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ABSTRACT

Background: Cigarette smoking induces neutrophilic airway inflammation and relative resistance to inhaled corticosteroids
(ICS).

Objective: We evaluated the influence of cigarette smoking on airway inflammation in patients with asthma and also
compared the effect of ICS between smoking and nonsmoking in patients with asthma.

Methods: Smokers with asthma (n = 81) and nonsmokers with asthma (n = 52) were recruited for the study. We examined
lung function, fractional exhaled nitric oxide (FeNO) concentration, induced sputum, and acetylcholine inhalation before and
6 months after inhaling budesonide at 800 ug/day. Thirty-four healthy volunteers were included as controls.

Results: Smokers with asthma showed a lower forced expiratory volume in 1 second (FEV;) to forced volume capacity (FVC)
ratio (p < 0.05), a lower FeNO (p < 0.01), a lower eosinophil proportion (p < 0.05), and a higher neutrophil proportion (p <
0.05) in induced sputum than nonsmokers with asthma. Bronchial hyperresponsiveness (the provocative concentration of
acetylcholine [Ach] that produced a 20% fall in FEV [PC,,-Achl) was increased in smokers with asthma compared with
nonsmokers with asthma (p < 0.05). Both smokers with asthma and nonsmokers with asthma exhibited more prominent airway
obstruction, a higher FeNO, and a higher percentage of sputum eosinophils than the controls (p < 0.05 to p < 0.001, each). After
6 months of treatment with inhaled budesonide at 800 ug/day, the improvement in lung function (FEV, to FVC ratio, flow at
50% forced vital capacity [V50% predicted] and flow at 25% forced vital capacity [V25% predicted]), the eosinophil proportion
in induced sputum and PC,y-Ach were lower in smokers with asthma than nonsmokers with asthma (p < 0.05).

Conclusion: Smokers with asthma showed neutrophilic airway inflammation in addition to eosinophilic inflammation, and
cigarette smoking impaired the efficacy of ICS treatment in mild-to-moderate asthma. These findings have important

implications for the management of patients with asthma and who smoke.
(Allergy Asthma Proc 37:e50—-e58, 2016; doi: 10.2500/aap.2016.37.3944)

Guidelines for the control and treatment of asthma
recommend inhaled corticosteroids (ICS) as the
first-line drugs for patients with mild-to-severe persis-
tent asthma.' Patients with asthma have irreversible
airflow obstruction as a result of chronic airway in-
flammation, which can be prevented by early introduc-
tion to ICS therapy.” ICS are also known to reduce the
annual deterioration of pulmonary function.® Steroids
suppress the release of cytokines from cells that line the
airway, including airway epithelial cells, smooth-mus-
cle cells, vascular endothelial cells, and fibroblasts.*~”
Smoking is one of the most important factors that
reduces the anti-inflammatory effects of steroids.®>” ICS
control asthma symptoms by suppressing eosinophilic
inflammation in the airway, whereas smoking is
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thought to worsen respiratory function and symptoms
in patients with asthma by inducing neutrophilic in-
flammation in the airway, thus reducing the efficacy of
the ICS." In the present study, we compared the effect
of smoking on the airways of patients with asthma
with those of healthy control subjects by examining
respiratory function, bronchial hyperresponsiveness,
and airway inflammation. We also evaluated the effect
of smoking status on the anti-inflammatory effect of
ICS by comparing patients with asthma and with and
without a smoking habit.

METHODS

Subjects

We enrolled 214 patients with newly diagnosed
mild-to-moderate asthma who visited Fukuoka Na-
tional Hospital. No patient had a history of ICS treat-
ment or complications associated with chronic obstruc-
tive pulmonary disease. Among 214 patients, 174 (81
never-smoked, 41 ex-smokers, and 52 current-smoking
patients) completed the 6-month ICS treatment. An-
other 40 (21 never-smoked, 11 ex-smokers, and 8 cur-
rent-smoking patients) failed to follow up. The patients
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who were ex-smokers were excluded from the analysis
due to variations in the amount and duration of smok-
ing and the timing of cessation. Accordingly, the pa-
tients with asthma were analyzed according to two
subgroups: never smoked (n = 81) and current smoker
(n = 52).

