
Background: Increased asthmatic responses to allergen, both
early and late, have been demonstrated after regular use of β2-
agonists in as few as 7 days. Desensitization of β2-adrenergic
receptors on airway mast cells may contribute to this effect by
allowing greater release of mast cell mediator on allergen-
induced degranulation. Tryptase released from lung mast cells
can be measured in serum 1 hour after allergen challenge and
serves as a marker of mast cell degranulation.
Objective: To examine the effect of regular treatment with
salbutamol, a β2-agonist, on mast cell mediator release after
allergen challenge and its influence on the early asthmatic
response (EAR) and the late allergic response, we measured
the EAR, serum tryptase levels, the 7-hour FEV1, and sputum
tryptase levels and cell profiles.
Methods: We conducted a placebo-controlled, double-blind,
randomized cross-over comparison of treatments for 10 days
with either a salbutamol metered-dose inhaler (100 µg, 2 puffs
4 times daily) or a matched placebo inhaler with at least a 7-
day washout between treatments. Atopic subjects (n = 14) with
mild-to-moderate asthma performed same-dose allergen
inhalation tests after both treatments 12 to 15 hours after the
last dose of study inhaler. Baseline and 7-hour FEV1 and the
EAR to allergen were measured by using spirometry; venous
blood was drawn at 1 hour for analysis of serum tryptase; and
sputum was induced and collected at 1 and 7 hours.
Results: Salbutamol treatment resulted in a significantly
greater EAR (20% ± 1.6% [SEM] vs 15% ± 2.1%; P = .047);
increased 1-hour serum tryptase levels (9.09 ± 1.57 vs 7.52 ±
1.12 µg/L; P = .011); increased proportions of eosinophils in
the 7-hour sputum sample (39.1% ± 5.1% vs 28.4% ± 4.4%; P
< .05); increased proportion of metachromatic cells in the 7-
hour sputum sample (4.4% ± 1.1% vs 2.2% ± 0.6%; P = .032);
and lower 7-hour FEV1 (2.77 ± 0.18 vs 2.97 ± 0.20 L; P = .014).
Baseline FEV1 was not significantly different after salbutamol
treatment compared with values after placebo treatment (2.90
± 0.20 vs 3.00 ± 0.19 L; P = .11).

Conclusion: Regular 10-day treatment with salbutamol
increases the allergen-induced release of mediator from airway
mast cells, and this is reflected in an increased EAR to aller-
gen. Late-phase responses to allergen were also enhanced, as
demonstrated by decreased 7-hour FEV1 and increased
eosinophilia and percentage of metachromatic cells in the 7-
hour sputum sample. Increased allergen-induced mast cell
degranulation could, in part, explain the increased asthmatic
responses to allergen after β2-agonist treatment and could con-
tribute to the deterioration of asthma control that is associated
with regular use of β2-agonist by potentiating allergic inflam-
mation. (J Allergy Clin Immunol 2000;106:57-64.)
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The β2-adrenergic agonists remain the most widely
used and effective bronchodilating drugs in asthma man-
agement. The appropriate frequency of use in asthma
patients has been questioned in recent years because of
the demonstration of poorer asthma control in patients
using regular daily β2-agonist in comparison with as-
needed use.1 Subsequent research has shown losses in the
ability of the β2-agonist to protect against bronchocon-
striction after regular β2-agonist use.2,3 Several investi-
gations have shown increased responsiveness to hista-
mine and methacholine1,4-7 or losses in the
bronchodilating effect8,9 of these drugs after regular use,
although others have not.10,11 Increased bronchospasm
after exercise12 and loss of the protection provided by β2-
agonists against exercise-induced13,14 and allergen-
induced bronchospasm15 have also been demonstrated
after regular β2-agonist treatment.

We10,16,17 and others18 have previously reported
increased airway responses to bronchial allergen chal-
lenge after regular treatment with β2-agonist. β2-Agonist
treatment induced increases in both the early asthmatic
response (EAR)10,16 and late asthmatic response
(LAR),17,18 and this effect on the EAR is not eliminated
with concomitant high-dose inhaled corticosteroid.16

The increased early response to allergen after regular
β2-agonist treatment could be due, in part, to desensitiza-
tion of β2-adrenergic receptors on the airway mast cells.
Mast cells can degranulate by the cross-linking of recep-
tor-bound IgE with allergen. β2-Adrenergic receptor
stimulation confers stability to mast cells, thereby pre-
venting degranulation and release of mediator.19 Because
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tryptase is a major component of the human pulmonary
mast cell secretory granule, its presence in serum can
serve as a marker of mast cell activation. Thus the levels
of serum tryptase measured 1 to 2 hours after allergen
inhalation challenge indicate the extent of allergen-
induced mast cell activation.20 We undertook a study of
subjects with atopic asthma to measure the effect of 10-
day treatments of salbutamol (200 µg administered 4
times daily) and matched placebo on the asthmatic
responses to allergen. We assessed the EAR and LAR
and measured serum tryptase levels 1 hour after
bronchial allergen challenge performed after each treat-
ment. Sputum was examined at 1 and 7 hours after aller-
gen challenge for tryptase content and eosinophil and
metachromatic cell numbers.

