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Abstract

Background: Chronic asthma is characterized by airway in-
flammation and remodeling. Objective: This study aimed to
evaluate the effects of zileuton on bronchial hyperrespon-
siveness, airway inflammation and airway smooth muscle
(ASM) remodeling. Methods: Two experimental groups of
brown Norway rats sensitized and repeatedly challenged
with aerosolized ovalbumin (OA) were given oral zileuton
(OA-zileuton group) and oral saline only (OA-saline group).
A third, control group was sensitized and challenged by sa-
line. The rats were anesthetized and paralyzed. Pulmonary
function tests were performed at baseline and after varying
doses of acetylcholine. Bronchoalveolar lavage fluid and
lung tissues were examined. Results: Zileuton had beneficial
effects on pulmonary function, airway inflammation and
ASM remodeling in the OA-zileuton group compared to the
OA-saline group. Zileuton inhibited an OA-stimulated in-
crease in ASM by inhibiting hypertrophy, hyperplasia and
increased extracellular matrix via the phosphatidylinositol
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3-kinase (PI13K)/Akt pathway, thereby reducing cyclin D1 ex-
pression and attenuating bronchial hyperresponsiveness.
Conclusion: OA increases airway inflammation and ASM
mass. Zileuton effectively prevents bronchial hyperrespon-
siveness, airway inflammation and ASM remodeling in sen-
sitized rats through the PI3K/Akt pathway, which reduces
cyclin D1 expression. ©2013 S. Karger AG, Basel

Introduction

Asthma is a combination of chronic airway inflamma-
tion and remodeling [1, 2]. Increased airway smooth
muscle (ASM) mass is the most important factor of air-
way remodeling, fixed airway obstruction and bronchial
hyperreactivity (BHR) in severe asthma [3, 4]. Evidence
has shown that increased ASM mass is the result of the
response to inflammation in asthma. However, many an-
tiasthmatic agents like corticosteroids are not very effec-
tive in decreasing ASM [5], which also has characteristics
of inflammatory cells. ASM can produce various cyto-
kines and chemokines that activate many different in-
flammatory cells and promote their survival and prolif-
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eration [6, 7]. Remodeling of ASM may result from hy-
pertrophy, hyperplasia or increased extracellular matrix
(ECM) [8, 9]. Both mammalian target of rapamycin
(mTOR) and glycogen synthase kinase-3p (GSK-3) sig-
nal transduction mechanisms are involved in ASM hy-
pertrophy [10]. The mTOR induces the phosphorylation
of eukaryotic translation initiation factor (eIF) 4E-bind-
ing protein (4E-BP), which releases the transcription fac-
tor eIlF4E leading to ASM cell hypertrophy [11]. The
mTOR also phosphorylates p70S6-kinase, which acti-
vates S6 kinase and induces ASM hypertrophy [12]. The
latter may also involve Akt to inhibit GSK-3f, which in-
hibits the translation initiation by eukaryotic initiation
factor 2B (eIF2B) and induces ASM hypertrophy [13, 14].

Many factors can trigger ASM cell hyperplasia, such as
growth factors/cytokines activating receptor tyrosine ki-
nase, inflammatory mediators activating G protein-cou-
pled receptors, reactive oxygen species and mechanical
stress [9, 15]. Activation of receptor tyrosine kinase or G
protein-coupled receptors induces p2lras activation,
which subsequently activates phosphatidylinositol 3-ki-
nase (PI3K) and/or extracellular signal-regulated kinase
(ERK). Increased PI3K expression of cyclin D1 leads to
ASM cell hyperplasia [16, 17].

Cysteinyl leukotrienes are lipid mediators derived
from the 5-lipoxygenase pathway of the arachidonic acid
metabolism. They are produced by mast cells, eosinophils
and alveolar macrophages, and are important mediators
of bronchoconstriction, airway wall edema and mucous
hypersecretion in asthmatic patients [18, 19]. Their ac-
tions include enhancing histamine and cytokine release,
recruiting inflammatory cells to the airways, and stimu-
lating the proliferation of smooth muscle cells and fibro-
blasts [20].

