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A B S T R A C T

Background: Recent evidence suggests that acetylcholine acting through muscarinic receptors may play an
inhibitory role in themechanisms that drive the structural changes in the airways called airway remodeling.
The novel anticholinergic drug tiotropium bromide, which selectively antagonizes muscarinic receptors,
especially theM3 subtype, and is long acting, could be beneficial in attenuating airway remodeling in chronic
asthma.
Objective: To investigate the effect of tiotropium bromide on parameters of airway remodeling, including
smooth muscle hypertrophy and peribronchial thickening, in a mouse model of chronic asthma.
Methods: To develop the murine models of acute and chronic asthma, BALB/c mice were sensitized and
challenged to ovalbumin for 1 and 3months, respectively. The effect of tiotropium bromide (0.1mM in 50 �L
of phosphate-buffered saline) on pulmonary inflammation and remodelingwas evaluated. The expression of
muscarinic receptors M2 and M3 was analyzed.
Results: In the chronic asthma model, the tiotropium-treated group significantly decreased smooth muscle
thickening and peribronchial collagen deposition. As for pulmonary inflammation, the chronic asthmamodel
had a reduction of inflammatory cells and TH2 cytokines by tiotropiumbromide, but the effects in the asthma
acute model were reversed. In the chronic asthma model, expression of the M3 receptor was inhibited and
that of the M2 receptor was elevated by the administration of tiotropium bromide.
Conclusion: This study suggests that tiotropium bromide might have an inhibitory effect on airway remod-
eling in a murine model of chronic asthma. Differential effects on muscarinic receptor subtypes may explain
why tiotropium bromide has different effects on acute and chronic asthma.
� 2012 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.
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Introduction

Acetylcholine is the primary parasympathetic neurotransmitter
in the airways, and its role in the respiratory system is related to
airway smoothmuscle contraction andmucous secretions.1 Acetyl-
choline is also produced by nonneuronal cells, mainly airway in-
flammatory cells, and modulates their behavior. This is termed the
nonneuronal cholinergic system.2 The receptors for acetylcholine are
classified into muscarinic and nicotinic receptors, and the respira-
tory effects are mediated by muscarinic receptors. Muscarinic re-
ceptors exist as subtypes 1 through 5, and theM3 subtype is known
to be the most important effector in obstructive airway diseases,
such as asthma and chronic obstructive pulmonary disease
(COPD),3 because expression of this subtype occurs mostly in
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mooth muscle cells and submucosal glands. It is thought that
arasympathetic activity is increased in these chronic airway dis-
ases,1 and, particularly in COPD, exaggerated vagal tone appears to
e the only reversible component of airflow limitation.4 In asthma,
holinergic activity is thought to be increased by (1) altered affer-
nt stimulation by inflammation,5 (2) aberrantmuscarinic receptor
xpression, (3) increased release of acetylcholine from cholinergic
erve endings, and (4) decreased levels of neuromodulators that
ttenuate cholinergic neurotransmission.5–9

Tiotropium bromide is a long-acting anticholinergic that has
haracteristics distinct from other anticholinergics, including its
elative functional selectivity and higher affinity for particular
uscarinic receptor subtypes,3 which results in slow dissociation

rom theM3 receptor and fast dissociation from theM2 autoinhibi-
ory receptor. Clinical studies in COPD show that tiotropium bro-
ide reduces rates of acute exacerbation, improves symptoms, and
lows the progressive decline in pulmonary function.10,11 The last
bservation implies that the cholinergic system is associated with
ong-termstructural changes inCOPD.However, in asthma, the role
f anticholinergics, especially tiotropium bromide, on airway re-

odeling remains to be elucidated.

munology. Published by Elsevier Inc. All rights reserved.
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The objective of the present study was to investigate whether
tiotropium bromide has an effect not only on pulmonary inflam-
mation but also on airway remodeling in amurinemodel of chronic
asthma. To further explore the underlying mechanisms, we com-
pared the effect of tiotropium bromide in mouse models of acute
and chronic asthma and assessed the expression of M2 and M3
subtype of muscarinic receptors in both models.

