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ABSTRACT
An alteration in the balance between a T-helper type 2 cell (Th2)
response and a Th1 response may predispose to the develop-
ment of bronchial asthma. Interleukin-18 (IL-18) has an ability to
promote both Th1 and Th2 responses, depending on the sur-
rounding cytokine environment. Reactive oxygen species
(ROS) play a crucial role in the pathogenesis of airway inflam-
mation and hyperresponsiveness. Recent studies have demon-
strated that antioxidants are able to reduce airway inflammation
and hyperreactivity in animal models of asthma. In this study,
we used a C57BL/6 mouse model of allergic asthma to examine
the effects of antioxidants on the regulation of IL-18 expres-

sion. Our present study with ovalbumin-induced murine model
of asthma revealed that ROS production in cells from bron-
choalveolar lavage fluids was increased and that administration
of L-2-oxothiazolidine-4-carboxylic acid or �-lipoic acid re-
duced the increased levels of ROS, the increased expression of
IL-18 protein and mRNA, airway inflammation, and bronchial
hyperresponsiveness. Our results also showed that antioxi-
dants down-regulated a transcription factor, nuclear factor-�B
(NF-�B), activity. These results indicate that antioxidants may
reduce IL-18 expression in asthma by inhibiting the activity of
NF-�B and suggest that ROS regulate the IL-18 expression.

Oxidative stress is caused by a large variety of free oxygen
radicals known as reactive oxygen species (ROS). ROS play a
crucial role in the pathogenesis of airway inflammation (Rah-
man et al., 1996; Dworski, 2000). ROS can lead to endothelial
barrier dysfunction with subsequently increased permeabil-
ity to fluids, macromolecules, and inflammatory cells (Hen-
ricks and Nijkamp, 2001). The inflammatory cells recruited
to the asthmatic airways have a capability of producing ROS.
Evidence for increase oxidative stress in asthma is further
provided by the finding of defective endogenous antioxidant
capacity in patients with asthma (Dworski, 2000). Recently,

several studies have demonstrated that antioxidants are able
to reduce airway inflammation and hyperreactivity in animal
models of asthma (Cho et al., 2004; Lee et al., 2004). How-
ever, there are few data on the influence and the molecular
basis of antioxidants on allergen-induced bronchial inflam-
mation and airway hyperresponsiveness.

Asthma is a T-helper type 2 cell (Th2) cytokine-dominant
disease with a particular profile of cytokine release (Robin-
son et al., 1992). However, other cytokines, which have been
classically considered to belong to Th1 cell profiles, are also
associated with the airway inflammatory response that char-
acterizes bronchial asthma. An alteration in the balance
between Th2 and Th1 cell response may predispose to the
development of bronchial asthma (Umetsu et al., 2002).

IL-18 has been identified as a proinflammatory cytokine
that induces interferon-� in activated natural killer cells,
Th1, and CD8� cytotoxic T cells (Okamura et al., 1995, 1998;
Dinarello, 1999). IL-18 plays important roles in the develop-
ment of Th1 cell responses (Okamura et al., 1995) and Th2
cell responses, which are dependent on the surrounding cy-
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tokine environment (Xu et al., 2000; Nakanishi et al., 2001).
It is also able to induce the production of IgE (Hoshino et al.,
2000; Yoshimoto et al., 2000), IL-4, IL-13, and histamine in
basophils and mast cells in association with IL-3 (Yoshimoto
et al., 1999), IL-4, and IL-13 secretion from natural killer
cells and naive T lymphocytes in response to IL-2 (Hoshino et
al., 1999). IL-18 is expressed in the human airway epithelium
(Cameron et al., 1999) and is also produced by human alve-
olar macrophages (Shigehara et al., 2001). However, there
are conflicting reports on the actions of IL-18 on the patho-
genesis of asthma (Hofstra et al., 1998; Campbell et al., 2000;
Kodama et al., 2000; Wild et al., 2000; Tanaka et al., 2001; Ho
et al., 2002).

In the present study, we used a murine model of asthma to
determine the effect of the antioxidants L-2-oxothiazolidine-
4-carboxylic acid (OTC), which is a prodrug of cysteine, or
�-lipoic acid on the regulation of IL-18 expression.

Materials and Methods
Animals and Experimental Protocol. Female C57BL/6 mice 8

to 10 weeks of age and free of murine-specific pathogens were ob-
tained from the Korean Research Institute of Chemistry Technology
(Daejon, Korea), were housed throughout the experiments in a lam-
inar flow cabinet, and were maintained on standard laboratory chow
ad libitum. All experimental animals used in this study were under
a protocol approved by the Institutional Animal Care and Use Com-
mittee of the Chonbuk National University Medical School. Mice
were sensitized on days 1 and 14 by intraperitoneal injection of 20 �g
of ovalbumin (Sigma-Aldrich, St. Louis, MO) emulsified in 1 mg of
aluminum hydroxide (Pierce Chemical Co., Rockford, IL) in a total
volume of 200 �l, as described previously with some modifications
(Fig. 1) (Kwak et al., 2003). On days 21, 22, and 23 after the initial
sensitization, the mice were challenged for 30 min with an aerosol of
3% (w/v) ovalbumin in saline (or with saline as a control) using an
ultrasonic nebulizer (NE-U12; Omron, Tokyo, Japan). Bronchoalveo-
lar lavage (BAL) was performed 72 h after the last challenge. At the
time of lavage, the mice (8 mice per group) were killed with an
overdose of sodium pentobarbitone (pentobarbital sodium, 100 mg/kg
body weight, administered intraperitoneally). The chest cavity was
exposed to allow for expansion, after which the trachea was carefully