Evidence has shown that cysteinyl leukotrienes play an
important role in airway remodeling seen in persistent
asthma that includes subepithelial fibrosis, elevated num-
bers and volume of mucous cells, increased ASM mass,
and angiogenesis. Structural changes entail physiologic
consequences, progressive loss of lung function and per-
manent, irreversible airway obstruction in some asthmat-
ics [21].

Evidence also suggests that blocking the leukotriene
pathway may result in reduced inflammation, thereby
preventing airway remodeling [20, 22]. Zileuton is a 5-li-
poxygenase inhibitor [23]. This study aimed to evaluate
the protective effect of zileuton on airway inflammation,
T cell-related cytokine mRNA expression and ASM re-
modeling in rats sensitized and repeatedly challenged
with ovalbumin (OA).
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Methods

Animals

Thirty male brown Norway rats were divided into three groups
of 10 weight-matched animals. Two experimental groups were
sensitized by breathing 2 ml of aerosolized 1% OA on day 1. On
day 16, the animals were challenged with OA six times with 3-day
intervals. The control group breathed aerosolized saline rather
than OA under the same conditions. The two experimental groups
were also treated orally from days 1 to 30 with either zileuton (Che-
max Corp, Shanghai, China) 25 mg/kg/day (OA-zileuton group)
or normal saline (OA-saline group). When challenged, the exper-
imental groups were provoked by breathing 3 ml of 4% aerosolized
OA delivered by nebulizer, with the control group breathing only
aerosolized saline. The last challenge was on day 30. Analysis was
performed on day 31 [24]. The Institutional Animal Care and Use
Committee approved this study.

Study Protocol, Procedure and Pulmonary Function Tests

Pulmonary function and acetylcholine provocation tests were
conducted under general anesthesia (chloral hydrate, 400 mg/kg
via intraperitoneal injection) using whole-body plethysmograph
24 h after the final challenge on day 31, as previously described
[24]. For the experimental groups, the tests were done 24 h after
the OA provocation test and, for the control group, 24 h after the
final saline aerosolization. The animals were then paralyzed with
intravenous gallamine triethiodide (4 mg/kg) and artificially ven-
tilated with a small animal ventilator at 6 ml/kg tidal volume and
a frequency of 60 breaths/min. All of the animals were stable with-
out spontaneous breathing 5 min after gallamine injection.

Pulmonary function tests, including airway opening pressure
during ventilator breathing, total respiratory system compliance
and maximal forced expiratory maneuver, were measured at base-
line. Thereafter, acetylcholine 25, 50, 75 and 100 ug/kg was given
intravenously at 30-min intervals. Before each successive dose, air-
flow returned to baseline. Pulmonary function tests were done 5 s
after each dose.

For maximal forced expiratory maneuver, the lungs were in-
flated to total lung capacity (TLC; lung volume at airway opening
pressure: 30 cm H,O) three times, while a solenoid valve regulated
the inflation. At peak volume on the third inflation, the valve was
shut off and another solenoid valve was immediately opened for
deflation. The deflation valve was connected to a 20-liter contain-
er at a pressure of -30 cm H,O (subatmospheric) such that the
negative pressure produced maximal expiratory flow.

The variables recorded were the flow volume loop, including
peak flow and maximal forced expiratory flow rate at 75%
(MFEF75%), 50% (MFEFSO%) and 25% (MFEF25%) TLC. The
PD20MFEFs,Ach was the dose of acetylcholine required to pro-
duce a 20% decrease in MFEF;q, from baseline. Bronchoalveolar
lavage (BAL) was performed as previously described, before the
rats were sacrificed and their trachea and lungs removed for histo-
logic examination [24].

Cytokine Levels in Lavage Fluid

The concentrations of IL-10, IL-13, TGF-B1 and vascular en-
dothelial growth factor (VEGF) in BAL fluid were measured in
duplicate and in blinded fashion using commercially available rat-
specific TGF-B1 and VEGF enzyme-linked immunosorbent assay
(ELISA) kits (R&D Systems, Minneapolis, Minn., USA), and IL-10
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and IL-13 ELISA kits (Invitrogen, Camarillo, Calif., USA). The
detection limit was <1.7 pg/ml for TGF- p1, <3.9 pg/ml for VEGF,
<5 pg/ml for IL-10 and <1.5 pg/ml for IL-13.