METHODS

Design

Sixteen subjects with asthma were enrolled in a randomized,
double-blind, placebo-controlled, cross-over study to compare the
effects of 10-day treatment periods each of salbutamol and placebo
on the allergen-induced asthmatic responses. Treatments consisted
of salbutamol (100 µg/puff, Ventolin; Glaxo Wellcome Inc, Missis-
sauga, Ontario, Canada) or identical placebo metered-dose inhaler
(2 puffs administered 4 times daily). All evaluated subjects com-
pleted both treatments. The second treatment period began after at
least 7 days washout from the first. The last dose of study inhaler
was taken 12 to 15 hours before allergen inhalation challenge. Aller-
gen challenges were performed the morning after each treatment
period and were followed by two sputum inductions at 1 and 7
hours. Venous blood was drawn at 1 hour for analysis of serum
tryptase. The same dose of allergen was administered for each sub-
ject after both treatments. Parameters assessed were the baseline
and 7-hour FEV1, the EAR measured as a maximum percentage fall
in FEV1 from baseline during the first hour, sputum and serum
tryptase levels measured at 1 hour after allergen challenge, and the
eosinophil and metachromatic cell differential counts in the 7-hour
sputum samples. All subjects provided informed signed consent,
and the protocol was approved by the University of Saskatchewan
Ethics Committee.

Baseline FEV1 was taken as the highest of 3 forced expiratory
maneuvers performed just before allergen challenge after 10 to 15
minutes of rest in the laboratory. The greater of two FEV1 values
measured just before the 7-hour sputum induction was considered
the 7-hour FEV1.

Subjects

Anthropometric data and relevant asthma information are given
in Table I. Sixteen subjects, 20 to 51 years of age, had an FEV1 of
70% or greater predicted values. All subjects demonstrated airway
responsiveness to methacholine inhalation challenge with a PC20 of
8 mg/mL or less, except subject 5. All showed atopy for one or more
inhalant allergens by skin prick test and had demonstrated an EAR

to allergen of at least a 15% fall in FEV1 on inhalation challenge in
the laboratory. Five subjects were using regular inhaled corticoste-
roid, one subject used sodium cromoglycate before exercise 1 to 2
times per week, and all but two subjects had used inhaled salbuta-
mol as needed. Those taking inhaled corticosteroid were instructed
to continue this treatment as prescribed in a stable dose for the
entire study. All subjects withheld β2-agonist use for at least 2
weeks before and for the duration of the study but were allowed to
use ipratropium bromide (Atrovent; Boehringer Ingelheim Ltd,
Burlington, Ontario, Canada) for symptom relief. All subjects were
free of respiratory tract infection and known allergen exposure for
the duration of and at least 4 weeks before participation in the study.

Allergen inhalation test

Subjects completed two 7-hour allergen screening days before
enrollment into the study, as previously described.17 The first day,
the diluent used in the allergen dilutions was aerosolized and
inhaled as a control. The second day was the initial allergen inhala-
tion day. Diluent was 0.9% saline solution with 0.4% phenol and
0.03% human serum albumin (Bayer Corp, Spokane, Wash).
Aerosols were generated with a Wright nebulizer (Aerosol Medical
Ltd, Colchester, Essex, UK) calibrated to give an output of 0.13
mL/min and passed into a one-way Hans-Rudolph valve (Hans
Rudolph Inc, Kansas City, Mo) and then to the patient through a
mouthpiece. Two ventilator filters were placed in series on the expi-
ratory side of the valve to prevent aerosol from escaping into the
room. The subjects performed three 2-minute inhalations 10 min-
utes apart using tidal breathing. FEV1 was initially measured in trip-
licate 60 seconds apart before inhalations and in duplicate 10 min-
utes after each inhalation. After the final inhalation, FEV1 was
measured at 10, 20, 30, 40, 50, 60, 90, 120, 180, 240, 300, 360, and
420 minutes. The highest value at each time was used for analysis.

On this first screening day, subjects also underwent duplicate
skin prick tests with serial doubling dilutions (1:8-≥1:1024) of the
aqueous allergen extract (Table I) to be used for allergen inhalation.
Allergen extracts of cat hair, horse hair, and grass and weed pollens
were diluted from stock concentrations ranging from 10,000 to
83,000 protein nitrogen units per milliliter. Each wheal produced by
the extract was measured in two perpendicular directions (one max-
imal) at 10 to 15 minutes, and the mean wheal diameter for each
concentration was determined. The skin test endpoint was defined
as the lowest concentration of allergen producing a mean wheal
diameter of at least 2 mm larger than that produced by the diluent.
A PC15 for the allergen inhalation test could then be predicted from
the skin test endpoint and the methacholine PC20.17

On the second screening day, an allergen inhalation was per-
formed in a fashion similar to that for the diluent inhalation, start-
ing 3 to 4 concentrations below the predicted PC15. Allergen inhala-
tions were continued in increasing concentrations until the FEV1
had fallen by 15% or greater at 10 minutes, and then the FEV1 was
monitored for 7 hours, as on the diluent day. The candidate subjects
who showed a positive response to allergen challenge (≥15% fall in
FEV1) were enrolled in the study.

The allergen challenges performed after the treatment periods 12
to 15 hours after the last dose of study inhaler were started at 2 to 3
concentrations lower than the final concentration used during the
screening allergen challenge. After treatment 1, allergen was admin-
istered until a 15% or greater fall in FEV1 occurred, and this same
dose of allergen was administered after treatment 2. FEV1 was then
measured every 10 minutes for the first hour and then again at 7
hours. Those subjects who had previously exhibited LARs to aller-
gen inhalation were monitored hourly until 7 hours; those who had
exhibited only an EAR were allowed to leave the laboratory and
return at 6 hours but were disallowed from sleeping, exercising, or
leaving the building.