Thirty-four healthy control volunteers without
asthma were also evaluated according to two sub-
groups: never smoked (1 = 20) and current smoker
(n = 14). Bronchial asthma was diagnosed according to
the Global Initiative for Asthma Guidelines." Specifi-
cally, patients were required to meet the following
three eligibility criteria to enter the study: (1) their
disease should be reversible with at least 12% and
200-mL improvements in forced expiratory volume in
1 second (FEV,) after bronchodilator therapy, (2) pro-
vocative concentrations of acetylcholine that produced
a 20% fall in FEV, (PC,) should be =8000 ug/mL in a
test of bronchial hyperresponsiveness to inhaled ace-
tylcholine, and (3) patients had to have a history of
wheezing and/or dyspnea. All antiasthma medications
were withheld for at least 24 hours before the measure-
ments were obtained. The study protocol received ap-
proval from the ethics committee of the Fukuoka Na-
tional Hospital; all the participants received verbal and
written study information before giving their informed
consent (approval number 20-14). T. Shimoda de-
signed the study, participated in the analysis of the
data, and wrote the manuscript. Y. Obase performed
the statistical analysis of the data. R. Kishikawa as-
sisted in the design of the study and performed the
clinical examinations. T. Iwanaga coordinated the pa-
tient recruitment process.

Study Design

Respiratory function tests, bronchial hyperrespon-
siveness, measurement of fractional exhaled nitric ox-
ide (FeNO) concentration, and sputum induction with
the use of inhaled 3% hypertonic saline solution were
performed on all patients with asthma in the same
order at baseline and after 6 months of treatment with
800 ug/day of budesonide. With the exception of bron-
chial hyperresponsiveness, the same set of examina-
tions was performed in the same manner for all con-
trols.

Measurement of Flow Volume Curves

Flow volume curves were measured with a spirom-
eter (Chest Graph HI-701; Chest M.I.,, Tokyo, Japan).
The results are expressed as the percentage of pre-
dicted values based on relevant reference standards."'

Measurement of Bronchial Hyperresponsiveness to
Acetylcholine

The challenge test was performed by using a stan-
dardized methodology. The subjects inhaled acetylcho-
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line aerosol from a hand-held nebulizer (PARI BOY
038; PARI GmbH, Starnberg, Germany) with tidal
breathing for 2 minutes. Isotonic saline solution was
inhaled first as a control. This was followed by pro-
gressive doubling of concentrations of acetylcholine,
from 0.039 to 20 mg/mL. The FEV; was measured after
each inhalation by using a spirometer (Chest Graph
HI-701). The test was continued until the FEV; had
fallen by >20% or until the maximal concentration of
acetylcholine had been administered. Bronchial hyper-
responsiveness was expressed as the PC,,. The subjects
with a PC,, of <8000 wg/mL were considered to have
bronchial hyperresponsiveness according to the crite-
ria of the American Thoracic Society.'?

Measurement of Exhaled Nitric Oxide
Concentration

FeNO was measured according to the guidelines of
the American Thoracic Society by using the single-
breath method (online measurement) with a fast-re-
sponse (0.02 second) chemiluminescence analyzer
(NOA 280; Sievers Instruments Inc., Boulder, CO)."
All measurements were made by using a mouth pres-
sure of 16 cm H,O, which corresponds to an expiratory
flow of 50 mL/s. FeNO was recorded as the average of
three values. Values of =20 parts per billion (ppb) were
judged to be abnormal.