Prior to analysis, latent TGF-f1 in BAL fluid was converted to
its active forms using 1 N HCI and the total of latent and active
forms were reported. A microplate reader (Spectra MAX 190; Mo-
lecular Devices, Sunnyvale, Calif., USA) measured absorbance at
450 nm, while total protein in BAL fluid was measured by the BCA
Protein Assay Kit (Pierce, Rockford, IIl., USA) [24].

Histologic Examination

After BAL, the lungs from each animal were removed and sec-
tions of each lobe (5 per animal) were stained with hematoxylin
and eosin (HE), Masson’s trichrome, smooth muscle actin and von
Willebrand factor for microscopic examination. The HE stain was
used to evaluate the severity of inflammation. Two pathologists
who were blinded to the background of the samples assigned a to-
tal inflammation score for each section of lung parenchyma as fol-
lows: 0, normal; 1, inflammatory infiltration of eosinophils, lym-
phocytes and neutrophils in <25% of the entire section; 2, inflam-
matory infiltrates in 25-50% of the entire section; and 3, in >50%
of the entire section. The total inflammation score for each animal
was calculated as the mean of the scores of five lung sections.

Masson’s trichrome was used to determine the area of collagen
deposition in the airways, defined as the area from the subepithe-
lial basement membrane to the adventitia layer of each respiratory
bronchiole. Smooth muscle actin was used to measure the average
thickness of the ASM layer beneath the airway epithelial cell base-
ment membrane at four sites tangential to each respiratory bron-
chiole. The von Willebrand factor was used to identify the number
of blood vessels in the lamina propia (from the subepithelial base-
ment membrane to the adventitia layer) of the respiratory bronchi-
ole. Morphometry was performed using Image-Pro Plus software
(Media Cybernetics, Silver Spring, Md., USA), which randomly ex-
amined at least 10 successive microscopic fields of respiratory
bronchioles throughout the sections of each lobe (5 per animal).

Immunohistochemical Staining of Alpha-Smooth Muscle

Actin and von Willebrand Factor

Paraffin lung sections were dewaxed in xylene and rehydrated
in a graded alcohol series. To detect the von Willebrand factor,
antigen retrieval was done with protease 1 reagent (Ventana Med-
ical Systems, Tucson, Ariz., USA) for 20 min at 37°C. Alpha-
smooth muscle actin staining was performed without antigen re-
trieval procedure. Sections were followed by rinsing in phosphate-
buffered saline/Tween (PBST) and incubation in Protein Block™
solution (BioGenex; San Ramon, Calif., USA) for 20 min at room
temperature. The primary antibody mouse anti-alpha-smooth
muscle actin (1:100 dilution; Dako, Glostrup, Denmark) and rab-
bit anti-von Willebrand factor antibody (1:200 dilution; Dako) di-
luted in antibody diluents (Zymed Laboratories, San Francisco,
Calif., USA) were then applied for 1 h at room temperature.

Endogenous peroxidase activity was quenched with 3% hydro-
gen peroxide in methanol (Merck, Darmstadt, Germany) for 10
min at room temperature. The Super Sensitive™ Non-Biotin HRP
Detection System (BioGenex) was used as the secondary antibody/
detection system. Briefly, sections were rinsed in PBST, incubated
with Super Enhancer™ reagent (BioGenex) for 20 min at room
temperature, rinsed in PBST and incubated in Polymer-HRP re-
agent (BioGenex) for 30 min at room temperature. Color was de-
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veloped using 3,3-diaminobenzidine (BioGenex) chromogen solu-
tion for 5 min at room temperature, followed by rinsing in PBST
and counter-staining with hematoxylin.