Materials and Methods

Sensitization and antigen challenge protocol

Female BALB/cmice (TheDae-Han Experimental Animal Center,
Daejon, Korea), 8 to 10 weeks of age, were used in the experiments
and divided into 3 groups (n � 8 per group): control, ovalbumin,
and ovalbumin with tiotropium bromide (Boehringer Ingelheim,
Ingelheim, Germany) treatment. We processed the experiments in
2 steps to give themodels of acute and chronic asthma. In the acute
asthma model, the mice were immunized on days 0 and 7 by
subcutaneous injection of 25 �g of ovalbumin (grade V; Sigma-
Aldrich, St Louis, Missouri), which was adsorbed to 1 mg of alumi-
num hydroxide (Aldrich, Milwaukee, Wisconsin), in 200 �L of nor-
mal saline. Intranasal ovalbumin challenges (20 ng/50 �L in
phosphate-buffered saline [PBS]) were administered on days 21,
23, 25, and 27 with the mice under isoflurane (Vedco, St. Joseph,
Missouri) anesthesia. In the chronic asthma model, the mice were
immunized once a week for 1 month, and then intranasal OVA
challengeswere performed starting on day 31 and repeated twice a
week for 3 months, based on a previously reported protocol of
inducing chronic asthma.12–14 Mice were killed 24 hours after the
final ovalbumin challenge. Bronchoalveolar lavage (BAL) fluid and
lung tissues were analyzed. All animal experimental protocols
were approved by the Animal Subjects Committees of the Catholic
University of Korea.

Administration of tiotropium bromide

Tiotropium bromide was generously donated by Boehrinhger
Ingelheim Co Ltd. In the acute asthma model, on days 21 to 27,
0.1mM tiotropium bromide in 50 �L of PBS was administered via
the intranasal route 0.5 hour before the ovalbumin challenge with
saline or ovalbumin. In the chronic asthma model, from day 38,
tiotropium bromide was administered twice a week for 3 months
by the same manner used in the acute asthma model. Control and
ovalbumin mice were treated in the same way with PBS.

Bronchoalveolar lavage

Mice were subjected to thoracotomy under anesthesia induced
by intraperitoneal injection of ketamine and lidocaine. The trachea
was exposed and cannulated with silicone tubing attached to a
23-gauge needle on an 800-�L tuberculin syringe. The left main
bronchus was tied, and after instillation of 1.2 mL of sterile PBS
through the trachea into the right lung, the BAL fluid was with-
drawn. Recovered BAL fluidswere cytospun (7minutes at 353 xg at
4=C), and the supernatants were stored at �70=C. The total cell
counts in the BAL fluids were counted using a hemocytometer.
After adjusting the cell number to 1�106/mL, 50-�L aliquots of BAL
fluid were centrifuged for 5 minutes at 43 xg onto microscope
slides and stained with Diff-Quick (Sysmax, Kobe, Japan). The per-
centages of macrophages, eosinophils, lymphocytes, and neutro-
phils in the BAL fluids were obtained by counting 500 leukocytes in
randomly selected fields of the slide under a light microscope.

Enzyme-linked immunosorbent assay

The levels of interleukin (IL) 4, IL-5, and IL-13 in the superna-

tants of BAL fluids were measured by enzyme-linked immunosor- c
ent assay (R&D Systems, Minneapolis, Minnesota, and BioSource
nternational, Camarillo, California). The samples were assayed ac-
ording to the manufacturers’ recommendations.

mmunohistochemistry

Sections (4 �m thick) cut from lung tissues embedded in paraf-
n blockswere deparaffinizedwith xylene andhydrated in ethanol.
he presence of �-smooth muscle actin and collagens I and III was
onfirmed by immunohistochemistry. For immunohistochemical
etection of �-smooth muscle actin, the lung sections were incu-
ated overnight at 4�C with either a primary monoclonal antibody
irected against �-smooth muscle actin (Sigma-Aldrich) or normal
ouse serumas anegative control. Immunoreactivitywasdetected
y sequential incubations of the lung sections with a biotinylated
econdary antibody followed by incubation with peroxidase re-
gent and 3-amino-9-ethylcarbazole chromogen. Similar methods
ere used for the immunohistochemical detection of collagens I
nd III. The primary monoclonal antibodies against mouse colla-
ens I and III were obtained from Sigma-Aldrich.