intubated and the catheter secured with ligatures. Prewarmed 0.9%
NaCl solution was slowly infused into the lungs and withdrawn. The
aliquots were pooled and then kept at 4°C. Part of each pool was then
centrifuged, and the supernatants were kept at �70°C until use.
Total cell numbers were counted with a hemocytometer. Smears of
BAL cells were prepared with a cytospin (Thermo Electron,
Waltham, MA). The smears were stained with Diff-Quik solution
(Dade Diagnostics of Puerto Rico. Inc., Aguada, Puerto Rico) to
examine the cell differentials. Two independent, blinded investiga-
tors counted the cells using a microscope. Approximately 400 cells
were counted in each of four different random locations. Interinves-
tigator variation was �5%. The mean number from the two investi-
gators was used to estimate the cell differentials.

Administration of Antioxidants, OTC or �-Lipoic Acid, and
an Inhibitor of Nuclear Factor-�B Activation, BAY 11-7085.
OTC solution (160 mg/kg body weight/day; Sigma-Aldrich) was
freshly prepared as described elsewhere (Han et al., 2002) and ad-
ministered intraperitoneally four times at a 24-h interval on days 21
to 24, beginning 1 h before the first challenge. �-Lipoic acid (100
mg/kg body weight/day; Sigma-Aldrich), which is a nonenzymatic
antioxidant, was administered seven times by oral gavage at a 24-h
interval on days 19 to 25, beginning 2 days before the first challenge.
BAY 11-7085 (20 mg/kg body weight/day; BIOMOL International
L.P., Plymouth Meeting, PA), dissolved in dimethyl sulfoxide and
diluted with 0.9% NaCl, was administered by intraperitoneal injec-
tion two times to each treated animal, once on day 21 (1 h before the
first airway challenge with ovalbumin) and the second time on day
24 (1 day after the last airway challenge with ovalbumin) (Yang et
al., 2004) (Fig. 1).

Measurement of Intracellular ROS. ROS were measured by a
method described previously with modifications (Sundaresan et al.,
1995; Lee et al., 2002). BAL fluids were washed with phosphate-
buffered saline. To measure intracellular ROS, cells were incubated
for 10 min at room temperature with phosphate-buffered saline
containing 3.3 �M 2�,7�-dichlorofluorescein diacetate (Molecular
Probes, Eugene, OR) to label intracellular ROS. The cells were then
immediately observed under fluorescence microscope (Carl Zeiss,
Inc., Thornwood, NY) and fluorescence-activated cell sorting analy-
sis (Partec, Münster, Germany). The numbers of ROS-positive cells
stained by dichlorofluorescein were counted. Data were presented as
the number of ROS-positive cells divided by number of total cells in
each group.

Measurement of Glutathione and Glutathione Disulfide in
Lung Tissues. Lung tissues were homogenized with 10 ml of ice-
cold buffer (50 mM phosphate buffer containing 1 mM EDTA) per
gram of tissue. After centrifugation at 10,000g for 15 min at 4°C, the
supernatant was removed, deproteinated, and then stored at �20°C
until the sample was assayed. Total glutathione (GSH) and gluta-
thione disulfide (GSSG) levels were determined using a Glutathione
Assay Kit (Cayman Chemical Company, Ann Arbor, MI) according to
the manufacturer’s protocol.

Western Blot Analysis. Lung tissues were homogenized in the
presence of protease inhibitors, and protein concentrations were
determined using the Bradford reagent (Bio-Rad, Hercules, CA) as
described previously (Kwak et al., 2003). Samples (30 �g of protein
per lane) were loaded on a 12% SDS-polyacrylamide gel electrophore-
sis gel. After electrophoresis at 120 V for 90 min, separated proteins
were transferred to polyvinylidene difluoride membranes (GE
Healthcare, Little Chalfont, Buckinghamshire, UK) by the wet-
transfer method (250 mA, 90 min). Nonspecific sites were blocked
with 5% nonfat dry milk in Tris-buffered saline containing Tween 20
(25 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Tween 20) for 1 h, and
the blots were then incubated with an anti-IL-4 antibody (Serotec
Ltd., Oxford, UK), anti-IL-5 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA), anti-IL-13 antibody (R&D Systems, Inc., Minneap-
olis, MN), or anti-IL-18 antibody (Santa Cruz Biotechnology) over-
night at 4°C. Anti-rabbit horseradish peroxide-conjugated IgG was
used to detect binding of antibody. The membranes were stripped