Abbreviations used
EAR: Early asthmatic response
LAR: Late asthmatic response
PC15: Provocation concentration causing a 15% fall in FEV1
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As in previous studies,17 if the dose of allergen used after the
first treatment could not be safely administered after the second
treatment because a significant fall in FEV1 occurred at a weaker
concentration, then the treatments were crossed over once again so
that the first 10-day treatment was repeated, but the following aller-
gen challenge was stopped at the concentration achieved after the
second treatment. The data used for analysis were from the same-
dose allergen challenge tests.

Serum tryptase

Approximately 5 mL of blood was drawn by means of venipunc-
ture from each subject 1 hour after the last inhalation of allergen
before sputum induction. Blood samples were allowed to clot at
room temperature, and then the serum was removed after centrifu-
gation, placed in aliquots, and stored at –70°C to –80°C. Serum
tryptase levels were then assayed by using the UniCAP fluoroen-
zyme immunoassay (Pharmacia and Upjohn Diagnostics, Uppsala,
Sweden) according to the manufacturer’s instructions. This assay
uses a human mast cell tryptase–specific murine monoclonal anti-
body. All samples were analyzed in the same run with use of the
same calibrator and reagent. The assay will detect tryptase levels
greater than 1 µg/L.

Sputum induction and processing

Sputum inductions were performed at 1 and 7 hours after aller-
gen challenge by using a modified version of a previously estab-
lished method.21 Contrary to standard protocol and for technical
reasons, subjects were not premedicated with salbutamol before
saline inhalation. Sterile saline solutions (3%, 4%, and 5%) were
nebulized in 12-mL quantities by using an ultrasonic nebulizer
(Ultra-Neb 99; Devilbiss Co, Somerset, Pa) at maximum setting for
an average output of 3 mL/min. Subjects inhaled the saline aerosol
through a mouthpiece with an open valve by means of tidal breath-
ing. Inhalations began with 3% saline and continued until the 12 mL

was completely nebulized. Subjects thoroughly rinsed their mouths
and pharynx with water to eliminate saliva before each attempt to
bring up sputum into a sterile specimen cup. Saline inhalation was
continued, at higher concentrations if necessary and tolerated by the
subject, until 1 to 2 mL of good quality sputum was produced. With-
in 2 hours, sputum (whole expectorate) was processed by the addi-
tion of 2 mL of 0.1% dithiothreitol in saline and brief low-speed
vortexing to disperse sputum clumps. Some of this sputum mixture
was reserved and frozen at –70°C for tryptase analysis. The cells
were separated from the sputum/dithiothreitol mixture by centrifu-
gation for 10 minutes at 400g at room temperature, washed twice
with an excess of Dulbecco’s modified Eagle’s medium
(Gibco/BRL, Grand Island, NY), fixed for 30 minutes on ice in 85%
ethanol/5% glacial acetic acid/10% formalin, and finally transferred
to and stored at –20°C in 70% ethanol. Differential cell counts
(metachromatic cells, eosinophils, lymphocytes, and monocytes/
macrophages) were established from Giemsa-stained cytocentrifuge
slides by counting 200 cells per sample.

Analysis

Treatment effects between salbutamol and placebo for mean val-
ues of baseline FEV1 and 7-hour FEV1 and the EAR (expressed as
percentage fall from baseline FEV1) were compared by using the
paired t test method on the Statistix 4.1 software program (Analyt-
ical Software, Tallahassee, Fla). Serum tryptase levels (in micro-
grams per liter) were compared by using the Wilcoxon signed rank
test. Eosinophils and metachromatic cells were reported as the mean
percentage of total sputum cells and compared by using the Wilcox-
on signed rank test. All data are reported as mean values ± SEM.

RESULTS

Two subjects were withdrawn from the study. Subject 3
was excluded because of an inability to withhold rescue

TABLE I. Anthropometric and asthma data

FEV1 (L)

Height Methacholine Medications 

Patient No. Age (y) Sex (cm) PC20 (mg/mL) Baseline % Predicted (µg/d) Allergen

1 20 F 160 0.50 3.21 103 FP 250, salbutamol Horse*

prn
2 51 M 170 0.45 2.38 72 Nil Grass*

3 21 M 191 4.2 4.83 94 Salbutamol prn Horse*

4 22 F 160 0.56 3.09 100 Salbutamol prn Horse*

5 36 M 171 NA 3.58 94 Salbutamol prn Grass*

6 21 F 161 0.71 2.65 85 SCG prn, salbutamol Grass†

prn
7 29 F 154 0.31 2.36 86 Salbutamol prn Cat‡

8 23 F 177 0.80 3.52 97 BDP 50 Cat*

9 21 M 188 0.39 4.24 85 BUD 800, salbutamol Weed†

prn
10 22 M 170 2.8 3.48 85 BDP 1000 Horse*

11 33 F 178 0.72 2.60 75 Nil Cat†

12 23 F 154 1.2 2.53 89 BDP 200 Grass*

13 25 M 182 0.35 4.21 86 Salbutamol prn Weed†

14 22 F 173 1.0 3.30 94 Salbutamol prn Horse§

15 28 F 160 0.81 2.44 82 Salbutamol prn Cat*

16 29 F 168 0.45 3.33 104 Salbutamol prn Cat§

FP, Fluticasone propionate; prn, as needed; SCG, sodium cromoglycate; BDP, beclomethasone dipropionate; BUD, budesonide.
*Greer Laboratories Inc, Lenoir, NC.
†Bencard Laboratories, Mississaugua, Ontario, Canada.
‡Bayer, Inc, Etobicoke, Ontario, Canada.
§Western Allergy Services, Richmond, British Columbia, Canada.