ssay for hydroxyproline

Measurements of total collagen content in the peripheral por-
ions of the lung were based on estimations of hydroxyproline
ontent. A saline solution (1.5 mL) was added to approximately 30
g of tissue sample collected from the peripheral part of the left

ower lobe, then the sample was homogenized on ice and the
ydroxyproline content was measured by the spectrophotometri-
al method.

easurement of smooth muscle area

The immunostained area corresponding to �-smooth muscle
ctin in each paraffin-embedded lung was outlined and quantified
sing a light microscope attached to an image analysis system
BX50; Olympus, Tokyo, Japan). The results are expressed as the
rea of immunostaining per micrometer length of basement mem-
rane of the bronchioles (internal diameter, 150–200 �m). At least
0 bronchioles were counted in each slide.

estern blot of M2 and M3 muscarinic receptors

Protein samples from lung tissue were quantified using the
radford assay with bovine serum albumin as standard and elec-
rophoresed on 12% sodium dodecyl sulfate–polyacrylamide gels.
he samples were transferred to nitrocellulosemembrane through
transfer system (X cell II Module). Membranes were blockedwith
% milk in Tris-buffered saline containing 0.05% Tween 20 for 1
our at 25�C and then incubated with the primary antibodies,
olyclonal rabbit anti-mAChR M2 and mAChR M3 (Santa Cruz Bio-
echnology, Santa Cruz, California), in 5% milk in Tris-buffered
aline containing 0.05% Tween 20 buffer overnight at 4�C, followed
y treatment with secondary anti-rabbit antibodies for 1 hour at
5�C. The proteins were detected by the enhanced chemilumines-
ence system by exposure to x-ray film (PRO-MG; DaeSung Com-
any, Seoul, Korea).

tatistical analysis

The results for each groupwere compared by the nonparametric
ruskal-Wallis test, followed by the post hoc Dunn multiple com-
arison. All results are presented as mean � standard error of the
ean. P � .05 was considered statistically significant.

esults

ffects of tiotropium bromide on airway inflammation and cytokine
evels in BAL Fluids in acute and chronic asthma models

To investigate the airway inflammation, we analyzed cell

ounts and concentrations of TH2 cytokines in the BAL fluids. In
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the acute model of asthma, the numbers of total cells, macro-
phages, and eosinophils in the BAL fluids were significantly
increased in the tiotropium treatment group compared with the
ovalbumin group (Fig 1A). In contrast, in the chronic asthma
model, the tiotropium group had significantly lower counts in total
cells, macrophages, eosinophils, and lymphocytes compared with
the ovalbumin group (Fig 1B). For the cytokine profiles, in the acute

Fig. 1. Effects of tiotropium bromide on total and differential cell counts in broncho
mean � SEM (n � 8 per group). *P � .05 and **P � .01 compared with the ovalbum
Fig. 2. Effects of tiotropium bromide on the levels of TH2 cytokines (interleukins 4, 5, and
Values are given as mean � SEM (n � 8 per group). *P � .05 compared with the ovalbumi
sthma model, the tiotropium group showed increased levels of
L-4, IL-5, and IL-13 compared with the ovalbumin group (Fig 2A).
n the chronic asthmamodel, the concentration of IL-5 in BAL fluids
as markedly lower after the administration of tiotropium bro-
ide, whereas the concentrations of IL-4 and IL-13 showed a trend

oward a decrease in the tiotropium group compared with the
valbumin group (Fig 2B).

lar lavage fluids in acute (A) and chronic (B) models of asthma. Values are given as
p.
13) in bronchoalveolar lavage fluid in acute (A) and chronic (B)models of asthma.
n group.
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Effects of tiotropium bromide on airway remodeling in the chronic
asthma model

