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Interleukin-13 (IL-13) is one of the central mediators for develop-
ment of airway hyperresponsiveness in asthma. The signal trans-
ducer and activation of transcription 6 (STAT6) is one of the major
signal transducers activated by IL-13, and a possible involvement of
IL-13/STAT6 pathway in the augmented bronchial smooth muscle
(BSM) contraction has been suggested. In the present study, the
effect of a novel STAT6 inhibitor, AS1517499, on the development of
antigen-induced BSM hyperresponsiveness was investigated. In
cultured human BSM cells, IL-13 (100 ng/ml) caused a phosphoryla-
tion of STAT6 and an up-regulation of RhoA, a monomeric GTPase
responsible for Ca21 sensitization of smooth muscle contraction:
both events were inhibited by co-incubation with AS1517499
(100 nM). In BALB/c mice that were actively sensitized and re-
peatedly challenged with ovalbumin antigen, an increased IL-13
level in bronchoalveolar lavage fluids and a phosphorylation of
STAT6 in bronchial tissues were observed after the last antigen
challenge. These mice had an augmented BSM contractility to
acetylcholine together with an up-regulation of RhoA in bronchial
tissues. Intraperitoneal injections of AS1517499 (10 mg/kg) 1 hour
beforeeachovalbuminexposure inhibitedboththeantigen-induced
up-regulation of RhoA and BSM hyperresponsiveness, almost com-
pletely. A partial but significant inhibition of antigen-induced pro-
duction of IL-13 was also found. These findings suggest that the
inhibitory effects of STAT6 inhibitory agents, such as AS1517499,
both on RhoA and IL-13 up-regulations might be useful for asthma
treatment.

Keywords: airway hyperresponsiveness; bronchial smooth muscle;

RhoA; STAT6; AS1517499

Increased airway narrowing in response to nonspecific stimuli is
a characteristic feature of human obstructive diseases, including
bronchial asthma. This abnormality is an important sign of
the disease, although the pathophysiologic variations leading to
the hyperresponsiveness are unclear now. Several mechanisms
have been suggested to explain the airway hyperresponsiveness
(AHR), such as alterations in the neural control of airway smooth
muscle (1), increased mucosal secretions (2), and mechanical
factors related to remodeling of the airways (3). In addition, it has
also been suggested that one of the factors that contribute to the
exaggerated airway narrowing in individuals with asthma is an
abnormality of the properties of airway smooth muscle (4, 5).
Rapid relief from airway limitation in patients with asthma by
b-stimulant inhalation may also suggest an involvement of aug-
mented airway smooth muscle contraction in the airway obstruc-
tion. Thus, it may be important for development of asthma
therapy to understand changes in the contractile signaling of
airway smooth muscle cells associated with the disease.

Recently, an importance of RhoA, a monomeric GTP-binding
protein, and its downstream Rho-kinases have been demon-
strated in the contraction of smooth muscles, including human
bronchial smooth muscle (BSM) (6). The RhoA/Rho-kinase
pathway is involved in the agonist-induced Ca21 sensitization of
contraction in various types of smooth muscles. When the
pathway was activated by contractile agonists, the activity of
myosin light chain (MLC) phosphatase reduces and the level of
phosphorylated MLC then increases, resulting in an augmenta-
tion of smooth muscle contraction. Interestingly, the RhoA-
mediated Ca21 sensitization of BSM contraction is augmented
in experimental asthma models of rats (7) and mice (8). An up-
regulation of RhoA has also been demonstrated in BSMs of these
animal models of allergic bronchial asthma (7–9). It is thus
possible that the RhoA/Rho-kinase signaling might be aug-
mented in BSMs of patients with allergic bronchial asthma. The
RhoA/Rho-kinase pathway has now been proposed as a novel
target for the treatment of AHR in asthma (10).

To date, there is increasing evidence that interleukin-13 (IL-
13), one of the T-helper 2 (Th2) cytokines, is a central mediator
of the induction of AHR (11–19). An increased expression of
IL-13 has been demonstrated in airways of patients with symp-
tomatic asthma (20, 21). In addition, overexpression of IL-13 in
the airway epithelial cells of mouse using the Clara cell 10-kD
protein gene promoter causes AHR to aerosolized methacho-
line (22). Intratracheal instillation of recombinant IL-13 to
naive mice also evokes AHR to inhaled methacholine (23)
and intravenously administered acetylcholine (ACh) (11). In-
terestingly, intranasal administration of recombinant IL-13 to
the histamine H1 receptor gene-deleted mouse, which fails to
develop allergen-induced AHR, also induces AHR (24). In
addition, the neutralization of IL-13 by systemic administration
of a soluble IL-13Ra2-IgG-Fc fusion protein (11, 12) or of an
antibody against IL-13 (17–19) inhibits allergen-induced AHR
in sensitized mice. Mice in which targeted deletion of IL-13 was
performed fail to develop allergen-induced AHR, but AHR is
restored by the intranasal administration of recombinant IL-13
(13). Although several previous studies suggested that IL-13 has
direct effects on BSM contractility (19, 25, 26), its mechanism of
action is not fully understood.