Fig. 1. Schematic diagram of the experimental protocol. Mice were sen-
sitized on days 1 and 14 by intraperitoneal injection of ovalbumin emul-
sified in 1 mg of aluminum hydroxide. On days 21, 22, and 23 after the
initial sensitization, the mice were challenged for 30 min with an aerosol
of 3% (w/v) ovalbumin in saline (or with saline as a control) using an
ultrasonic nebulizer. In the case of treatment with OTC, it was admin-
istered intraperitoneally four times at a 24-h interval on days 21 to 24,
beginning 1 h before the first challenge. �-Lipoic acid was administered
7 times by oral gavage at a 24-h interval on days 19 to 25, beginning 2
days before the first challenge. BAY 11-7085 was administered by intra-
peritoneal injection two times to each treated animal, once on day 21 and
the second time on day 24.

Antioxidant and IL-18 in Asthma 1185

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


and reblotted with antiactin antibody (Sigma-Aldrich) to verify equal
loading of protein in each lane. The binding of the specific antibody
was visualized by exposing to photographic film after treating with
enhanced chemiluminescence system reagents (GE Healthcare).

Measurement of Th2 Cytokines. Levels of IL-4, IL-5, and IL-13
were quantified in the supernatants of BAL fluids by enzyme immu-
noassays according to the manufacturer’s protocol (IL-4: Endogen,
Inc., Woburn, MA; IL-5: BioSource International, Inc. Camarillo, CA;
IL-13: R&D Systems). Sensitivities for IL-4, IL-5, and IL-13 assays
were 5, 3, and 1.5 pg/ml, respectively.

RNA Isolation and RT-PCR. Total RNA from lung tissues was
isolated using a rapid-extraction method (TRI-Reagent) as described
previously (Chomczynski and Sacchi, 1987). RNA was quantified by
measuring absorption at 260 nm and stored at �80°C until use. Total
RNA (4 �g) was reverse-transcribed to cDNA in a buffer containing
20 mM Tris-HCl, pH 8.4, 50 mM KCl, 5 mM MgCl2, 10 mM dithio-
threitol, 0.5 �g of random hexanucleotide primers, 2.5 mM dNTP, 40
units of RNase inhibitor, and 50 units/�l SuperScript II RT (Invitro-
gen, Carlsbad, CA), in a final volume of 20 �l. This mixture was
incubated for 50 min at 42°C and then digested with 2 U/�l Esche-
richia coli RNase H for 20 min at 37°C. The first-strand cDNAs were
used for PCR amplification of IL-18 or the housekeeping gene, glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). PCR amplifica-
tion was performed by mixing 3 �l of the reverse-transcription reac-
tion mixture with 47 �l of buffer containing 2.5 units of TaqDNA
polymerase (Promega, Madison, WI) and 30 pmol of specific primer
pairs for mouse cDNA of IL-18 or GAPDH, designed from published
mouse gene sequences (Faust et al., 2002). The primers used were as
follows: IL-18 (predicted length, 320 base pairs) sense, 5�-ACTGTA-
CAACCGCAGTAATAC-3�; antisense, 5�-AGTGAACATTACAGATT-
TATCCC-3�; and GAPDH (predicted length, 609 base pairs) sense,
5�-GCCATCAACGACCCCTTCATTGAC-3�; antisense, 5�-ACGGAA-
GGCCATGCCAGTGAGCTT-3�. PCR reactions were performed in a
thermocycler (GeneAmp PCR System 2400; Applied Biosystems,
Foster City, CA) using the following reaction conditions: after an
initial incubation for 2 min at 95°C, samples were subjected to 35
cycles of 1 min at 94°C, 2 min at 54°C (GAPDH), or 58°C (IL-18) and
1 min at 72°C. A final extension step at 72°C for 10 min was
performed. The RT-PCR products were electrophoretically fractioned
on 2% agarose gels stained with ethidium bromide. DNA bands were
visualized under UV light.

Quantitative Real-Time PCR. Quantitative real-time PCR
analysis was performed using the LightCycler FastStart DNA Mas-
ter SYBR Green I (Roche Diagnostics, Mannheim, Germany). The
sequences of primers used were as follows: IL-18 sense, 5�-ACTGTA-
CAACCGCAGTAATAC-3�; antisense, 5�-AGTGAACATTACAGATT-
TATCCC-3�; and �-actin sense, 5�-CAGATCATGTTTGAGACCTTC-
3�; antisense, 5�-ACTTCATGATGGAATTGAATG-3�. Calculation of
the relative mRNA levels of each sample was performed according to
the manufacturer’s protocol. The data have been normalized to the
expression of �-actin.