We analyzed peribronchial fibrosis and smooth muscle hyper-
trophy, which are important structural changes involved in airway
remodeling in asthma, in the lung tissues. Peribronchial fibrosis
was verified by immunohistochemical staining for collagens I and
III and quantified by hydroxyproline assay (Fig 3). The mice in the
tiotropium group had a significantly smaller area of collagens I and
III expression than those in the ovalbumin group. The hydroxypro-
line content yielded a trend toward a decrease in the tiotropium
group compared with the ovalbumin group. For smooth muscle
hyperplasia, the area immunostained for peribronchial �-smooth
muscle actin inmice repeatedly challengedwith ovalbumin during
3monthswas significantly greater than in controlmice. The admin-
istration of tiotropium bromide showed a significantly reduced
area of �-smoothmuscle actin immunostaining comparedwith the
corresponding area in the ovalbumin group (Fig 4).

Effect of tiotropium bromide on expression of muscarinic receptors in
the acute and chronic asthma models

In the acute model of asthma, the M3 subtype of muscarinic
receptors was more highly expressed in the ovalbumin group than
in the control group, and the tiotropiumgroup had a level similar to
the ovalbumin group. However, in the chronic asthma model, al-
though the ovalbumin group had a higher expression of M3 recep-
tor than the control group, the treatment with tiotropium bromide
significantly reduced the expression of theM3 receptor (Fig 5A). As
for the M2 receptor, the ovalbumin group had a lower expression
than the control group in the acute and chronic models of asthma,
and the change was seen remarkably in the chronic asthmamodel.
In addition, the administration of tiotropium bromide for 3months
demonstrated a significantly higher expression of the M2 receptor
than in the ovalbumin group (Fig 5B).
Fig. 3. Effect of tiotropium bromide on collagen expression in the lung in the chronic asth
I (A) and III (B) (original magnification �200) and hydroxyproline levels in the lung tissue
iscussion

The current study demonstrates that tiotropium bromide treat-
ent for 3 months in a mouse model of chronic asthma has a
rotective effect against parameters of airway remodeling, includ-
ng peribronchial fibrosis and smoothmuscle thickening, by differ-
ntial regulation of expression of theM2 andM3muscarinic recep-
ors. Regarding airway inflammation, tiotropium bromide has
ifferent effects in acute and chronic asthma, suggesting that
iotropium bromide might not have a beneficial role in acute
sthma.
Asthma is a chronic inflammatory disease characterized by re-

ersible bronchoconstriction, hyperresponsiveness, and airway re-
odeling. These structural changes in the airways have character-

stic histologic features, including epithelial denudation, goblet cell
etaplasia, subepithelial fibrosis, smoothmuscle hypertrophy and
yperplasia, increased angiogenesis, and alterations to extracellu-
armatrix components.15 From a clinical viewpoint, airway remod-
linghas important implications because the changes in asthmaare
onsidered to be linked to persistent increases in airway respon-
iveness, variable or fixed airflow limitation, and possibly declines
n pulmonary function.16 In this study, administration of tiotro-
ium bromide significantly reduced peribronchial fibrosis, as as-
essed bymeasuring the hydroxyproline content of lung tissue and
mmunohistochemical staining for collagen I and III deposits. In
ddition, in the chronic asthma model, the tiotropium bromide–
reated mice had decreased thickness of the smooth muscle layer
ompared with the ovalbumin-challenged mice. These findings
erify antiremodeling effects in chronic asthma of this long-acting
uscarinic receptor antagonist, consistent with the results of sev-
ral animal studies.17–19 Some clinical trials20,21 havedemonstrated
hat adding tiotropium bromide to conventional treatment is help-
ul for severe or uncontrolled asthma, an effect that could be related
o airway remodeling. Bos et el18 investigated the effect of tiotro-
ium on airway remodeling and compared it with budesonide,
hich is a standardmedicine in asthmamanagement. They showed
mamodel. Representative photomicrographs of lung sections stained for collagen
s (C). Values are given as mean � SEM (n � 8 per group).
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similar effects between the 2 drugs on inhibiting several aspects of
airway remodeling.