Although the exact transcriptional regulation of RhoA
expression is unknown now, the upstream genomic sequence
of its gene contains several putative binding sites for signal
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transducers and activations of transcriptions (STATs), suggest-
ing that the increased expression of RhoA in BSM of the AHR
animals (7–9) may be regulated by an activation of STAT6, one
of the major signal transducers activated by IL-13 (16, 27–30).
The reports that the development of antigen-induced AHR was
inhibited by STAT6 gene knockout (31–33) and a STAT6
inhibitory peptide (34) may also support the hypothesis. In
addition, our previous study revealed that IL-13 could induce
both STAT6 activation and RhoA up-regulation in cultured
human BSM cells, and that the latter event was inhibited by
a STAT6 inhibitor, leflunomide (26). However, leflunomide is
known to have nonspecific effects other than the inhibition of
STAT6 (see, e.g., Refs. 35 and 36). Recently, Nagashima and
colleagues (37) synthesized a potent selective STAT6 inhibitor,
4-(benzylamino)-2-f[2-(3-chloro-4-hydroxyphenyl)ethyl]aminog
pyrimidine-5-carboxamide (AS1517499). So in the present study,
to determine the effectiveness of an inhibition of STAT6 for the
treatment of AHR, the effects of selective inhibition of STAT6
by AS1517499 on the up-regulation of RhoA and the BSM
hyperresponsiveness induced by allergen challenge were inves-
tigated using a murine model of allergic bronchial asthma.

MATERIALS AND METHODS

Cell Culture and Sample Collection

Normal human BSM cells (hBSMCs; Cambrex Bio Science Walkers-
ville, Inc., Walkersville, MD) were maintained in SmBM medium
(Cambrex) supplemented with 5% fetal bovine serum, 0.5 ng/ml
human epidermal growth factor (hEGF), 5 mg/ml insulin, 2 ng/ml
human fibroblast growth factor-basic (hFGF-b), 50 mg/ml gentamicin,
and 50 ng/ml amphotericin B. Cells were maintained at 378C in a
humidified atmosphere (5% CO2), fed every 48 to 72 hours, and
passaged when cells reached 90 to 95% confluence. Then the hBSMCs
(passages 7–9) were seeded in 6-well plates (Becton Dickinson Lab-
ware, Franklin Lakes, NJ) and 8-well chamber slides (Nalge Nunc
International, Naperville, IL) at a density of 3,500 cells/cm2 and, when
80 to 85% confluence was observed, cells were cultured without serum
for 24 hours before addition of recombinant human IL-13 (PeproTech
EC, Ltd., London, UK). AS1517499 (100 nM; kindly provided from
Astellas Pharma Inc., Tokyo, Japan) or its vehicle (0.3% DMSO) was
treated 30 minutes before the addition of IL-13 (100 ng/ml). In some
experiments, AS1517499 was treated 0 (co-incubation), 3, or 12 hours
after the addition of IL-13. In another series of experiments, a selective
Rho-kinase inhibitor Y-27632 (1 mM; Wako Pure Chemical Industries,
Ltd., Osaka, Japan) or its vehicle (0.3% DMSO) was also applied
15 minutes before the IL-13 application. At the indicated time after the
IL-13 treatment, cells were washed with PBS, immediately collected,
and disrupted with 13 SDS sample buffer (250 ml/well), and used for
Western blot analyses.

RNA Interference

The synthetic siRNA duplex targeting the human STAT6 gene was
purchased from Applied Biosystems/Ambion (Foster City, CA; siRNA
ID: s13541). The Cy3-labeled negative control siRNA was also pur-
chased from Applied Biosystems/Ambion (catalog numberAM4621).
The hBSMCs (30–40% confluent) were transfected with 100 pmol of
siRNA duplex in 6-well plates using the Lipofectamine 2000 transfection
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Forty-eight hours after the transfection, IL-13 was applied
to the cells under the starved condition as described above. Twenty-four
hours after the IL-13 application (i.e., 72 h after the transfection), protein
expressions were assessed by Western blottings.

Immunocytochemistry

The hBSMCs cultured on the 8-well chamber slides were subjected to
immunocytochemistry. In brief, cells were fixed with 10% formalde-
hyde in PBS (10 min) and permeabilized by incubation with 0.5%
Triton X-100 in PBS for 10 minutes. Endogenous peroxidase activity
was blocked by incubation with 0.3% H2O2 in 100% methanol for

10 minutes. After blocking with 5% skim milk in PBS for 1 hour, the
cells were incubated with anti-STAT6 or anti–phospho-STAT6 anti-
body (1:100 dilution in 1% skim milk-PBS, respectively) for 1 hour.
After washing with PBS, the cells were incubated with anti-rabbit IgG
(Vector Laboratories, Inc., Burlingame, CA) for 1 hour. Detection was
performed by using an ABC reagent (Vector Laboratories) with 3,3-
diaminobenzidine (DAB) (Sigma FAST; Sigma, St. Louis, MO)
according to the manufacturers’ instructions. Counterstaining was also
performed by hematoxylin (Vector Laboratories) before examination
by light microscopy.

Animals and Treatments

Male BALB/c mice were purchased from the Charles River Japan, Inc.
(Kanagawa, Japan) and housed in a pathogen-free facility. All animal
experiments were approved by the Animal Care Committee of the
Hoshi University (Tokyo, Japan).