60 Swystun et al J ALLERGY CLIN IMMUNOL

JULY 2000

inhaler use during the night before allergen challenges.
Subject 16 was unable to complete the second treatment
period because of a deterioration of asthma control that was
coincident with the onset of spring mold sporing season.
Subject 12 had no measurable serum tryptase. Thus there
were evaluable data on 14 subjects for baseline FEV1, 7-
hour FEV1, and EAR, and evaluable data on 13 subjects for
serum tryptase and sputum cell differentials. Of the sub-
jects to have completed the study, 8 had taken placebo and
6 had taken salbutamol in the first treatment period. It was
necessary to repeat the first treatment period in one subject
(subject 14) because the same dose of allergen could not be
safely administered after the second treatment.

The EAR after the salbutamol treatment was significant-
ly larger than that after placebo treatment (Table II and Fig
1). Serum tryptase measured at 1 hour was significantly
higher after salbutamol treatment in comparison with
placebo treatment (Table II). Tryptase was not detected in
the sputum collected at 1 hour. Cell differentials in the 1-
hour sputum sample were not significantly different
between treatments: eosinophils comprised 29.4% ± 4.7%
and 27.3% ± 6.8% (P = .64) of sputum cells after salbuta-
mol and placebo treatments, respectively, and metachro-
matic cells comprised 0.96% ± 0.2% after salbutamol and
1.9% ± 0.7% after placebo (P = .16). The paired 7-hour
sputum differential counts for salbutamol and placebo

FIG 1. FEV1 versus time in minutes after allergen inhalation challenge in 14 subjects comparing regular use
of salbutamol and placebo. Results are expressed as means for all data at each time point.

FIG 2. Proportion of eosinophils (n = 13) and basophils (n = 13) as a percentage of the total sputum cells in
the 7-hour sputum samples. The percentage of eosinophils was greater after salbutamol treatment in com-
parison with placebo treatment (39.1% ± 5.1% vs 28.4% ± 4.4%; P < .05) as was the percentage of metachro-
matic cells (4.4% ± 1.1% vs 2.2% ± 0.6%; P = .032). Triangles represent means of the data.
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treatments for eosinophils and metachromatic cells are
depicted in Fig 2. The proportion of eosinophils was
greater after salbutamol treatment (39.3% ± 4.8% vs 29.3%
± 4.2%; P = .049) as was the proportion of metachromatic
cells (4.4% ± 1.1% vs 2.2% ± 0.6%; P = .032).

Macrophages and monocytes were the predominant
cells present in the sputum, and the proportion of these
cells in the 7-hour sputum samples was significantly
decreased after salbutamol treatment (42.3% ± 4.5% after
salbutamol vs 57.5% ± 4.3% after placebo; P = .0081).

Baseline FEV1 measured just before allergen chal-
lenge (Table II) was slightly but not significantly (P =
.11) lower after salbutamol treatment. The FEV1 mea-
sured at 7 hours (Table II) just before sputum induction
was significantly lower after salbutamol treatment com-
pared with that after placebo.

Subjects were monitored by means of spirometry dur-
ing sputum induction particularly because β2-agonist pre-
treatment was not used to prevent saline-induced bron-
choconstriction. During the 1-hour sputum induction,
only 2 subjects (7 and 10) required rescue bronchodilator
because of falls in FEV1 that were 20% or greater after
saline inhalation. The other subjects experienced falls that
were 15% or less and of short duration. Five subjects
showed no decrease in FEV1 after saline inhalation. Any
fall in FEV1 that occurred during the 7-hour sputum
induction was treated with salbutamol as required.

DISCUSSION

We have demonstrated a significant increase in the
serum tryptase 1 hour after a same-dose allergen challenge,
along with a significant increase in the EAR to allergen
after treatment with salbutamol in comparison with place-
bo. Salbutamol treatment was also associated with a lower
FEV1 and increased sputum eosinophil and metachromatic
cell counts at 7 hours after bronchial allergen challenge.

Previous investigations have demonstrated the
increased EAR to allergen after regular (4 times daily)
administration of salbutamol,10,16,22 although this has not
been a consistent finding.18 This effect was also seen
after regular use of the long-acting β2-agonist salme-
terol23 and was not eliminated by concomitant treatment
with high-dose inhaled corticosteroid.16 Regular treat-
ment with salbutamol is also associated with a signifi-
cantly greater LAR to allergen challenge17,18 and signif-
icantly increased eosinophil infiltration and eosinophil
cationic protein (ECP) levels measured in sputum at 7
hours after allergen challenge.18

We chose to examine tryptase because it is a prominent
constituent of, and specific to, the mast cell and is rela-
tively more stable than histamine in serum. It is consid-
ered to be a reliable indicator of mast cell degranulation.20

The EAR to allergen is initiated by allergen binding to
and cross-linking specific IgE molecules that are bound to
mast cells by the high-affinity IgE receptor FcεRI. This
causes the mast cell to degranulate and release numerous
preformed mediators, including histamine, tryptase, and
heparin, as well as produce prostaglandins and
leukotrienes from membrane-derived arachidonic acid by
the action of cyclooxygenase and lipoxygenase.24 An
array of inflammatory and immunoregulatory cytokines
are also released from the mast cell over the next few min-
utes to couple of hours. IL-4 and IL-13 are involved in
switching B lymphocytes to IgE production, and IL-5,
TNF-α, and GM-CSF are important in increasing the traf-
fic of eosinophils in the lung.25 Lung eosinophilia is the
most distinguishing pathologic feature of inflammation in
allergic asthma and has been shown to correlate positive-
ly with clinical asthma severity26 and to increase with
allergen exposure.27