Cytosolic or Nuclear Protein Extractions for Analysis of
Nuclear Factor-�B p65. Lungs were removed and homogenized in
2 volumes of buffer A (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10%
glycerol, 0.5 mM dithiothreitol, 5 mM MgCl2, and 1 mM phenylmeth-
ylsulfonyl fluoride) containing protease inhibitor cocktails. The ho-
mogenates were centrifuged at 1000g for 15 min at 4°C. The super-
natant fractions were incubated on ice for 10 min and centrifuged at
100,000g for 1 h at 4°C to obtain cytosolic proteins for analysis of
nuclear factor-�B (NF-�B) p65. The pellets were washed twice in
buffer A and resuspended in buffer B (1.3 M sucrose, 1.0 mM MgCl2,
and 10 mM potassium phosphate buffer, pH 6.8) and pelleted at
1000g for 15 min. The pellets were suspended in buffer B with a final
sucrose concentration of 2.2 M and centrifuged at 100,000g for 1 h.
The resulting pellets were washed once with a solution containing
0.25 M sucrose, 0.5 mM MgCl2, and 20 mM Tris-HCl, pH 7.2, and
centrifuged at 1000g for 10 min. The pellets were solubilized with a
solution containing 50 mM Tris-HCl, pH 7.2, 0.3 M sucrose, 150 mM

NaCl, 2 mM EDTA, 20% glycerol, 2% Triton X-100, 2 mM phenyl-
methylsulfonyl fluoride, and protease inhibitor cocktails. The mix-
ture was kept on ice for 1 h with gentle stirring and centrifuged at
12,000g for 30 min. The resulting supernatant was used as soluble
nuclear proteins for the determination of NF-�B p65 levels. The
levels of these proteins were analyzed by Western blotting using
antibody against NF-�B p65 (Upstate Biotechnology, Lake Placid,
NY) as described above.

Histology, Immunohistochemistry, and Immunocytochem-
istry. At 72 h after the last challenge, mice were killed, and the
lungs and trachea were filled intratracheally with a fixative (0.8%
formalin and 4% acetic acid) using a ligature around the trachea.
Lungs were removed, and lung tissues were fixed with 10% (v/v)
neutral buffered formalin. The specimens were dehydrated and em-
bedded in paraffin. For histological examination, 4-�m sections of
fixed embedded tissues were cut on a Leica model 2165 rotary mic-
rotome (Leica Microsystems Nussloch GmbH, Nussloch, Germany),
placed on glass slides, deparaffinized, and stained sequentially with
hematoxylin 2 and eosin-Y (Richard-Allan Scientific, Kalamazoo,
MI). For immunohistochemistry and immunocytochemistry of IL-18,
the deparaffinized 4-�m sections or the cytocentrifuge preparations
of BAL cells were incubated sequentially in accordance with instruc-
tions for the RTU Vectastain Universal Quick Kit from Vector Lab-
oratories Inc. (Burlingame, CA). In brief, the slides were incubated in
Endo/Blocker (Biomeda Corp., Foster City, CA) for 5 min and in
pepsin solution for 4 min at 40°C. After incubation in normal horse
serum for 15 min at room temperature, the slides were probed with
an affinity-purified rabbit polyclonal IL-18 IgG (Santa Cruz Biotech-
nology) overnight at 4°C and then incubated with prediluted biotin-
ylated panspecific IgG for 10 min. The slides were incubated with
horseradish peroxide-conjugated streptavidin for 5 min and then in
3-amino-9-ethylcarbazole substrate mixtures for peroxidase for 12
min. For the control, sections of lung tissue or BAL cells prepared
from mice were treated without the primary antibody under the
same conditions. After immunostaining, the slides were counter-
stained for 1 min with Gill’s hematoxylin in 20% ethylene glycol and
then mounted with Aqueous Mounting Medium from InnoGenex
(San Ramon, CA) and photomicrographed (Vanox T; Olympus Opti-
cal Co., Tokyo, Japan).

Determination of Airway Responsiveness. Airway respon-
siveness was assessed as a change in airway function after challenge
with aerosolized methacholine via airways, as described elsewhere
(Takeda et al., 1997). Anesthesia was achieved with 80 mg/kg pen-
tobarbital sodium injected intraperitoneally. The trachea was then
exposed through midcervical incision, tracheostomized, and an 18-
gauge metal needle was inserted. Mice were connected to a comput-
er-controlled small animal ventilator (flexiVent; SCIREQ, Montreal,
Canada). The mouse was quasisinusoidally ventilated with nominal
tidal volume of 10 ml/kg at a frequency of 150 breaths/min and a
positive end-expiratory pressure of 2 cm of H2O to achieve a mean
lung volume close to that during spontaneous breathing. This was
achieved by connecting the expiratory port of the ventilator to the
water column. Methacholine aerosol was generated with an inline
nebulizer and administered directly through the ventilator. To de-
termine the differences in airway response to methacholine, each
mouse was challenged with methacholine aerosol in increasing con-
centrations (2.5–50 mg/ml in saline). After each methacholine chal-
lenge, the data of airway resistance (RL) were continuously collected.
Maximum values of RL were selected to express changes in airway
function, which was represented as a percentage change from base-
line after saline aerosol.