Preparation of a murine model of allergic bronchial asthma, which has
an in vivo AHR (38), was performed as described previously (8). In brief,
BALB/c mice (8 wk of age) were actively sensitized by intraperitoneal
injections of 8 mg ovalbumin (OVA; Seikagaku Co., Tokyo, Japan) with 2
mg Imject Alum (Pierce Biotechnology, Inc., Rockfold, IL) on Day 0 and
Day 5. The sensitized mice were challenged with aerosolized OVA-
saline solution (5 mg/ml) for 30 minutes on Days 12, 16, and 20. A control
group of mice received the same immunization procedure but inhaled
saline aerosol instead of OVA challenge. The aerosol was generated with
an ultrasonic nebulizer (Nihon Kohden, Tokyo, Japan) and introduced to
a Plexiglas chamber box (130 3 200 mm, 100 mm height) in which the
mice were placed. Animals also received intraperitoneal injection with
AS1517499 (1 or 10 mg/kg/d; dissolved in 20% DMSO in saline) or its
vehicle 1 hour before each antigen inhalation (Days 12, 16, and 20).
Twenty-four hours after the last OVA challenge, mice were killed by
exsanguination from abdominal aorta under urethane (1.6 g/kg, in-
traperitoneally; Sigma) anesthesia.

Analyses of Bronchoalveolar Lavage Fluids

After the exsanguinations, the chest of each animal was opened and
a 20-gauge blunt needle was tied into the proximal trachea. Bron-
choalveolar lavage (BAL) fluid was obtained by intratracheal instilla-
tion of 1 ml/animal of phosphate-buffered saline (PBS; pH 7.5, room
temperature) into the lung while it was kept located within the thoracic
cavity. The lavage was reinfused into the lung twice before final
collection. BAL cells were isolated by centrifugation at 500 3 g. The
resultant pellet was resuspended in 500 ml of 10% formaldehyde and
incubated for 10 minutes. Then the cells were washed by PBS and
resuspended in 500 ml of PBS. An aliquot of BAL cell suspension was
used for cell counts with a hemocytometer. The resultant supernatants
of the lavage fluids were subjected to cytokine analysis. The levels of
IL-13 were measured by an IL-13 ELISA system (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions.

Determination of BSM Responsiveness

Mice were killed by exsanguination from abdominal aorta under
urethane (1.6 g/kg, intraperitoneally) anesthesia and the airway tissues
under the larynx to lungs were immediately removed. About 3 mm
length of the left main bronchus (z 0.5 mm diameter) was isolated and
the epithelium was removed by gently rubbing with sharp tweezers (7,
8). The resultant tissue ring preparation was then suspended in a 5-ml
organ bath by two stainless-steel wires (0.2 mm diameter) passed
through the lumen. For all tissues, one end was fixed to the bottom of
the organ bath while the other was connected to a force-displacement
transducer (TB-612T; Nihon Kohden) for the measurement of iso-
metric force. A resting tension of 0.5 g was applied. The buffer solution
contained modified Krebs-Henseleit solution with the following com-
position (in mM): NaCl 118.0, KCl 4.7, CaCl2 2.5, MgSO4 1.2, NaHCO3

25.0, KH2PO4 1.2, and glucose 10.0. The buffer solution was main-
tained at 378C and oxygenated with 95% O2–5% CO2. After the
equilibration period, the concentration–response curve to ACh (1027–
1023 M in final concentration) was constructed cumulatively. A higher
concentration of ACh was successively added after attainment of
a plateau response to the previous concentration. In another series of
experiment, isotonic K1 solution (10–90 mM in final concentration)
was cumulatively administered in the presence of atropine and in-
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domethacin (both 1026 M) to determine the BSM responsiveness to
high K1-depolarization.

Protein Samples of Bronchial Tissues

The airway tissues below the main bronchi to lungs were removed and
immediately soaked in ice-cold, oxygenated Krebs-Henseleit solution.
The airways were carefully cleaned of adhering connective tissues and
blood vessels under a stereomicroscopy, and the resultant tissues
containing lungs and the main bronchi were used as the ‘‘whole lung’’
samples. In some experiments, only the main bronchi were isolated and
the epithelium was removed as much as possible by gently rubbing
with sharp tweezers (8), and the resultant tissues were used as the
‘‘bronchial tissue’’ samples. Then each whole lung and bronchial tissue
were quickly frozen with liquid nitrogen, and the tissue was crushed
to powders by using a mortar (39). The tissue powder was homoge-
nized in ice-cold tris(hydroxymethyl)aminomethane (Tris, 10 mM; pH
7.5) buffer containing 5 mM MgCl2, 2 mM EGTA, 250 mM sucrose,
1 mM dithiothreitol, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride,
20 mg/ml leupeptin, 20 mg/ml aprotinin, 1% Triton X-100, and 1%
sodium cholate. The tissue homogenate was then centrifuged (3,000 3 g,
48C for 15 min) and the resultant supernatant was stored at –858C until
use.