We propose that β2-agonist treatment potentiates the
inflammatory response to allergen in atopic patients with
asthma and that the combination of β2-agonist and aller-

TABLE II. Results

Baseline FEV1 (L) 7-h FEV1 (L) EAR (% fall in FEV1) Tryptase (µg/L)

Patient No. Salbutamol Placebo Salbutamol Placebo Salbutamol Placebo Salbutamol Placebo

1 2.84 3.16 3.02 3.14 31 19* 7.6 7.2
2 2.25 2.26 1.94 2.34 28 17* 10.7 7.1
4 3.34 3.18 3.09 3.17 18* 20 6.8 7.5
5 3.51 3.50 3.20 2.90 22* 31 9.8 9.2
6 2.60 2.44 2.45 2.64 14* 10 26.8 19.6
7 1.67 2.12 1.84 1.92 20* 0 5.7 4.0
8 2.65 2.85 2.49 2.84 18 20* 10.9 9.9
9 4.18 4.36 3.31 4.22 15 14* 8.2 4.0

10 3.12 3.48 3.24 3.48 12 13* 6.7 6.4
11 2.55 2.69 2.12 2.38 22* 9 7.1 6.6
12 2.62 2.49 2.50 2.48 13 20* Nil Nil
13 4.28 4.11 4.19 4.57 27 15* 6.5 5.0
14 2.10 2.25 2.16 2.41 20† 4 7.0 6.6
15 2.86 3.06 3.17 3.15 25 20* 4.4 4.7

Mean ± SEM 2.90 ± 0.20 3.00 ± 0.19 2.77 ± 0.18 2.97 ± 0.20 20 ± 1.6 15 ± 2.1 9.09 ± 1.57 7.52 ± 1.12
P = .112 P = .014 P = .047 P = .011

*First treatment period.
†Repeat cross-over.



62 Swystun et al J ALLERGY CLIN IMMUNOL

JULY 2000

gen exposure results in greater inflammation than aller-
gen alone. Studies of regular β2-agonist use from other
centers have demonstrated significant decreases in base-
line FEV1 and increases in airway response to metha-
choline (a test of airway responsiveness),4-7,12 whereas
studies conducted at our center have not shown these
effects. This difference may be due to the ability of our
subjects to almost completely avoid environmental aller-
gen exposure during studies. Our studies are conducted
during the winter months when snow cover and consis-
tently subfreezing temperatures prevent dispersal of pol-
lens and outdoor fungal spores, and low indoor humidity
inhibits survival of house dust mite. This is evidenced by
a low (almost nonexistent) incidence of house dust mite
sensitivity in the local population and the fact that many
subjects with seasonal allergic asthma remain well con-
trolled with little or no medications during winter
months. At most other sites, some allergen exposure,
especially that of house dust mites, is unavoidable. We
believe it is this combination of environmental allergen
exposure and β2-agonist, and not β2-agonist alone, that
results in the deterioration of airway caliber and
increased airway responsiveness at other study sites to a
greater degree than chronic allergen exposure alone (as
would be seen during placebo treatment). It is possible
that this near-complete lack of allergen exposure among
our subjects is responsible for the low levels of serum
tryptase that were measured in our study. However, even
at our site, some allergen exposure, such as cat allergen
transported on clothing and fungal spores from indoor
plant soil, is unavoidable. This could explain the lower
baseline FEV1 in some of our subjects after salbutamol
treatment in the present study. The implication of not
finding increased airway responsiveness to methacholine
after salbutamol treatment during our previous studies is
that the increased response to allergen is a result of alter-
ation to the mechanism of allergy and not a function of
general increase in airway responsiveness.

The results of the current investigation may indicate
one mechanism by which increased inflammation could
occur. After salbutamol treatment, the same dose of aller-
gen elicited increased levels of serum tryptase, indicating
an increase of mast cell mediator release. Concomitant
increases in the release of inflammatory mediators, such
as IL-5, TNF-α, and GM-CSF, could lead to increased
eosinophil infiltration and survival in the lung. It has
been shown experimentally that IL-5 administered by
inhalation to asthmatic patients induces lung eosinophil-
ia and elevated sputum ECP levels and causes increased
airway responsiveness to methacholine at 24 and 48
hours.28 These results reflect the ability of IL-5 to
chemoattract and enhance the adhesion, viability, and
degranulation of eosinophils.28 Indeed, in our study
increased proportions of eosinophils and metachromatic
cells were observed at 7 hours after allergen challenge in
the sputum of salbutamol-treated subjects. Hence if sub-
jects are chronically exposed to allergic stimuli from the
natural environment concurrent with regular use of β2-
agonist, it is possible that the allergy-induced inflamma-

tion is enhanced, as indicated by decreased FEV1 and
increased methacholine responsiveness. Further evidence
for this effect is given by Manolitsas et al29 in a study in
which increases in total and activated eosinophils and
ECP were found in bronchoscopy and bronchoalveolar
lavage specimens from human subjects after 16 weeks of
albuterol (salbutamol) treatment in comparison with
baseline values.