RNA Isolation and Real-Time Reverse Transcription

Polymerase Chain Reaction Assay

Expressions of IL-4, IL-5, IL-10, IL-13, TNF-q, inducible nitric
oxide synthase (iNOS), TGF-B1, VEGF-A and p-actin mRNA were
examined using real-time reverse transcription polymerase chain
reaction (RT-PCR) assay. Total RNA was extracted from lung tis-
sue samples using an RNeasy mini kit (Qiagen GmbH, Hilden,
Germany). The first strand of cDNA was reverse-transcribed from
RNA using Clontech’s Advantage RT-for-PCR kit (Clontech-Ta-
kara Bio, Mountain View, Calif., USA). Each 50 pl of PCR reaction
volume contained 25 ul of 2x TagMan Universal PCR Master Mix,
2.5 pl of 20x TagMan probe (Applied Biosystems, Foster City, Cal-
if., USA) and 100 ng of cDNA. Each PCR reaction was done in
triplicate using an ABI Prism 7000 sequence detection system (Ap-
plied Biosystems).

Fluorescence was quantified as a Ct value, defined as the cycle
number in which the detected fluorescence exceeded the threshold
value. mRNA expression was reported as the ratio of target Ct over
B-actin Ct. Data were presented as the fold change between the
experimental and control groups [24].

Western Blot Analysis

Total protein was extracted from lung tissue samples. Protein
was analyzed using 4-12% NuPAGE Bis-Tris Gels (Invitrogen,
Carlsbad, Calif., USA) and transferred onto polyvinylidene difluo-
ride membranes (Millipore, Billerica, Mass., USA), which were
blocked with 4% bovine serum albumin (Sigma, St. Louis, Mo.,
USA) in TBST for 1 h and probed with antibody at 4°C overnight.
Antibodies against Akt, phosphorylated (p-)Akt (Ser473), GSK-
3a/B, p-GSK-3B (Ser9), mTOR, p-mTOR (Ser2448), 4E-BP1,
p-4E-BP1 (Thr37/46), eIFAE, p-eIFAE (Ser209), ERK1/2 and p-
ERK1/2 (Thr202/Tyr204) were all purchased from Cell Signaling
Technology (Beverly, Mass., USA).

Antibodies against eIF2Be, p-eIF2Be (Ser539) and cyclin D1
were purchased from GeneTex (Irvine, Calif., USA) and Epitomics
(Burlingame, Calif.,, USA), respectively. p-Actin was purchased
from Novus Biologicals (Littleton, Colo., USA). Bound antibodies
were detected using horseradish peroxidase-conjugated anti-rab-
bit secondary antibody (1:2,000 dilution; Cell Signaling Tech-
nology) or horseradish peroxidase-conjugated anti-mouse IgG
(1:3,000 dilution; Jackson ImmunoResearch Laboratories, West
Grove, Pa., USA) for 1 h. Target protein bands were revealed using
the enhanced chemiluminescence (Millipore). The images were
captured using a Fusion FX7 imaging system (Vilber-Lourmat,
Marne-la-Vallée, France) and quantified by the National Institutes
of Health Image J software. Target protein bands were normalized
against f-actin. Data were presented as the fold change between
the experimental and control groups [25].

Data Analysis

Student’s t test and analysis of variance (ANOVA) were used
for statistical analysis, where appropriate, using SPSS for Windows
(version 14.0; SPSS Inc., Chicago, Ill., USA). If ANOVA showed
statistical significance, Scheffe’s test was performed. All values
were expressed as the mean + standard deviation. Significance was
setat p < 0.05.
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Fig. 1. a MFEFs(,, and MFEF,s, were significantly lower in the
OA-saline group than in the other two groups on day 31.7 p < 0.05
comparing the OA-saline and OA-zileuton groups. b Dose-re-
sponse curves of MFEFs5, in the three groups of brown Norway
rats. The percentage change of MFEFs, from baseline in the OA-
saline group was higher than that of the other two groups at tested
acetylcholine doses (25-100 pg/kg). The percentage change of
MFEFsy, from baseline in the OA-zileuton group was higher than
that of the control group at tested acetylcholine doses (50-100 ug/
kg) on day 31. * p < 0.05 comparing the three groups; * p < 0.05
comparing the OA-zileuton and control groups.