Western Blot Analyses

Protein samples were subjected to 15% (for RhoA) or 7.5% SDS-
PAGE (for the others) and the proteins were then electrophoretically
transferred to a PVDF membrane. After blocking with 3% skim milk
(for RhoA) or 1% BlockAce (Dainippon Sumitomo Pharma Co., Ltd.,
Osaka, Japan; for the others), the PVDF membrane was incubated
with the primary antibody. The primary antibodies used in the present
study were polyclonal rabbit anti-RhoA (1:2,500 dilution; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), anti-STAT6 (1:1,000 dilution;
Santa Cruz Biotechnology), and anti–phospho-STAT6 (1:1,000 dilution;
Santa Cruz Biotechnology) antibodies. Then the membrane was in-
cubated with horseradish peroxidase (HRP)-conjugated donkey anti-
rabbit IgG (1:2,500 dilution; Amersham Biosciences, Co., Piscataway,
NJ), detected by an enhanced chemiluminescent system (Amersham
Biosciences) and analyzed by a densitometry system. Detection of
housekeeping gene was also performed on the same membrane by using
monoclonal mouse anti-GAPDH (1:10,000 dilution; Chemicon Interna-
tional, Inc., Temecula, CA) and HRP-conjugated sheep anti-mouse IgG
(1:2,500 dilution; Amersham Biosciences) to confirm the same amount
of proteins loaded.

Quantitation of IgE Levels in Serum

Serum was obtained from the blood sample by centrifugation at 3,000 3 g
for 10 minutes at 48C. Total IgE in serum was measured by an ELISA
system (Bethyl Laboratories, Inc., Montgomery, TX) according to the
manufacturer’s instructions. OVA-specific IgE in the serum was
measured by the ELISA system with modification. Briefly, 96-well
microtitre plates (Nunc, Roskilde, Denmark) were coated with 100 ml/
well of 100 mg/ml OVA (Sigma) in 0.05 M bicarbonate buffer (pH 9.6)
and incubated for 1 hour at 48C. After washing with 0.5% Tween 20/
Tris-buffered saline (TBS, pH 8.0) and blocking with 1% bovine serum
albumin (BSA)/TBS, samples (five time diluted, 100 ml/well) were
added to the wells and incubated for 1 hour at room temperature.
Subsequently, plates were washed and 1:20,000 diluted HRP-conjugated
goat anti-mouse IgE (100 ml/well; Bethyl Laboratories) was added and
incubated for 1 hour. After a further wash, all plates were developed
with tetramethylbenzidine substrate solution (100 ml/well; Bethyl Lab-
oratories), stopped with 1 N H2SO4 and read at 450 nm using a Bio-
Rad microplate reader (Bio-Rad, Munich, Germany). For lack of
standard OVA-specific murine IgE, the OVA-specific IgE level in each
group was expressed as the O.D.450 ratio to the nonsensitized normal
animals.

Statistical Analyses

All the data were expressed as the mean with SE. Statistical signifi-
cance of difference was determined by unpaired Student’s t test or two-
way ANOVA with post hoc Bonferroni/Dunn (StatView for Macintosh
ver. 5.0; SAS Institute, Inc., NC). A value of P , 0.05 was considered
significant.

RESULTS

STAT6 Activation and RhoA Up-Regulation by IL-13

in hBSMCs

To investigate the direct effects of IL-13 on BSM cells, cultured
hBSMCs were treated with recombinant human IL-13 under the
serum-free condition as described in MATERIALS AND METHODS.
Our previous study revealed that both IL-13 receptor a1
(IL13Ra1) and IL-4 receptor a (IL4Ra) were expressed in
the cultured hBSMC (26). STAT6, a major signal transducer
activated by IL-13 (27–30), was also detected (26), indicating
that, as reported in human tracheal smooth muscle cells (25),
IL-13 is capable of activating signal transduction in BSM cells
directly. To confirm the activation of STAT6 by IL-13, tyrosine
phosphorylation of STAT6 in the IL-13–stimulated BSM cells
was determined by immunoblotting with specific antibody
against 641-phosphotyrosine-STAT6. As shown in Figure 1A,
the protein expression of STAT6 was detected in the cultured
hBSMCs. Although the expression level of total STAT6 protein
was not affected by the IL-13 treatment, a distinct phosphory-
lation of STAT6 was observed when the cells were treated with
IL-13 for 1 hour. The phosphorylation of STAT6 induced by
IL-13 seems to be a transient reaction because the band for
phosphorylated STAT6 disappeared in the cells treated with
IL-13 for 3 hours. A lesser but distinct phosphorylation of
STAT6 was also observed again at 6 hours after treatment with
IL-13 (Figure 1A). Immunocytochemical examination also
revealed a distinct activation of STAT6 by the IL-13 stimula-
tion: immunostaining for phosphorylated STAT6, mainly lo-
cated in cell nuclei, was observed only in cells incubated with
IL-13 (Figure 2A). In addition to the activation of STAT6, the
RhoA protein expression in hBSMCs was significantly in-
creased 24 hours after the application of IL-13 (Figure 1B).
Similarly, the phosphorylation of STAT6 and up-regulation of
RhoA were observed when IL-4 (100 ng/ml) was used instead of
IL-13 (data not shown). The up-regulation of RhoA protein
induced by IL-13 also seems to be transient: no significant
increase in the level of RhoA protein expression was observed
when cells were incubated with IL-13 for 48 or 72 hours (Figure
1B). As shown in Figure 1C, the IL-13–induced up-regulation of
RhoA was inhibited when STAT6 was depleted by its siRNA,
indicating an involvement of STAT6 in the phenomenon. On
the other hand, the IL-13–induced up-regulation of RhoA pro-
tein tended to be augmented by the co-incubation with Y-27632
(an inhibitor of Rho-kinase), but no significant difference was
observed when compared with the cells treated with IL-13 in the
presence of DMSO (0.3%; vehicle for Y-27632) (Figure 1D).