Densitometric Analysis and Statistics. All immunoreactive
signals were analyzed by densitometric scanning (Gel Doc XR; Bio-
Rad). Data were expressed as mean � S.E.M. Statistical compari-
sons were performed using one-way analysis of variance followed by
Scheffe’s test. Significant differences between two groups were de-
termined using the unpaired Student’s t test. Statistical significance
was set at p � 0.05.
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Results
Effect of OTC or �-Lipoic Acid on ROS Levels in BAL

Fluids of Ovalbumin-Sensitized and -Challenged Mice.
ROS generation in BAL cells was increased significantly at
72 h after ovalbumin inhalation compared with the levels
after saline inhalation (Fig. 2). The increased ROS genera-
tion was substantially reduced by the administration of OTC
or �-lipoic acid.

Effect of OTC or �-Lipoic Acid on GSH and GSSG Lev-
els in Lung Tissues of Ovalbumin-Sensitized and -Chal-
lenged Mice. GSH assay revealed that the levels of total GSH
in lung tissues were decreased significantly at 72 h after ovalbu-
min inhalation compared with the levels after saline inhalation.
The decreased GSH levels after ovalbumin inhalation were
significantly increased by the administration of OTC or �-lipoic
acid (Fig. 3A). However, levels of GSSG in lung tissues were
increased significantly at 72 h after ovalbumin inhalation com-
pared with the levels after saline inhalation (Fig. 3B). The
increased GSSG levels after ovalbumin inhalation were signif-
icantly reduced by the administration of OTC or �-lipoic acid.

IL-18 Protein Levels and mRNA Expression In-
creased in Ovalbumin-Sensitized and -Challenged
Mice. Western blot analysis revealed that IL-18 protein lev-
els in lung tissues were increased approximately 2.7-, 2.8-,
4.0-, 5.4-, 5.4-, and 6.1-fold at 6, 12, 24, 36, 48, and 72 h,
respectively, after challenge with ovalbumin compared with
the levels in the control group (Fig. 4, A and B). In contrast,
no significant changes in the IL-18 protein level were ob-
served after saline inhalation. Real-time PCR analysis re-
vealed that IL-18 mRNA expression had increased approxi-
mately 1.6-, 1.7-, 2.1-, 2.6-, 2.9-, and 2.9-fold at 6, 12, 24, 36,
48, and 72 h, respectively, after ovalbumin inhalation com-
pared with the expression in the control group (Fig. 4, C and
D). In contrast, no significant changes in the IL-18 mRNA
expression were observed after saline inhalation.

Effect of OTC or �-Lipoic Acid on IL-18 Protein Lev-
els and mRNA Expression in Lung Tissues of Ovalbu-
min-Sensitized and -Challenged Mice. Western blot anal-

ysis revealed that levels of IL-18 protein in lung tissues were
increased at 72 h after ovalbumin inhalation compared with
the levels in the control mice (Fig. 5, A and B). The increased
IL-18 levels at 72 h after ovalbumin inhalation were de-
creased significantly by the administration of OTC or �-lipoic
acid. Real-time PCR analyses showed that IL-18 mRNA ex-
pression in lung tissues was increased 72 h after ovalbumin
inhalation compared with the expression after saline inhala-
tion (Fig. 5, C and D). The increased IL-18 mRNA expression
72 h after ovalbumin inhalation was reduced by the admin-
istration of OTC or �-lipoic acid.

Localization of Immunoreactive IL-18 in Lung Tis-
sues and in BAL Fluids of Ovalbumin-Induced Asthma.
Immunohistochemical analyses showed the localization of
immunoreactive IL-18 in epithelial cells around the bronchi-
oles of mice with ovalbumin-induced asthma (Fig. 6B). Treat-
ment of ovalbumin-sensitized and -challenged mice with
OTC or �-lipoic acid resulted in a marked reduction of the
immunoreactive IL-18 level (Fig. 6, C and D), similar to that
in the control (Fig. 6A).

Immunocytological analysis of BAL fluids showed localiza-
tion of immunoreactive IL-18 in the BAL cells from ovalbu-
min-exposed mice (Fig. 6, F, I, and J). However, treatment of
ovalbumin-sensitized and -challenged mice with OTC or �-li-
poic acid markedly reduced immunoreactive IL-18 level (Fig.
6, G and H) similar to that in precipitated cells from control
mice (Fig. 6E). To examine the cell differentials present in
BAL cells, the slides used for the detection of IL-18 were

Fig. 2. Effect of OTC or �-lipoic acid on ROS levels in BAL fluids of
ovalbumin-sensitized and -challenged mice. Sampling was performed at
72 h after the last challenge in saline-inhaled mice administered saline
(SAL�SAL), ovalbumin-inhaled mice administered saline (OVA�SAL),
ovalbumin-inhaled mice administered drug vehicle (OVA�VEH), ovalbu-
min-inhaled mice administered OTC (OVA�OTC), and ovalbumin-in-
haled mice administered �-lipoic acid (OVA��-lipoic acid). Dichlorofluo-
rescein fluorescence intensity is presented as the relative ratio of ROS
levels. The relative ratio of ROS levels in the BAL fluids of SAL�SAL is
arbitrarily presented as 100. Bars represent mean � S.E.M. from eight
mice per group. #, p � 0.05 versus SAL�SAL;�, p � 0.05 versus
OVA�SAL.