Results

Pulmonary Function Tests

There was no difference in TLC (OA-saline group, 13.7
+ 1.4 ml; OA-zileuton group, 13.8 + 1.2 ml; control group,
14.1 + 1.6 ml) among the three groups at baseline. The
mean peak flow and MFEFs¢, did not differ significantly
among the three groups at baseline. The MFEF5y, and
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Table 1. Total and differential cell counts, cytokines and total pro-
tein levels in BAL fluid

OA-zileuton OA-saline Control
(n=10) (n=10) (n=10)

Total cell count (x10%)/ml 3.52+0.73*  9.84+2.06" 1.05+0.22

Macrophages (x10%)/ml ~ 2.69+0.58? 5.48+1.25" 0.95+0.18
Lymphocytes (x104)/ml  0.32+0.06°  1.85+0.36° 0.05+0.02
Neutrophils (x10%)/ml 0.07+0.022 0.23+0.05" 0.02+0.01
Eosinophils (x10%)/ml 0.44+0.09* 2.28+0.43" 0.03+0.01
IL-10, pg/ml 156451°  302+9.1° 84+24
IL-13, pg/ml 20.7+6.4% 39.8410.7° 11.4+3.9
TGF-1, pg/ml 11243.1°  194+53° 6.6+1.8
VEGF, pg/ml 36.7+8.2°  66.8+10.4° 15.546.5
Protein, pg/ml 174.4+41.7° 3483+74.3% 98.6+22.9

ANOVA and Scheffe tests were used. The OA-zileuton group
was treated with 25 mg/kg/day of zileuton; the OA-saline group
was sensitized with OA but treated with saline only.

2 Significant differences in the cell counts, cytokines and total
protein levels of the OA-zileuton group compared to the control
group (p < 0.05).

b Significant differences in cell counts, cytokines and total pro-
tein levels of the OA-zileuton and control groups compared to the
OA-saline group (p < 0.05).

MFEF,s, were significantly lower in the OA-saline
group than in the other two groups, but did not differ
between the OA-zileuton and control groups (fig. 1a).
At the acetylcholine doses tested (25-100 pg/kg), the
percentage change in MFEFs, was significantly higher
and PD20MFEFsj,Ach was significantly lower in the
OA-saline group than in the other two groups. At high-
er doses of acetylcholine tested (50-100 pg/kg), the per-
cent change in MFEF5(,, was significantly higher and
PD20MFEFsp,Ach was significantly lower in the OA-
zileuton group than in the control group (fig. 1b).

Bronchoalveolar Lavage

There was no difference in the amount of BAL fluid
recovered from the three groups (85.4 + 2.7 vs. 85.5 + 2.9
vs. 86.4 + 3.2%). The OA-saline group had a higher total
cell count and absolute count of each cell type than the
other two groups (table 1), and the OA-zileuton group
had higher total cell counts and higher absolute counts of
each cell type than the controls (table 1). The OA-saline
group had higher IL-10, IL-13, TGF-B1, VEGF cytokine
and total protein levels in BAL fluid than the other two
groups (table 1), and the OA-zileuton group had higher
IL-10, IL-13, TGF-B1, VEGF cytokine and total protein
levels in BAL fluid than the controls (table 1).
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Fig. 2. Histopathology of airway remodeling (respiratory bronchi-
oles) in photographs representing the four experiments. a-c HE
stain. x100. d—f Masson’s trichrome stain. x100. g-i Alpha-smooth
muscle actin stain. x100. j-I von Willebrand factor stain. x100.
m Mean area of collagen deposition surrounding the airways (re-
spiratory bronchioles). n Mean thickness of the smooth muscle

Lung Tissue Histology and Remodeling

Lung tissues of the OA-saline group had severe inflam-
mation characterized by hyperemia, interstitial edema and
inflammatory cell (especially lymphocytes and eosino-
phils) infiltration (fig. 2a). In contrast, there was only mild
hyperemia, interstitial edema and inflammatory cell infil-

Zileuton on ASM Remodeling

layer. o The mean number of the blood vessels surrounding the
airways was lower in the control group than in the OA-zileuton
group, which was significantly lower than in the OA-saline group
on day 31. * p < 0.05 comparing the OA-saline and OA-zileuton
groups; * p < 0.05 comparing the OA-zileuton and control groups.