Inhibitory Effects of AS1517499 on the IL-13–Induced

Activation of STAT6 and Up-Regulation of RhoA in hBSMCs

To determine the ability of AS1517499 to inhibit the activation
of STAT6 in hBSMCs, the effect of AS1517499 on STAT6
phosohorylation observed at 1 h after the treatment with IL-13
(100 ng/ml) was examined. As shown in Figure 2A, immunocy-
tochemical examination revealed that AS1517499 (100 nM)
blocked the STAT6 phosphorylation induced by IL-13 almost
completely. Moreover, Western blot analyses also revealed that
the band for phosphorylated STAT6 in the IL-13–stimulated
hBSMCs disappeared when cells were pretreated with AS1517499
(data not shown). These observations indicate that AS1517499,
at least at the concentration used, can inhibit the activation of
STAT6 by blocking its phosphorylation. Under these condi-
tions, the up-regulation of RhoA protein observed at 24 hours
after the treatment with IL-13 was attenuated when cells were
pretreated with AS1517499 (100 nM) 30 minutes before the
administration of IL-13 (Figure 2B). AS1517499 also inhibited
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the STAT6 phosphorylation and RhoA up-regulation induced
by IL-4 (data not shown). On the other hand, the inhibitory
effect was not observed when cells were treated with
AS1517499 (100 nM) 3 or 12 hours after the administration of
IL-13 (Figure 2C).

STAT6 Activation and RhoA Up-Regulation by Antigen

Challenge in Mouse Bronchial Tissues

In the murine allergic bronchial asthma model currently used,
increased expression of IL-13 (Figure 3A) and IL-4 (data not
shown) in BAL fluids was observed: the peak expression was
found at 6 to 12 hours after the last OVA challenge. Our previous
study also revealed the expressions of IL-13/IL-4 signaling mol-
ecules, such as IL-4Ra, IL-13Ra1, and STAT6, in the bronchial
tissues of naive mice (26). The OVA challenge caused a phos-
phorylation of STAT6 in lung tissues: the time-course examina-
tion revealed a peak of the STAT6 phosphorylation at 3 hours
after the OVA challenge (Figure 3A). At this time point,
a marked and significant increase in the phosphorylated STAT6
was also detected in tissues of the main bronchi (Figure 3B).
These findings indicate that IL-13 and/or IL-4, generated by
antigen exposure in the airways, directly act on the bronchial
tissue (probably including bronchial smooth muscle) and activate
its STAT6. In addition, as well as the results observed in the IL-
13–treated hBSMCs (Figures 1 and 2), the RhoA protein
expression in bronchial tissues of the antigen-challenged mice
(AC) was significantly increased as compared with that of the
sensitized control animals (SC, P , 0.01; Figure 4).

Effects of AS1517499 on the Antigen-Induced Up-Regulation

of RhoA and BSM Hyperresponsiveness in Mice

To determine the effect of AS1517499 in the development of
antigen-induced BSM hyperresponsiveness, animals were trea-

ted with AS1517499 (1 or 10 mg/kg, intraperitoneally) 1 hour
before each antigen inhalation. The STAT6 phosphorylation in
bronchial tissues observed at 3 hours after the last OVA
challenge (Figure 3B) was completely blocked when the dosage
of 10 mg/kg was used (data not shown). As reported previously
(8), the RhoA protein expression in bronchial tissues was
significantly increased 24 hours after the last OVA challenge
(Figure 4). Pretreatment with AS1517499 inhibited the up-
regulation of RhoA protein induced by antigen exposure,
dose-dependently: a significant and complete inhibition was
observed when 10 mg/kg of AS1517499 was administered 1 hour
before each antigen exposure (Figure 4). On the other hand, the
10 mg/kg of AS1517499 had no effect on the RhoA protein
expression in the sensitized control animals (Figure 4).

As shown in Figure 5, the contractile responsiveness to
acetylcholine (ACh) of the BSMs isolated from the repeatedly
antigen-challenged mice was significantly augmented 24 hours
after the last OVA challenge as compared with that from the
sensitized control animals (P , 0.05). Although the AS1517499
(10 mg/kg) pretreatments had no effect on the BSM respon-
siveness to ACh in the sensitized control animals, the BSM
hyperresponsiveness to ACh induced by antigen exposure was
significantly inhibited by the pretreatments (P , 0.001; Figure 5,
upper panel). The BSM responsiveness to high K1 depolariza-
tion was not changed by any treatments (Figure 5, lower panel).

Effects of AS1517499 on Serum IgE, IL-13 in BAL Fluids, and

Inflammatory Cell Infiltration

Both the levels of total and OVA-specific IgE in sera of the
OVA-challenged mice were significantly greater as compared
with those of the sensitized control animals. In either group of
animals, pretreatments with AS1517499 (1 or 10 mg/kg, intra-

Figure 1. Interleukin-13 (IL-13)–induced

activation of signal transducer and activa-

tor of transcription 6 (STAT6) and up-

regulation of RhoA in cultured human
bronchial smooth muscle cells (hBSMCs).