Fig. 3. Effect of OTC or �-lipoic acid on GSH (A) and GSSG (B) levels in
lung tissues of ovalbumin-sensitized and -challenged mice. Sampling was
performed 72 h after the last challenge in saline-inhaled mice adminis-
tered saline (SAL�SAL), ovalbumin-inhaled mice administered saline
(OVA�SAL), ovalbumin-inhaled mice administered 160 mg/kg OTC
(OVA�OTC), and ovalbumin-inhaled mice administered 100 mg/kg �-li-
poic acid (OVA��-lipoic acid). Bars represent mean � S.E.M. from eight
mice per group. #, p � 0.05 versus SAL�SAL; �, p � 0.05 versus
OVA�SAL.
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destained with 70% ethyl alcohol. The smears of BAL cells
were stained with Diff-Quik solution. Immunoreactive IL-18
was localized on macrophages (Fig. 6, I and J).

Effect of OTC or �-Lipoic Acid on NF-�B p65 Protein
Levels in Lung Tissues of Ovalbumin-Sensitized and
-Challenged Mice. Western blot analysis revealed that lev-

els of NF-�B p65 in nuclear protein extracts from lung tissues
were increased at 72 h after ovalbumin inhalation compared
with the levels in the control mice (Fig. 7A). The increased
NF-�B p65 levels at 72 h after ovalbumin inhalation were
decreased by the administration of OTC or �-lipoic acid. In
contrast, levels of NF-�B p65 in cytosolic protein extracts

Fig. 4. Levels of IL-18 protein and mRNA in lung tissues of ovalbumin-
sensitized and -challenged mice. Sampling was performed in lung tissues
from sensitized mice challenged with ovalbumin or saline. A, Western
blot analyses of IL-18 protein. The Western blot was probed with an anti-
IL-18 antibody and reprobed with an anti-actin antibody to verify equal
loading of protein in each lane. B, densitometric analyses are presented as
the relative ratio of IL-18 to actin. The relative ratio of IL-18 in lung tissues
of the control group is arbitrarily presented as 1. C, representative RT-PCR
of IL-18 mRNA expression. D, quantitative analysis of IL-18 mRNA expres-
sion by means of real-time PCR. Data represent mean � S.E.M. from eight
mice per group; 6, 12, 24, 36, 48, and 72 h are time periods after the last
challenge; Control, no treatment; Pre, 1 h before the first challenge; #, p �
0.05 versus Pre; �, p � 0.05 versus saline inhalation.

Fig. 5. Effect of OTC or �-lipoic acid on IL-18 protein and mRNA in lung
tissues of ovalbumin-sensitized and -challenged mice. A, Western blot
analysis of IL-18. Sampling was performed at 72 h after the last challenge
in saline-inhaled mice administered saline (SAL�SAL), ovalbumin-inhaled
mice administered saline (OVA�SAL), ovalbumin-inhaled mice adminis-
tered drug vehicle (OVA�VEH), ovalbumin-inhaled mice administered OTC
(OVA�OTC), and ovalbumin-inhaled mice administered �-lipoic acid
(OVA��-lipoic acid). B, densitometric analyses are presented as the relative
ratio of IL-18 to actin. The relative ratio of IL-18 in lung tissues of SAL�SAL
is arbitrarily presented as 1. C, representative RT-PCR analysis of IL-18
mRNA expression. D, quantitative analysis of IL-18 mRNA by means of
real-time PCR. Data represent mean � S.E.M. from eight mice per group. #,
p � 0.05 versus SAL�SAL; �, p � 0.05 versus OVA�SAL.
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from lung tissues were decreased at 72 h after ovalbumin
inhalation compared with the levels in the control mice (Fig.
7B). The decreased NF-�B p65 levels in cytosol preparations
were increased by the administration of OTC and �-lipoic
acid. These results indicate that OTC and �-lipoic acid in-
hibit NF-�B activity by preventing translocation of this tran-
scription factor into the nucleus.

Effect of BAY 11-7085 on IL-18 Levels in Lung Tissues
of Ovalbumin-Sensitized and -Challenged Mice. West-
ern blot analysis showed that IL-18 protein levels in lung
tissues were increased significantly at 72 h after ovalbumin

inhalation compared with the levels after saline inhalation
(Fig. 8, A and B). The increased IL-18 levels were signifi-
cantly reduced by the administration of BAY 11-7085.

Effect of OTC or �-Lipoic Acid on Cellular Changes
in BAL Fluids. Numbers of total cells, lymphocytes, neutro-
phils, and eosinophils in BAL fluids were increased signifi-
cantly at 72 h after ovalbumin inhalation compared with the
numbers after saline inhalation (Fig. 9A). The increased
numbers of total cells, lymphocytes, neutrophils, and eosin-

Fig. 7. Effect of OTC or �-lipoic acid on NF-�B p65 protein expression in
nuclear and cytosolic protein extracts from lung tissues. NF-�B p65
protein expression in nuclear protein extracts (A) and in cytosolic protein
extracts (B) from lung tissues. NF-�B protein expression was measured
72 h after the last challenge in saline-inhaled mice administered saline
(SAL�SAL), ovalbumin-inhaled mice administered saline (OVA�SAL),
ovalbumin-inhaled mice administered drug vehicle (OVA�VEH), ovalbu-
min-inhaled mice administered OTC (OVA�OTC), and ovalbumin-in-
haled mice administered �-lipoic acid (OVA��-lipoic acid). Results were
similar in eight mice per group.