Sputum Induction and Processing

Sputum Induction. Sputum was induced by inhala-
tion of 5 mL of 3% NaCl solution by using a small
ultrasonic nebulizer (Nescosonic nebulizer, UN-511;
Nesco Medlab, Jakarta, Indonesia). The subjects were
asked to cough during and after inhalation and to
expectorate into empty containers. Sputum was in-
duced over 20 minutes.

Sputum Processing. Sputum was processed within 30
minutes according to the method described by Metso et
al.,"* and both cells for cytospin and the cell-free su-
pernatant were collected. The cell suspension was cy-
tocentrifuged (Cytospin 3; Shandon, Astmoor, U.K.)
onto microscope slides (Super frost 52441; Matsunami
Glass Ind., Ltd., Kishikawa, Japan) at 450 rpm for 6
minutes. Cytospins from the sputum were allowed to
air-dry for 30 minutes and were then stained by using
the Giemsa stain method. At least 400 nonsquamous
cells, including eosinophils, neutrophils, lymphocytes,
macrophages, and ciliated epithelial cells, were
counted differentially. The results are expressed as
percentages of total nonsquamous counts.

Statistical Analysis

StatMate IV (ATMS Co., Ltd., Tokyo, Japan) was
used to perform a t-test to compare data before and
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after the treatment as well as the changes between the
never-smoked and current-smoker subgroups; p < 0.05
was considered statistically significant. StatMate IV
was also used for comparisons between the never-
smoked and current-smoker subgroups of the patients
with asthma and the controls, and between the subjects
with asthma and the control subjects in the never-
smoked and current-smoker subgroups. The x> test
was used for sex, disease type, and severity differences,
and the t-test was used for age, smoking history, body
mass index, duration of asthma, immunoglobulin E
(IgE), respiratory function, PC,,, FeNO, and frequen-
cies of macrophages, neutrophils, and eosinophils; p <
0.05 was considered statistically significant.

RESULTS

Patient Characteristics

Subgroup analysis of the patients with asthma re-
vealed that there were more men in the current-smoker
group (p < 0.001), with a longer duration of illness (p <
0.05) compared with the never-smoked group. The
never-smoked group included a higher proportion of
patients with mild asthma (p < 0.05). The never-
smoked group also had higher FEV, to forced vital
capacity (FVC), flow at 50% forced vital capacity
(V50% predicted) and flow at 25% forced vital capacity
(V25% predicted), PC,,, FeNO, and sputum eosinophil
values (p < 0.05 to p < 0.01, each, Table 1). None of the
34 control subjects (20 nonsmokers and 14 smokers)
had atopic predisposition. Among the controls, there
were more women in the never-smoked group than in
the current-smoker group (p < 0.01). The current-
smoker group had higher levels of IgE and sputum
neutrophils (p < 0.05 and p < 0.001). The never-
smoked group had higher levels of sputum macro-
phages (p < 0.001). Among the never-smoked subjects,
the controls showed higher pulmonary function and
sputum macrophage values than the patients with
asthma (p < 0.001). The patients with asthma had
higher FeNO, IgE, sputum neutrophil, and sputum
eosinophil levels (p < 0.05 and p < 0.001, respectively,
Table 1). Among the current-smoker subjects, the pa-
tients with asthma were older (p < 0.01). The controls
exhibited higher pulmonary function and sputum mac-
rophage levels (p < 0.001). The patients with asthma
exhibited higher FeNO, IgE, and sputum eosinophil
levels (p < 0.001) (Table 1).

Respiratory Function

Among the patients with asthma, the never-smoked
group showed a significant increase in FEV:FVC after
treatment (79 * 8%) relative to baseline (73 £ 12%)
(p < 0.001). The current-smoker group also exhibited a
significant increase in FEV:FVC after treatment (73 =
11%) relative to baseline (69 * 12%) (p < 0.001). The
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change from baseline was not significantly different
between the never-smoked (10 * 18%) and current-
smoker groups (7 £ 11%) (p = 0.10).