(A) Time-course change in the phosphor-

ylation of STAT6 after treatment with IL-13
(100 ng/ml) determined by immunoblot-

tings. Significant increases in the levels of

phosphorylated STAT6 (pSTAT6) without

change in total STAT6 protein were ob-
served when cells were incubated with IL-13

for 1 and 6 hours. (B) Duration of IL-13–

induced up-regulation of RhoA. hBSMCs

were cultured with IL-13 (100 ng/ml) or its
vehicle for 24 to 72 hours. (C) Effect of

STAT6 depletion on the IL-13 (100 ng/ml,

for 24 h)–induced up-regulation of RhoA
protein. The STAT6 siRNA-mediated de-

pletion of STAT6 protein is also shown in

the upper photos. (D) Effect of a selective

Rho-kinase inhibitor, Y-27632, on the
IL-13–induced up-regulation of RhoA.

hBSMCs were cultured with IL-13

(100 ng/ml) or its vehicle for 24 hours in

the absence or presence of Y-27632 (1 mM).
In B and D, the levels of RhoA were expressed

as % of control (i.e., Vehicle-24 h and

Vehicle-DMSO groups, respectively). Each

column represents the mean 6 SEM from
three to six independent experiments. *P ,

0.05 and ***P , 0.001 versus respective

control groups by Bonferroni/Dunn’s test.
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peritoneally) had no significant effect on the production of IgE
(Figures 6A and 6B).

Although no detectable level of IL-13 was contained in BAL
fluids of the sensitized control mice, a significant increase in
IL-13 was observed in those of the antigen-challenged animals
(24 h after the last antigen challenge; Figure 6C). Concurrently
with the up-regulation of IL-13, a significant increase in the

cells, mainly eosinophils (39, 40), in BAL fluids was also found
24 hours after the last OVA challenge (Figure 6D). Both the up-
regulation of IL-13 and the increment of cell number were
inhibited by pretreatment with AS1517499, dose-dependently:
a significant inhibition was observed when 10 mg/kg of AS1517499
was treated 1 hour before each antigen challenge (Figures 6C
and 6D).

Figure 3. Antigen-induced activation of signal transducer

and activator of transcription 6 (STAT6) in lungs and

bronchial tissues of sensitized mice. (A) Time-course

changes in levels of IL-13 in BAL fluids (open circles) and
phosphorylation of STAT6 in lungs (closed squares) after

challenge with ovalbumin (OVA) antigen. Male BALB/c

mice were actively sensitized and repeatedly challenged

with OVA as described in MATERIALS AND METHODS. The levels
of IL-13 and phosphorylated STAT6/total STAT6 (pSTAT6/

STAT6) were determined by ELISA and immunoblots, re-

spectively, and expressed as the fold increase from sensi-
tized control group (SC). (B) Antigen-induced phosphorylation

of STAT6 in bronchial tissues of the sensitized mice. A

significant increase in the levels of pSTAT6 was also ob-

served at 3 hours after the OVA challenge in the bronchial
tissues. Each value represents the mean 6 SEM from six

independent experiments. SC, sensitized control; AC,

antigen-challenged groups. *P , 0.05, **P , 0.01, and

***P , 0.001 versus SC by Bonferroni/Dunn’s test.

Figure 2. Inhibitory effects of AS1517499

(AS) on the IL-13–induced activation of

STAT6 and up-regulation of RhoA in

cultured hBSMCs. (A) Inhibition of IL-13–
induced phosphorylation of STAT6 by AS.

The hBSMCs without any treatment

(Control; upper panel) and stimulated

with IL-13 (100 ng/ml for 1 h) in the
absence (Vehicle1IL-13; middle panel) or

presence (AS1IL-13; lower panel) of AS

(100 nM) were immunostained with an
antibody against phosphorylated STAT6

and visualized by DAB (brown color). The

photos are representative of three inde-

pendent experiments. (B) Inhibition of
IL-13 (100 ng/ml for 24 h)–induced

upregulation of RhoA protein by AS

(100 nM). The RhoA expression levels in

hBSMCs were determined by immuno-
blottings. (C ) Effect of post-treatment

with AS on IL-13–induced up-regulation

of RhoA. hBSMCs were treated with AS

(100 nM) 3 or 12 hours after the admin-
istration of IL-13 (100 ng/ml). The levels

of RhoA were expressed as % of control

(IL-13(–)-AS(–) group). Each column rep-
resents the mean 6 SEM from three

independent experiments. ***P , 0.001

versus control and #P , 0.05 versus

Vehicle1IL-13 by Bonferroni/Dunn’s test.
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DISCUSSION

Airway smooth muscle is an important effector tissue regulating
bronchomotor tone. It has been suggested that modulation of
airway smooth muscle by inflammatory mediators such as
cytokines may play an important role in the development of
AHR (41). In the BALB/c strain of mice that were actively
sensitized and repeatedly challenged using the same procedures
as the current study, an in vivo AHR accompanied by the
increased IgE production and pulmonary eosinophilia has been
demonstrated (38). In this animal model of allergic bronchial
asthma, an increased contractility of isolated BSM to contractile
agonists has also been found (8, 42). The augmented BSM
contraction induced by antigen challenge has reportedly been
associated with an up-regulation of RhoA (8), a small GTPase
that is involved in the agonist-induced Ca21 sensitization of
smooth muscle contraction (43, 44). An importance of RhoA
and its downstream Rho-kinases was also demonstrated in con-
traction of human BSM (6), and the RhoA/Rho-kinase pathway
has now been proposed as a new target for the treatment of
AHR in asthma (10). In the present study, the IL-13–induced
up-regulation of RhoA in hBSMCs was inhibited both by