Increased degranulation of mast cells could be the
result of decreased cell membrane stability caused by β2-
adrenergic receptor desensitization on these cells. Most
mammalian cells have β2-adrenoceptors, and the desen-
sitization of this receptor is a well-established phenome-
non. Desensitization occurs in stages of phosphorylation
activated by stimulation of the receptor. This phosphory-
lation can result in an uncoupling of the receptor from the
effector system, causing functional impairment. Pro-
longed stimulation increases phosphorylation of the
receptor and leads to binding by β-arrestin, which com-
pletely disables the system. The receptor is then internal-
ized or sequestered intracellularly. With continued expo-
sure to agonist, the receptor may be lysed, resulting in a
net loss of receptors on the cell surface (downregulation).
Furthermore, Nishikawa et al30 have shown that sus-
tained exposure to agonist leads to decreased β2-adreno-
ceptor mRNA expression in guinea pigs. Functional
desensitization has been demonstrated in human pul-
monary cells both in vitro31,32 and in vivo.33 Functional
desensitization of β2-adrenoceptors on mast cells would
decrease the stabilizing effect of endogenous or exoge-
nous β2-agonist and render the cell more apt to degranu-
late on immunologic activation. In this way the same
dose of allergen could cause degranulation of a greater
number of mast cells, thereby causing an increased air-
way response to allergen.

Previous research has demonstrated relatively good
preservation of the bronchodilator smooth muscle–medi-
ated response after chronic β2-agonist use and yet signif-
icant and sometimes complete loss of the bronchoprotec-
tive effect against mast cell–mediated stimuli, such as
allergen or adenosine monophosphate.2,15 It is possible
that desensitization of the β2-adrenoceptor on smooth
muscle occurs to a lesser degree than that which occurs
on mast cells. McGraw and Liggett34 compared airway
smooth muscle, epithelial, and mast cell lines for β2-
adrenergic receptor kinase expression and activity. This
kinase is the primary phosphorylating agent responsible
for β2-adrenergic receptor desensitization. They found
the expression and activity of the kinase in epithelial and
smooth muscle cells to be about 50% and 10% of that in
mast cells. This indicates a 10 times greater propensity
for desensitization in mast cells.

We have assumed that lung mast cell numbers and IgE
levels did not change during the 10-day treatments to
affect the outcome of allergen challenges. Manolitsas et
al29 found no change in bronchial mast cell numbers, as
assessed by biopsy, after regular 16-week treatment with
albuterol. Although Coqueret et al35 have shown that the
presence of β2-agonist can potentiate IL-4–induced pro-
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duction of IgE in vitro, this has not yet been demonstrated
in vivo. It has also been shown that baseline preallergen
numbers of eosinophils are not substantially increased in
sputum after 7 days of regular β2-agonist treatment.18

Increased mast cell degranulation may be one of many
factors contributing to the increased responses to aller-
gen. There are several cell types, other than the mast cell,
involved in the asthmatic responses to allergen, and they
may be affected by regular β2-agonist treatment. Several
mechanisms have been described whereby β2-agonists
could be proinflammatory and thus detrimental in asth-
matic patients. Regular exposure may interfere with the
action of glucocorticosteroid (endogenous or exoge-
nous),36,37 desensitize cells to the beneficial effects of
PGE2 by upregulating phosphodiesterase 4,38 or increase
IgE production in lymphocytes.35 It has also been shown
in vitro that prolonged β-agonist exposure can potentiate
eosinophil generation of toxic oxygen metabolite, a com-
ponent of eosinophilic inflammatory action.37

β2-Agonist drugs, such as salbutamol and the longer
acting salmeterol, have been given anti-inflammatory
status by investigators who have found inhibition of
mediator release from inflammatory cells by the
drug.39,40 However, the demonstration of acute inhibition
does not adequately address the desensitization and
downregulation of the β2-adrenoceptor that may occur
with chronic, sustained, in vivo β2-agonist exposure.
Ultimately, no improvements in the inflammatory indices
of asthma have ever been demonstrated in asthmatic
patients after regular use of either drug.41

In this study we analyzed the 7-hour FEV1 rather than
measure the LAR for several reasons. Only 5 subjects had
shown a late response at previous allergen challenges; the
balance were subjects demonstrating only an isolated
EAR. Also, 5 participants were taking regular inhaled cor-
ticosteroids, which are known to inhibit or eliminate the
LAR. The study was not designed to properly measure a
late response because it was uncertain how the 1-hour
sputum induction would affect the LAR, with a possibili-
ty of interference from the saline inhalation. Finally, sev-
eral subjects had lower baseline FEV1 values after the
salbutamol treatment arm of the study. Because the LAR
is measured as a percentage fall from baseline, the LAR
would have underestimated the deterioration of asthma in
these subjects. This lowered baseline airway caliber after
salbutamol treatment has been noted in other studies.12

Thorough investigations have demonstrated a certain
loss of bronchodilation after regular use of both short-
and long-acting β2-agonists.8,9 This loss has been regard-
ed as clinically less important because most of the bron-
chodilation is preserved. Loss in the ability of β2-ago-
nists to protect against bronchoconstriction after regular
use has drawn greater concern. It has been shown that
there is almost complete loss in the ability of the same
dose of β2-agonist to protect against bronchoconstriction
induced by the same dose of allergen or exercise.13-15

Although these losses in bronchodilation and bron-
choprotection could possibly be compensated for by
increasing the amount of drug acutely administered, this

is not an appropriate solution if the drug is also potenti-
ating the inflammatory response. In the clinical setting it
would be difficult to distinguish the contribution of the
β2-agonist to the inflammation that is being brought on
by exposure to environmental allergen. Because the
patient is being exposed to the allergen, inflammatory
mechanisms will be induced and asthma symptoms will
increase, probably necessitating use of a relief medica-
tion (β2-agonist). Although the β2-agonist would contin-
ue to issue most of its bronchodilating effect after regu-
lar long-term use, it would be difficult for the patient or
the  clinician to perceive that the drug is increasing the
inflammation because any worsening of asthma control
would simply be attributed to the allergen exposure. It is
clinically relevant to patients if their anti-inflammatory
therapy needs are increased during allergen exposure
because of the use of a symptom-relieving medication.

