
exposures. Another limitation, again inherent in controlled ex-
posure studies, is that we were only able to study subjects with
relatively mild asthma.

In conclusion, alveolar macrophages are recruited to the air-
ways of subjects with asthma with repeated short-term exposures
to O3. On the other hand, neutrophil recruitment into the RTLF
of these subjects did not increase with repeated exposures.
O3-induced oxidative airway injury, however, may continue to
occur, and persistence of such injury may lead to airway remodel-
ing. Our results suggest the need for further investigation of
the role of alveolar macrophages in oxidant-induced airway
remodeling.
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