The never-smoked group exhibited a significant in-
crease in FEV,% predicted after treatment (96 = 12%)
relative to baseline (84 = 17%) (p < 0.001). There also
was a significant increase in the current-smoker group
FEV,% predicted after treatment (89 * 17%) relative to
baseline (81 = 20%) (p < .001). The change from base-
line was significantly greater in the never-smoked
group (19 * 31%) than in the current-smoker group
(12 = 17%) (p < 0.05) (Fig. 1).

The never-smoked group exhibited a significant in-
crease in V50% predicted after treatment (71 = 22%)
relative to baseline (57 * 24%) (p < 0.001). Similarly,
there was a significant increase in the current-smoker
group V50% predicted after treatment (59 * 24%) rel-
ative to baseline (50 = 24%) (p < 0.001). The change
from baseline was significantly greater in the never-
smoked group (79 * 45%) than in the current-smoker
group (52 = 26%) (p < 0.05).

The never-smoked group exhibited a significant in-
crease in V25% predicted after treatment (55 = 22%)
relative to baseline (42 = 21%) (p < 0.001). Likewise,
there was a significant increase in the current-smoker
group V25% predicted after treatment (43 £ 19%) rel-
ative to baseline (35 = 18%) (p < 0.001). The change
from baseline was significantly greater in the never-
smoked group (79 % 56%) than in the current-smoker
group (52 *= 33%) (p < 0.05) (Fig. 2).

Bronchial Hyperresponsiveness and FeNO

In the patients with asthma, there was a significant
increase in the never-smoked group PC,, after treat-
ment (4887 £ 6205 pg/mL) relative to baseline (841 =
1126 pg/mL) (p < 0.001). The current-smoker group
also exhibited a significant increase in PC,, after treat-
ment (2874 * 4655 pg/mL) relative to baseline (528 *
709 ug/mL) (p < 0.001). The change from baseline was
significantly greater in the never-smoked group
(1145 = 2295%) than in the current-smoker group
(535 = 795%) (p < 0.05).

There also was significant improvement in the FeNO
value in the never-smoked group after treatment (38 =
33 ppb) relative to baseline (108 = 88 ppb) (p < 0.001).
The current-smoker group also exhibited a significant
improvement in FeNO after treatment (33 = 28 ppb)
relative to baseline (77 = 55 ppb) (p < 0.001). The
change from baseline was not significantly different
between the never-smoked (49 * 39%) and current-
smoker groups (42 * 42%) (p = 0.16) (Fig. 3).

Cellular Composition of Induced Sputum

In the patients with asthma, the never-smoked group
exhibited a significant increase in sputum macro-
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increase in the percentage of sputum neutrophils in the
never-smoked group after treatment (38 = 23%) rela-
tive to baseline (32 = 24%) (p < 0.05).

The current-smoker group also exhibited a signifi-
cant increase in the percentage of sputum neutrophils
after treatment (54 = 19%) relative to baseline (44 =
22%) (p < 0.05). The change from baseline was not
significantly different between the never-smoked (82 +
174%) and current-smoker groups (60 * 122%) (p =
0.27). The never-smoked group demonstrated a signif-
icant decrease in the percentage of sputum eosinophils
after treatment (5 £ 7%) relative to baseline (32 * 24%)
(p < 0.05). There also was a significant decrease in the
percentage of sputum eosinophils in the current-
smoker group after treatment (7 = 13%) relative to
baseline (21 = 18%) (p < 0.05). The change from base-
line was significantly greater in the never-smoked
group (80 = 33%) than in the current-smoker group
(57 = 50%) (p < 0.05) (Fig. 4).

DISCUSSION

Smoking is known to affect the control of asthma'®
and worsen asthma severity by worsening the respira-
tory function and symptoms of patients with asthma.'®
Patients with asthma and who smoke visit emergency
departments frequently'” and have a higher risk of
death from an asthma attack.'® The present study dem-
onstrated that patients with asthma who were non-
smoking tended to have mild disease, whereas those
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who smoked had a significantly higher rate of moder-
ate disease, which provided additional evidence that
smoking exacerbated asthma conditions. Smoking has
also been reported to cause neutrophilic inflammation
in addition to eosinophilic inflammation in patients
with asthma.' Our present study also demonstrated
neutrophilic inflammation and eosinophilic inflamma-
tion in smokers with asthma.