We have demonstrated an increase in the tryptase lev-
els measured in the serum of atopic asthmatic patients 1
hour after allergen inhalation challenge following regular
treatment with salbutamol in comparison with placebo.
This was in conjunction with a greater EAR to allergen
and increased late-phase responses as indicated by the
lower FEV1 measured at 7 hours and increased numbers
of eosinophils and metachromatic cells in the sputum
taken 7 hours after allergen challenge. These findings
indicate a potentiating effect of regular salbutamol on
allergic inflammation. This is further evidence that β2-
agonists in regular sustained use may worsen asthma
control and increase the need for anti-inflammatory ther-
apy, reinforcing the recommendations of international
guidelines to limit the use of these drugs in the proper
management of asthma.

We acknowledge the invaluable contribution to the tryptase
assay made by Dr Mark L. Salkie, MB, FRCPC, and Carol Cadrain,
Departments of Pathology and Biochemistry, Royal University Hos-
pital, Saskatoon, Saskatchewan.

REFERENCES

1. Sears MR, Taylor DR, Print CG, Lake CC, Li Q, Flannery EM, et al. Reg-
ular inhaled beta-agonist treatment in bronchial asthma. Lancet
1990;336:1391-6.

2. O’Connor BJ, Aikman SL, Barnes PJ. Tolerance to the nonbronchodila-
tor effects of inhaled β2-agonists in asthma. N Engl J Med
1992;327:1204-8.

3. Cheung D, Timmers MCM, Zwinderman AH, Bel EH, Dijkman JH,
Sterk PJ. Long-term effects of a long-acting β2 adrenoceptor agonist, sal-
meterol, on airway hyperresponsiveness in patients with mild asthma. N
Engl J Med 1992;327:1198-203.

4. Kraan J, Koeter GH, van der Mark W, Sluiter HJ, de Vries K. Changes in
bronchial hyperreactivity induced by 4 weeks of treatment with antiasth-
matic drugs in patients with allergic asthma: a comparison between
budesonide and terbutaline. J Allergy Clin Immunol 1985;76:628-36.

5. Kerribijn KF, van Essen-Zandvliet EEM, Neijens HJ. Effects of long-
term treatment with inhaled corticosteroids and beta-agonists on the
bronchial responsiveness in children with asthma. J Allergy Clin
Immunol 1987;79:653-9.

6. Vathenen AS, Knox AJ, Higgins BG, Britton JR, Tattersfield AE.
Rebound increase in bronchial responsiveness after treatment with
inhaled terbutaline. Lancet 1988;1:554-7.

7. van Schayck CP, Graafsma SJ, Visch MB, Dompeling E, van Weel C, van
Herwaarden CLA. Increased bronchial hyperresponsiveness after inhal-



64 Swystun et al J ALLERGY CLIN IMMUNOL

JULY 2000

ing salbutamol during 1 year is not caused by subsensitization to salbu-
tamol. J Allergy Clin Immunol 1990;86:793-800.

8. Newnham DM, McDevitt DG, Lipworth BJ. Bronchodilator subsensitiv-
ity after chronic dosing with eformoterol in patients with asthma. Am J
Med 1994;97:29-37.

9. Grove A, Lipworth BJ. Bronchodilator subsensitivity to salbutamol after
twice daily salmeterol in asthmatic patients. Lancet 1995;346:201-6.

10. Cockcroft DW, McParland CP, Britto SA, Swystun VA, Rutherford BC.
Regular inhaled salbutamol and airway responsiveness to allergen.
Lancet 1993;342:833-7.

11. Chapman K, Kesten S, Szalai J. Regular vs. as-needed albuterol in asth-
ma control. Lancet 1994;343:1379-82.

12. Inman MD, O’Byrne PM. The effect of regular inhaled albuterol on exer-
cise-induced bronchoconstriction. Am J Respir Crit Care Med
1996;153:65-9.

13. Ramage L, Lipworth BJ, Ingram CG, Cree JA, Dhillon DP. Reduced pro-
tection against exercise induced bronchoconstriction after chronic dosing
with salmeterol. Respir Med 1994;88:363-8.

14. Simons FE, Gerstner TV, Cheang MS, Math M. Tolerance to the bron-
choprotective effect of salmeterol in adolescents with exercise-induced
asthma using concurrent inhaled glucocorticoid treatment. Pediatrics
1997;99:655-9.

15. Giannini D, Carletti A, Dente FL, Bacci E, Di Franco A, Vagaggini B, et
al. Tolerance to the protective effect of salmeterol on allergen challenge.
Chest 1996;110:1452-7.

16. Cockcroft DW, Swystun VA, Bhagat R. Interaction of inhaled β2 agonist
and inhaled corticosteroid on airway responsiveness to allergen and
methacholine. Am J Respir Crit Care Med 1995;152:1485-9.