Fig. 8. Effects of BAY 11-7085 on IL-18 expression in lung tissues of
ovalbumin-sensitized and -challenged mice. Sampling was performed at
72 h after the last challenge in saline-inhaled mice administered saline
(SAL�SAL), ovalbumin-inhaled mice administered saline (OVA�SAL),
ovalbumin-inhaled mice administered drug vehicle (OVA�VEH), and
ovalbumin-inhaled mice administered BAY 11-7085 (OVA�BAY
11-7085). A, Western blotting of IL-18 in lung tissues. B, densitometric
analyses are presented as the relative ratio of IL-18 to actin. The relative
ratio of IL-18 in the lung tissues of SAL�SAL is arbitrarily presented as
1. Bars represent mean � S.E.M. from eight mice per group. #, p � 0.05
versus SAL�SAL; �, p � 0.05 versus OVA�SAL.

Fig. 6. Localization of immunoreactive IL-18 in lung tissues and in BAL
fluids of ovalbumin-sensitized and -challenged mice. Sampling was per-
formed 72 h after the last challenge in lung tissues from sensitized mice
challenged with saline (A), from sensitized mice challenged with ovalbu-
min (B), from ovalbumin-inhaled mice administered OTC (C), and from
ovalbumin-inhaled mice administered �-lipoic acid (D). Sampling was
also performed in BAL fluids from sensitized mice challenged with saline
(E), sensitized mice challenged with ovalbumin (F, I, and J), ovalbumin-
inhaled mice administered OTC (G), and from ovalbumin-inhaled mice
administered �-lipoic acid (H). A–I, representative light microscopy show-
ing IL-18-positive cells in the BAL fluids; the brown color indicates
IL-18-positive cells. J, to examine the cell differentials in BAL cells
prepared from the control mice, the slides used for the detection of IL-18
(I) were destained with 70% ethyl alcohol. The smears of BAL cells were
stained with Diff-Quik solution and were viewed under a light micro-
scope. The arrow indicates a macrophage. Bars, 50 �m.
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ophils at 72 h after ovalbumin inhalation were significantly
reduced by the administration of OTC or �-lipoic acid.

Antioxidants Reduced Ovalbumin-Induced Airway
Hyperresponsiveness. Airway responsiveness was as-
sessed as a percentage of increase of RL in response to in-
creasing doses of methacholine. In ovalbumin-sensitized and
-challenged mice, the dose-response curve of RL shifted to the
left compared with that of control mice (Fig. 9B). In addition,
the percentage of RL produced by methacholine administra-
tion (at doses from 10 to 50 mg/ml) increased significantly in
the ovalbumin-sensitized and -challenged mice compared
with the controls. kovalbumin-sensitized and -challenged
mice treated with OTC or �-lipoic acid showed a dose-re-
sponse curve of the percentage of RL that shifted to the right
compared with that of untreated mice. These results indicate
that OTC and �-lipoic acid treatment reduce ovalbumin-
induced airway hyperresponsiveness.

Effect of OTC or �-Lipoic Acid on IL-4, IL-5, and IL-13
Protein Levels in Lung Tissues and in BAL Fluids of
Ovalbumin-Sensitized and -Challenged Mice. Western
blot analysis showed that IL-4, IL-5, and IL-13 protein levels in
lung tissues were increased significantly at 72 h after ovalbu-
min inhalation compared with the levels after saline inhalation.
The increased IL-4, IL-5, and IL-13 levels were significantly
reduced by the administration of OTC or �-lipoic acid (Fig. 10,

A and B). Consistent with these results, enzyme immunoassays
revealed that levels of IL-4, IL-5, and IL-13 in BAL fluids were
also increased significantly 72 h after ovalbumin inhalation
compared with the levels after saline inhalation. The increased
IL-4, IL-5, and IL-13 levels were significantly reduced by the
administration of OTC or �-lipoic acid (Fig. 10C).

Effect of OTC or �-Lipoic Acid on Total IgE or OVA-
Specific IgE Levels in Serum of Ovalbumin-Sensitized
and -Challenged Mice. Levels of total IgE or ovalbumin-

Fig. 9. Effects of OTC or �-lipoic acid on total and differential cellular
components in BAL fluids and on airway responsiveness of ovalbumin-
sensitized and -challenged mice. The numbers of total and differential
cellular components of BAL fluid (A) and airway responsiveness (B) were
measured at 72 h after the last challenge in saline-inhaled mice admin-
istered saline (SAL�SAL), ovalbumin-inhaled mice administered saline
(OVA�SAL), ovalbumin-inhaled mice administered drug vehicle
(OVA�VEH), ovalbumin-inhaled mice administered OTC (OVA�OTC),
and ovalbumin-inhaled mice administered �-lipoic acid (OVA��-lipoic
acid). RL values were obtained in response to increasing doses (2.5–50
mg/ml) of methacholine as described under Materials and Methods. Bars
represent the mean � S.E.M. from eight mice per group. #, p � 0.05
versus SAL�SAL; �, p � 0.05 versus OVA�SAL.