Patients with asthma also exhibit an elevated propor-
tion of sputum neutrophils when data are compared
according to smoking status.”® Indeed, our present
study demonstrated that there was a higher percentage
of sputum neutrophils in patients with asthma and
who smoked. In their 10-year study of adult patients
with asthma, Lange et al.” demonstrated that the reduc-
tion in FEV; was smaller by ~15-20 mL/y in patients
with asthma who had been using ICS than in those
who had not used ICS and that smokers have a greater
reduction in respiratory function than do nonsmokers.
O'Byrne et al** found that lung function was more
significantly reduced in smokers than in nonsmokers.
Furthermore, ICS treatment is known to improve the
percentage of sputum neutrophils in patients with
asthma and who were nonsmokers but not in patients
with asthma and who smoke.*

Smoking is also considered to reduce the efficacy of
ICS via the induction of neutrophilic inflammation.*
Chalmers et al.** demonstrated that ICS therapy im-
proved bronchial hyperresponsiveness in nonsmokers
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Figure 4. Analysis of data regarding changes in sputum macrophages, neutrophils and eosinophils in patients who were never smokers and
patients who were current smokers before and after treatment. Sputum macrophages, neutrophils and eosinophils were examined before and
after treatment, and the changes between the patients who were never smokers and patients who were current smokers were compared.

but not in smokers. Our present study indicated that
smoking reduced the efficacy of ICS by causing neu-
trophilic inflammation in addition to eosinophilic in-
flammation in smokers with asthma. Although the
mechanism of steroid resistance in smokers with
asthma has yet to be elucidated, the potential causes
include the following: (1) increased airway mucosal
permeability®* and increased bronchial secretions®’; (2)
downregulation of B2-adrenergic receptor function®;
(3) increased airway neutrophil or CD8" lymphocyte
numbers®*® and reduced airway eosinophil num-
bers***’; increased production of interleukin (IL) 4,
IL-8, and tumor necrosis factor «,*°~>* decreased pro-
duction of IL-10,% and nitrosative stress*; (4) overex-
pression of glucocorticoid receptor f>*° and reduced
expression of glucocorticoid receptor a”’; (5) overex-
pression of signal transduction-activated factor®®; and
(6) reduced histone deacetylase activity® and in-
creased p38 mitogen-activated protein kinase activity*’
for corticosteroid cell-signaling systems.*'

ICS therapy improves asthma conditions in non-
smokers by reducing bronchial hyperresponsiveness
and sputum eosinophils but not in patients with
asthma who smoke.?>*? However, our results demon-
strated improvements in bronchial hyperresponsive-
ness and the sputum eosinophil percentage even in
smokers with asthma, although to a lesser extent than
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that observed in nonsmokers. These effects were likely
observed because the study subjects had mild-to-mod-
erate asthma in which the airway had not been signif-
icantly remodeled and the disease process remained
reversible even in smokers. The present study has
some limitations. The study manner was case-control
design only in patients with mild-to-moderate asthma,
and only budesonide inhalation was used for the treat-
ment, which means that the ICS particle difference
effect and patient severities were not considered.*?

CONCLUSION

Our study indicated that smokers with asthma expe-
rienced not only eosinophilic but also neutrophilic in-
flammation. ICS therapy seemed to be less effective for
improving the respiratory function in smokers than in
nonsmokers because it suppressed eosinophilic inflam-
mation but not neutrophilic inflammation. Thus, our
study demonstrated that smoking reduced the efficacy
of ICS and that it is important to stop smoking to
prevent the progression of asthma symptoms and air-
way remodeling.
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