In the present study, we observed that in the chronic asthma
model, tiotropium bromide treatment reduced inflammatory cells
and TH2 cytokines. However, in an acute asthmamodel, the admin-
istration of tiotropium resulted in significantly higher levels of
pulmonary inflammatory cells and TH2 cytokines compared with
the ovalbumin group. This result is in contrast to that of Ohta et al,19

who found that in a mouse model of asthma, tiotropium bromide
inhibited TH2 cytokine production and airway inflammation in the
acute and chronic asthmamodels. This contradictory findingmight
be associated with different protocols used in the studies. In the
current study, 2 different schedules were used to make acute and
chronic asthma model, unlike with that in the study by Ohta et al.
The rationale we applied to the different protocol is to make more
representative and effective models of asthma. Indeed, using the 2
protocols induced the characteristic features of chronic human
asthma in a chronic model and the verification of the effect of
tiotropium bromide in an acute asthma model. However, we did
not conduct an underlyingmechanism of an aggravation of inflam-
matory cells and cytokines in an acute asthma model. Therefore,
the definite function of acetylcholine in pulmonary inflammation
in asthma remains to be resolved,2 and further investigation is
needed in the future. However, it seems clear that acetylcholine
may have unexpected effects on inflammation in asthma.

Some in vitro studies22–24 demonstrated that M2 and M3 mus-
carinic receptors mediate mitogenesis of fibroblasts or myofibro-
blasts and airway smooth muscle cells, respectively, both of which
are essential cell types for the induction of structural changes in the
asthmatic airway. Thus, it might be expected that the long-acting
muscarinic antagonist tiotropium bromide modulates airway re-

Fig. 4. Effect of tiotropium bromide on airway smooth muscle area in the chronic
sections (original magnification �200) and smooth muscle areas of immunostainin
image analyzer. Values are given as mean � SEM (n � 8 per group). *P � .05 compa
modeling via antiproliferative effects. To explore the underlying m
echanism of the antiremodeling effect of tiotropium bromide in
hronic asthma, we measured for the first time, to our knowledge,
n an animal study the expression of the pivotal M2 and M3 mus-
arinic receptors in the lung tissue. Intriguingly, whereas in acute
sthma the expression of both receptors was similar in the ovalbu-
in group and the tiotropium group, in chronic asthma, adminis-

ration of tiotropium bromide decreased the expression of the M3
eceptor and increased that of the M2 receptor compared with the
valbumin group. This finding suggests that tiotropium bromide
ot only binds to themuscarinic receptors but alsomodulates their
xpression. We speculate that this different regulation of musca-
inic receptors might induce an improvement in airway remodel-
ng in chronic asthma. In addition, the difference in the expression
f the receptors, depending on the phase of asthma, suggests that
n extended duration of treatment with tiotropium bromide is
equired for a beneficial effect.

Recently, Graingae et al25 reported in a study of 48 asthmatic
atients that bronchoconstriction alone, in the absence of inflam-
ation, could induce airway remodeling. They showed that subep-

thelial collagen deposition and mucous gland hyperplasia were
ncreased to a similar degree in the allergen- and methacholine-
reated groups compared with the control group. However, aggra-
ated eosinophilic infiltration was observed only in the allergen
roup. In clinical studies of severe asthma,5,20,21 treatment with
iotropium bromide produced an improvement of lung function.
he current study also revealed that enhanced pause (Penh) value
n response to methacholine was significantly lower in the tiotro-
ium group compared with the ovalbumin group in the acute and
hronic models of asthma (data not shown). In this context, the
ntiremodeling effect of tiotropium bromide in chronic asthma

a model. Representative photomicrographs of smooth muscle area–stained lung
icrometer length of basement membrane of the bronchioles, as assessed using an

ith the ovalbumin group.
asthm
g per m
ight be related to continuous inhibition of bronchoconstriction
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because in the acute asthma model tiotropium treatment did not
attenuate pulmonary inflammation.

In conclusion, this study provides evidence that tiotropium bro-
mide, a long-acting muscarinic receptor antagonist, ameliorates
airway remodeling in chronic asthma. Considering that it is fre-
quently difficult to control asthma if structural alterations in the
airway occur, this result suggests that tiotropiumbromide could be
an additional effective option for treatment not only to relieve
bronchoconstriction in the present but also to prevent airway re-
modeling in the future.
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