STAT6 depletion using RNA interference and by co-incubation
with a STAT6 inhibitor, AS1517499 (37). Moreover, in the mice
with allergic bronchial asthma, the in vivo treatment with
AS1517499 inhibited both the up-regulation of RhoA and the
BSM hyperresponsiveness induced by antigen exposure. These
findings suggest that STAT6 inhibitory agents might have an
ability to inhibit BSM hyperresponsiveness, one of the factors of
the AHR.

Currently, treatment of hBSMCs with AS1517499 inhibited
the STAT6 phosphorylation induced by IL-13 (Figure 2A).
AS1517499 is a novel selective STAT6 inhibitor synthesized
based on the structure of a reported STAT6 inhibitor, TMC-
264, discovered from the fungus Phoma (45, 46). Nagashima
and colleagues (37) synthesized a series of 2-f[2-(4-hydroxy-
phenyl)ethyl]aminogpyrimidine-5-carboxamide derivatives and
evaluated their STAT6 inhibitory activities using a STAT6
reporter assay in cells stably transfected with an IL-4–responsive
luciferase reporter plasmid. Among these compounds, AS1517499
showed a potent STAT6 inhibition with a 50% inhibitory con-
centration (IC50) of 21 nM (37). AS1517499 also inhibited the
IL-4–induced Th2 cell differentiation of mouse spleen T cells with
an IC50 value of 2.3 nM without influencing the IL-12–induced
Th1 cell differentiation (37). Although the exact mechanism of
inhibition of STAT6 by AS1517499 is unclear, the parent
compound TMC-264 is known to inhibit both tyrosine phos-
phorylation of STAT6, with an IC50 value of 1.6 mM (1,600 nM),
and the complex formation of phosphorylated STAT6 with its

Figure 5. Inhibitory effects of AS on the antigen-induced bronchial

smooth muscle (BSM) hyperresponsiveness in mice. Male BALB/c mice

were actively sensitized and repeatedly challenged with OVA antigen as
described in MATERIALS AND METHODS. Animals also received intraperito-

neal injection of AS (10 mg/kg) or its vehicle (Veh; 20% DMSO in

saline) 1 hour before each OVA challenge. Twenty-four hours after the
last OVA challenge, the BSM responsiveness to acetylcholine (ACh;

upper panel) and isotonic high K1 (lower panel) were measured. Each

point represents the mean 6 SEM from six independent experiments.

SC, sensitized control; AC, antigen-challenged groups. *P , 0.05
versus SC-Veh group and ###P , 0.001 versus AC-AS group by

Bonferroni/Dunn’s test.

Figure 4. Inhibitory effects of AS on the antigen-induced up-regulation
of RhoA in bronchial tissues of sensitized mice. Male BALB/c mice were

actively sensitized and repeatedly challenged with OVA antigen as

described in MATERIALS AND METHODS. Animals also received intraperito-

neal injection of AS (1 or 10 mg/kg) or its vehicle (AS [0]; 20% DMSO
in saline) 1 hour before each OVA challenge. Twenty-four hours after

the last OVA challenge, the RhoA protein expression levels in bronchial

tissues were determined by immunoblottings. Representative blots for

RhoA and GAPDH are shown in the upper panels. The bands were
analyzed by a densitometer and the data are summarized in the lower

panel. Each column represents the mean 6 SEM from four to six

independent experiments. SC, sensitized control; AC, antigen-challenged
groups. *P , 0.05 and **P , 0.01 versus SC-AS (0) group and #P ,

0.05 versus AC-AS (0) group by Bonferroni/Dunn’s test.
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recognition DNA sequence (46). The present study suggests
that mode of action of AS1517499 is at least the inhibition
of phosphorylation of STAT6. However, nonspecific effect(s)
other than the inhibition of STAT6 phosphorylation might also
be considerable, since other small molecule STAT6 inhibitors,
such as leflunomide and niflumic acid, have been known to act
on various protein kinases and/or ion channels (see, e.g., Refs.
35 and 36).

As well as our previous findings that both the STAT6 phos-
phorylation and RhoA up-regulation induced by IL-13 were
inhibited by leflunomide (250 mM) (26), treatment of hBSMCs
with a STAT6 siRNA (Figure 1C) or a STAT6 inhibitor
AS1517499 inhibited the up-regulation of RhoA induced by
IL-13 (Figure 2B). These findings indicate that STAT6 activa-
tion in BSM cells is involved in the IL-13–induced up-regulation
of RhoA. The importance of STAT6 activation in the IL-13–
induced up-regulation of RhoA might also be supported by the
observations that AS1517499 did not inhibit the phenomenon
when administered after the IL-13 treatment (Figure 2C).
The in vivo study revealed that the RhoA up-regulation in
bronchial tissues of the antigen-challenged mice was inhibited
by AS1517499, dose-dependently (Figure 4). Moreover, the
antigen-induced BSM hyperresponsiveness, which is associated
with an augmented RhoA/Rho-kinase signaling (8), was abol-
ished by the AS1517499 treatments (Figure 5). We have pre-
viously reported that an increase in the active form of RhoA
(i.e., membrane-associated and/or GTP-bound forms of RhoA
proteins) induced by contractile agonists, such as ACh and
endothelin-1, was augmented in BSMs of antigen-induced AHR
animals (8, 47–49), suggesting that agonist stimulation activates
the up-regulated RhoA proteins, resulting in a greater contrac-
tion of BSMs. Taken together, IL-13, generated by antigen
exposure in the airways (Figure 6C), directly acts on BSM cells
and activates their STAT6, and then up-regulates RhoA protein
in the cells, resulting in an augmentation of the agonist-induced,
RhoA/Rho-kinase–mediated contraction of BSM. As described
above, a critical role of STAT6 signal transduction in the
development of allergen-induced AHR has also been suggested