tration in the lung tissues and airways of the OA-zileuton
group (fig. 2b), while the control group had no inflamma-
tory reaction (fig. 2c). The mean inflammatory scores in
the OA-saline group was higher than those of the OA-
zileuton and control groups (OA-saline group, 2.2 + 0.5;
OA-zileuton group, 1.4 + 0.4; control group, 0; p < 0.05).
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Fig. 3. On day 31, relative changes in IL-4, IL-5, IL-10 and IL-13
mRNA expressions (a) and relative changes in VEGF, iNOS,
TNF-a and TGF-B1 mRNA expressions (b) in lung tissues of the
OA-saline group were greater than those in the OA-zileuton group,

The area of collagen deposition surrounding the air-
ways was lowest in the control group compared to those
of the other two groups and was significantly lower in the
OA-zileuton group compared to the OA-saline group.
The mean fold change of the mean area of airway collagen
deposition surrounding the airways relative to the control
group was 1.8-fold in the OA-zileuton group and 3.7-fold
in OA-saline group (fig. 2d-f, m). The mean thickness of
the smooth muscle layer surrounding the airways was
lowest in the control group compared to the other two
groups, and was significantly decreased in the OA-zileu-
ton group compared to the OA-saline group. The mean
fold change in mean thickness of the smooth muscle lay-
er surrounding the airways relative to the control group
was 1.5-fold in the OA-zileuton group and 2.1-fold in the
OA-saline group (fig. 2g-i, n).

The mean number of blood vessels surrounding the
airways was lowest in the control group compared to the
other two groups and was significantly lower in the OA-
zileuton group than in the OA-saline group. The mean
fold change in the mean number of blood vessels around
the airways relative to the control group was 1.5-fold in
the OA-zileuton group and 2.3-fold in the OA-saline
group (fig. 2j-1, o).
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which were greater than those of the control group. * p < 0.05 com-
paring the OA-saline and OA-zileuton groups; * p < 0.05 compar-
ing the OA-zileuton and control groups.

Cytokine mRNA Profile Using Real-Time RT-PCR in

Lung Tissue

Real-time RT-PCR of IL-4, IL-5, IL-10, IL-13, TNF-a,
iNOS, TGF-B1 and VEGF-A mRNA expressions were
consistently lower in the control group than in the other
two groups and were significantly lower in the OA-zileu-
ton group than in the OA-saline group (fig. 3a, b).

Western Blot Analysis on ERK and PI3K Pathways

p-Akt, p-GSK-3p, p-eIF2Be, p-mTOR, p-4E-BP1 and
p-eIF4E levels were consistently lower in the control
group compared to the other two groups and signifi-
cantly lower in the OA-zileuton group compared to the
OA-saline group (fig. 4a-1, i, j). Zileuton did not inhibit
OA-induced phosphorylation of ERK1/2 (fig. 4g, j). Cy-
clin D1 was lowest in the control group compared to the
other two groups and significantly lower in the OA-
zileuton group compared to the OA-saline group (fig.
4h, j).

Discussion
This study demonstrates that brown Norway rats in

the OA-saline group after sensitization and repeated al-
lergen challenge have increased BHR, airway inflamma-
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Fig.4.a-h Western blot analysis on ERK and PI3K pathways in the
photographs represent the 3 experiment groups. i, j Relative chang-
es of p-Akt, p-GSK-3p, p-elF2Be, p-mTOR, p-4E-BP1, p-eIF4E
and cyclin D1 in lung tissues of OA-sensitized brown Norway rats
were greater than those in the other two groups, and the relative

tion, Th2-related cytokine, TGF-f, VEGF and Th2-relat-
ed cytokine mRNA expression, and increased smooth
muscle layer thickness surrounding the airways com-
pared to those in the control group. Moreover, rats in the
OA-zileuton group have decreased BHR, airway inflam-
mation, IL-10, IL-13, TGF-B1, VEGF cytokine level in
BAL fluid, decreased IL-4, IL-5, IL-10, IL-13, TGF-p1,
VEGF, TNF-a and iNOS mRNA expressions, and de-
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changes in the OA-zileuton group were greater than those of the
control group. There was no significant difference in p-ERK1/2 in
lung tissues between the OA-saline and OA-zileuton groups on
day 31. ¥ p < 0.05 comparing the OA-saline and OA-zileuton
groups; * p < 0.05 comparing the OA-zileuton and control groups.

creased smooth muscle thickness surrounding the air-
ways than rats in the OA-saline group.