17. Cockcroft DW, O’Byrne PM, Swystun VA, Bhagat R. Regular use of
inhaled albuterol and the allergen-induced late asthmatic response. J
Allergy Clin Immunol 1995;96:44-9.

18. Gauvreau GM, Jordana M, Watson RM, Cockcroft DW, O’Byrne PM.
Effect of regular inhaled albuterol on allergen-induced late responses and
sputum eosinophils in asthmatic subjects. Am J Respir Crit Care Med
1997;156:1738-45.

19. Church MK, Hiroi J. Inhibition of IgE-dependent histamine release from
human dispersed lung mast cells by anti-allergic drugs and salbutamol.
Br J Pharmacol 1987;90:421-9.

20. Schwartz LB, Yunginger JW, Miller J, Bokhari R, Dull D. Time course of
appearance and disappearance of human mast cell tryptase in the circula-
tion after anaphylaxis. J Clin Invest 1989;83:1551-5.

21. Pin I, Gibson PG, Kolendowicz R, Girgus-Gabardo A, Denburg J, Harg-
reave FE, et al. Use of induced sputum cell counts to investigate airway
inflammation in asthma. Thorax 1992;152:53-8.

22. Bhagat R, Swystun VA, Cockcroft DW. Salbutamol-induced increased
airway responsiveness to allergen and reduced protection vs. metha-
choline: dose-response. J Allergy Clin Immunol 1996;97:47-52.

23. Cockcroft DW, Swystun VA, Kalra S, Bhagat R. Salmeterol and airway
response to allergen. Can Respir J 1997;4:37-40.

24. Church MK, Levi-Schaffer F. The human mast cell. J Allergy Clin
Immunol 1999;103:155-60.

25. Gordon JR, Burd PR, Galli SJ. Mast cells as a source of multifunctional
cytokines. Immunol Today 1990;11:458-64.

26. Bousquet J, Chanez P, Lacoste JY, Barneon G, Ghavanian N, Enander I, et
al. Eosinophilic inflammation in asthma. N Engl J Med 1990;323:1033-9.

27. Pin I, Freitag AP, O’Byrne PM, Girgis-Gabardo A, Watson RM, Dolovich
J, et al. Changes in the cellular profile of induced sputum after allergen-
induced asthmatic responses. Am Rev Respir Dis 1992;145:1265-9.

28. Shi H-Z, Xiou C-Q, Zhong D, Qin S-M, Liu Y, Liang G-R, et al. Effect
of inhaled interleukin-5 on airway hyperreactivity and eosinophilia in
asthmatics. Am J Respir Crit Care Med 1998;157:204-8.

29. Manolitsas ND, Wang J, Devalia JL, Trigg CJ, McAuley AE, Davies RJ.
Regular albuterol, nedocromil sodium and bronchial inflammation in
asthma. Am J Respir Crit Care Med 1995;151:1925-30.

30. Nishikawa M, Mak J, Shirasaki H, Harding S, Barnes PJ. Long-term
exposure to norepinephrine results in down-regulation and reduced
mRNA expression of pulmonary beta-adrenergic receptors in guinea
pigs. Am J Respir Cell Mol Biol 1994;10:91-9.

31. Chong LK, Morice AH, Yeo WW, Schleimer RP, Peachell PT. Function-
al desensitization of beta agonist responses in human lung mast cells. Am
J Respir Cell Mol Biol 1995;13:540-6.

32. Turki J, Green SA, Newman KB, Meyers MA, Liggett SB. Human lung
cell β2 adrenergic receptors desensitise in response to in vivo adminis-
tered β-agonist. Am J Physiol 1995;269:L708-14.

33. Hayes MJ, Qing F, Rhodes CG, Rahman SU, Ind BW, Sriskandan S, et
al. In vivo quantification of human pulmonary β adrenoceptors: effect of
β-agonist therapy. Am J Respir Crit Care Med 1996;154:1277-83.

34. McGraw DW, Liggett SB. Heterogeneity in β-adrenergic receptor kinase
expression in the lung accounts for cell-specific desensitization of the β2-
adrenergic receptor. J Biol Chem 1997;272:7338-44.

35. Coqueret O, Demarquay D, Lagente V. Role of cAMP in the modulation
of IgE production by the β2 adrenoceptor agonist fenoterol. Eur Respir J
1996;9:220-5.

36. Adcock IM, Stevens DA, Barnes PJ. Interaction of glucocorticoids and
β2-agonists. Eur Respir J 1996;9:160-8.

37. Nielson CP, Hadjokas NE. Beta-adrenoceptor agonists block corticosteroid
inhibition in eosinophils. Am J Respir Crit Care Med 1998;157:184-91.

38. Torphy TJ, Zhou H-L, Foley JJ, Sarau HM, Manning CD, Barnette MS.
Salbutamol up-regulates PDE4 activity and induces a heterologous
desensitisation of U937 cells to PGE2. J Biol Chem 1995;270:23596-604.

39. Bissonette EY, Befus AD. Anti-inflammatory effect of β2-agonists: inhi-
bition of TNFα release form human mast cells. J Allergy Clin Immunol
1997;100:825-31.

40. Meyer JM, Wenzel CL, Kradjan WA. Salmeterol: a novel long-acting β
2-agonist. Ann Pharmacother 1993;27:1478-87.

41. Barnes PJ. Beta-adrenergic receptors and their regulation. Am J Respir
Crit Care Med 1995;152:838-60.