in STAT6 knockout mice (31–33), although the change in BSM
itself in these animals was not studied. Alternatively, the in-
hibitory effects of AS1517499 on the IL-13 production (Figure
6C) and inflammatory cells infiltration (Figure 6D) might also be
involved in the inhibition of BSM hyperresponsiveness, indirectly.

In the present study, AS1517499 was treated 1 hour before
each antigen challenge (but not before the first immunization)
to determine its effect on BSM hyperresponsiveness induced by
the antigen exposure. As shown in Figure 6C, the IL-13 level in
BALF was significantly reduced in the AS1517499 (10 mg/kg)-
treated group. It is thus likely that STAT6 inhibitory agents
might also have effects on many types of cells other than
BSMCs in vivo. However, the inhibition of IL-13 level in BALF
was only partial (Figure 6C), whereas the RhoA up-regulation
(Figure 4) and BSM hyperresponsiveness (Figure 5) were
almost completely inhibited at the dosage of 10 mg/kg. In
addition, AS1517499 had no significant effect on IgE produc-
tion, either in the sensitized control or in the repeatedly
antigen-challenged groups (Figures 6A and 6B). Since IgE
production by B cells is believed to be induced after Th2
differentiation (see, e.g., Ref. 50), the inhibitory effects of
AS1517499 on antigen-induced BSM hyperresponsiveness and
RhoA up-regulation might not be due to the inhibition of Th2
differentiation, at least under the experimental condition used.
The findings that BSM hyperresponsiveness and RhoA up-
regulation induced by intranasal administration of IL-13 in
nonsensitized normal animals were inhibited by AS1517499
(our personal observations) may also support an involvement of
IL-13–STAT6 signaling pathway in the development of antigen-
induced BSM hyperresponsiveness. On the other hand, we have
some discrepancy between time-course changes in the STAT6
phosphorylation (Figure 1A) and the RhoA up-regulation (26)
induced by IL-13 in hBSMCs. It may also be possible that
unknown mediator(s) produced by an activation of STAT6 in
BSMCs themselves is involved in the IL-13–induced up-regulation
of RhoA.

The current findings suggest that IL-13 is capable of up-
regulating RhoA via an activation of STAT6 in hBSMCs. In

Figure 6. Effects of AS on the antigen-

induced production of IgE and IL-13 and
infiltration of inflammatory cells into the

airways in mice. Male BALB/c mice were

actively sensitized and repeatedly chal-

lenged with OVA antigen as described in
MATERIALS AND METHODS. Animals also re-

ceived intraperitoneal injection of AS (1

or 10 mg/kg) or its vehicle (AS (0); 20%

DMSO in saline) 1 hour before each OVA
challenge. Twenty-four hours after the last

OVA challenge, the levels of (A) total and

(B) OVA-specific IgE in sera and (C ) IL-13
levels and (D) total cell counts in bron-

choalveolar lavage fluids (BALFs) were de-

termined. Each column represents the

mean 6 SEM from four to five indepen-
dent experiments. SC, sensitized control;

AC, antigen-challenged groups. *P , 0.05,

**P , 0.01 and ***P , 0.001 versus SC-AS

(0) group and #P , 0.05 versus AC-AS (0)
group by Bonferroni/Dunn’s test.
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addition to the cytokine receptor–mediated activation of STATs
such as STAT6 activation by IL-13 observed in the present study,
Pelletier and coworkers (51) have previously reported that Rho
family of proteins themselves play an essential role in induction
of STAT transcriptional activity mediated by G protein–coupled
receptors in vascular smooth muscle cells. To determine the role
of RhoA itself in the IL-13–induced up-regulation of RhoA,
the effect of Y-27632 (1 mM), a selective inhibitor of RhoA
downstream Rho-kinase, was examined. As shown in Figure 1D,
Y-27632 had no inhibitory effect on the IL-13–induced up-
regulation of RhoA. It is thus unlikely that the RhoA/Rho-
kinase signaling itself is involved in the RhoA up-regulation
induced by IL-13 in hBSMC.

In conclusion, the in vivo treatment with AS1517499 ame-
liorated the antigen-induced BSM hyperresponsiveness by
inhibiting the RhoA up-regulation in BSMs and, at least in
part, by reducing the IL-13 production in the airways in mice.
Both the direct and indirect effects of STAT6 inhibitory agents,
such as AS1517499, on BSMs might be useful for the treatment
of allergic bronchial asthma.
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