Whether or not ASM hypertrophy is present in asthma
remains controversial [8, 9, 26]. This study demonstrates
that p-Akt, p-mTOR, p-GSK-3p, p-eIF2Be, p-4E-BP1 and
p-eIF4E are highest in the OA-saline group compared to
the other two groups and are significantly lower in the
OA-zileuton group than in the OA-saline group. This im-
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plies that OA can induce ASM cell hypertrophy, which is
prevented by zileuton. Ebina et al. [9] showed that one of
the two subtypes of fatal asthmatics is characterized by
thickened ASM distributed over the entire airway, with
prevalent hypertrophy. Benayoun et al. [8] have shown
that patients with asthma have larger ASM cell diameter
compared to control subjects in bronchial biopsies. Fur-
thermore, using an ultrastructural approach, severe asth-
matics have been shown to have the highest ASM cell size.
Begueret et al. [26] also reported increased ASM cell size
in atopic asthmatics. Thus, ASM cell hypertrophy is pres-
ent in and may be related to severe asthma.

There is much evidence showing an increased prolif-
eration rate of asthmatic ASM cells compared to nonasth-
matics in vitro and in vivo [27-29]. A recent study re-
vealed that PI3K is the predominant pathway leading to
ASM cell proliferation in asthmatic patients [28]. The
present study demonstrates that PI3K, p-Akt, and cyclin
D1 are highest in the OA-saline group compared to the
other two groups, and significantly lower in the OA-
zileuton group than in the OA-saline group. In contrast,
zileuton does not influence the OA-induced phosphory-
lation of ERK1/2. Cyclin D1 is an important protein reg-
ulator of the early G1 phase of the cell cycle [25]. Results
imply that OA can activate PI3K and p-Akt to increase
cyclin D1 expression and induce ASM cell hyperplasia. In
contrast, zileuton prevents PI3K and p-Akt activation, in-
hibits cyclin D1 expression and prevents OA-induced
ASM cell hyperplasia.

The results here are consistent with those of previous
studies. Salmon et al. [30] have shown that repeated al-
lergen exposure of sensitized brown Norway rats induces
airway cell DNA synthesis and remodeling, while Hen-
derson et al. [31] have shown that the cysteinyl leukotri-
enel receptor antagonist, Montelukast, significantly re-
duces airway eosinophil infiltration, mucus plugging,
smooth muscle hyperplasia and subepithelial fibrosis in
OA-sensitized or OA-challenged mice. Jeffery [22] re-
ported that leukotriene receptor antagonists may be anti-

inflammatory and may be able to reduce bronchial
smooth muscle proliferation.

There is substantial evidence showing that IL-13 and
TGEF-B are related to remodeling. Their effects are re-
duced by zileuton, thereby reducing airway remodeling
in OA-treated animals [22, 31]. This study also demon-
strates that the IL-13, TGF-$ and VEGF cytokine levels,
the IL-13, TGF-p and VEGF mRNA expressions, the area
of collagen deposition and the mean number of blood
vessels surrounding the airways are lowest in the control
group than in the other two groups. They are significant-
ly lower in the OA-zileuton group than in the OA-saline
group. These results imply that OA can induce increased
airway ECM, which can be prevented by zileuton. Colla-
gen deposition and angiogenesis are associated with in-
creased ECM, both in early and in mild bronchial asthma
[30, 32]. Even minimally increased ECM and the effects
of marginal submucosal thickening in the presence of
maximal muscular contraction may cause severe airflow
impairment [33-37]. The present study shows that zileu-
ton inhibits OA-stimulated increase in ASM mass by in-
hibiting hypertrophy, hyperplasia and ECM through the
PI3K/Akt pathway, thereby reducing cyclin D1 expres-
sion.

In conclusion, OA induces increased airway inflam-
mation and ASM mass. Zileuton is effective in preventing
inflammatory response and ASM remodeling in rats after
sensitization and repeated allergen challenge, thereby at-
tenuating BHR. Zileuton inhibits OA-stimulated increase
in ASM mass by inhibiting hypertrophy, hyperplasia and
ECM via the PI3K/Akt pathway to reduce cyclin D1 ex-
pression.
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