Fig. 10. Effect of OTC or �-lipoic acid on IL-4, IL-5, and IL-13 protein
levels in lung tissues and in BAL fluids of ovalbumin-sensitized and
-challenged mice. Sampling was performed at 72 h after the last chal-
lenge in saline-inhaled mice administered saline (SAL�SAL), ovalbumin-
inhaled mice administered saline (OVA�SAL), ovalbumin-inhaled mice
administered drug vehicle (OVA�VEH), ovalbumin-inhaled mice admin-
istered OTC (OVA�OTC), and ovalbumin-inhaled mice administered
�-lipoic acid (OVA��-lipoic acid). A, Western blotting of IL-4, IL-5, and
IL-13 in lung tissues. B, densitometric analyses are presented as the
relative ratio of each molecule to actin. The relative ratio of each molecule
in the lung tissues of SAL�SAL is arbitrarily presented as 1. C, enzyme
immunoassay of IL-4, IL-5, and IL-13 in BAL fluids. Bars represent
mean � S.E.M. from eight mice per group. #, p � 0.05 versus SAL�SAL;
�, p � 0.05 versus OVA�SAL.
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specific IgE levels in serum were increased significantly at
72 h after ovalbumin inhalation compared with levels after
saline inhalation (Fig. 11). The increased total IgE or ovalbu-
min-specific IgE levels at 72 h after ovalbumin inhalation
were significantly reduced by the administration of OTC or
�-lipoic acid.

Discussion
Bronchial asthma is a long-term inflammatory disease of

the airways characterized by airway eosinophilia and hyper-
responsiveness to inhaled allergens and nonspecific stimuli
(Bousquet et al., 2000). Airway inflammation and hyperre-
sponsiveness are connected by complex signaling networks.
Therefore, the molecular mechanisms of this disorder remain
to be poorly understood. In this study, we have examined the
effects of ROS on the regulation of IL-18 expression using
antioxidant, OTC, or �-lipoic acid. Our present study with
ovalbumin-induced murine model of asthma has revealed
that ROS production in cells from BAL fluids was increased,
and that administration of OTC or �-lipoic acid reduced the
increased ROS production, the increased expression of IL-18
protein and mRNA, airway inflammation, and bronchial hy-
perresponsiveness. Our results also have indicated that
antioxidants down-regulated a transcription factor, NF-�B
activity. These findings suggest that antioxidants inhibit
NF-�B signal transduction pathway by decreasing NF-�B
binding activity to the promoter region of IL-18 gene involved
in airway inflammation and remodeling in asthma.

IL-18 is produced by many cell types, including activated
monocytes/macrophages and airway epithelial cells (Cam-
eron et al., 1999; Shigehara et al., 2001) and has an ability to
promote both Th1 and Th2 responses, depending on the sur-
rounding cytokine environment (Xu et al., 2000; Nakanishi et
al., 2001). Several reports have shown that IL-18 has a proin-
flammatory action in asthma. IL-18 can increase serum IgE
levels and promote allergen-induced eosinophil influx into
the airways in murine models of asthma (Campbell et al.,
2000; Hoshino et al., 2000; Wild et al., 2000). Moreover, level
of IL-18 is found to be raised in patients with asthma during
acute exacerbations and in patients with stable asthma

(Tanaka et al., 2001). In contrast, IL-18 exhibits antiallergic
properties when administered with IL-12 in a murine
asthma model (Hofstra et al., 1998), and in IL-18-deficient
mice, an increase in airway eosinophilia has been observed
(Kodama et al., 2000). In this study, we found that IL-18
expression was up-regulated in ovalbumin-induced asthma,
and immunoreactive IL-18 was observed in BAL fluid mac-
rophages and in airway epithelial cells. It is interesting that
administration of the antioxidant OTC or �-lipoic acid re-
duced the increased IL-18 expression, the increased Th2
cytokines (IL-4, IL-5, and IL-13), and the increased ovalbu-
min-specific IgE. These results suggest that ROS signaling is
associated with the regulation of IL-18 expression and that
treatment of the antioxidants may improve the asthmatic
features via regulation of IL-18 expression. Consistent with
this present study, several studies have demonstrated that
antioxidants are able to reduce airway inflammation and
hyperresponsiveness through the regulation of NF-�B activ-
ity and modulate vascular permeability by lowering vascular
endothelial growth factor expression in animal models of
asthma (Cho et al., 2004; Lee et al., 2004, 2005).

Although OTC or �-lipoic acid has been studied clinically
for the treatment of oxidant-induced diseases, such as isch-
emia-reperfusion injury (Cao and Phillis, 1995), diabetic neu-
ropathy (van Dam, 2002), and coronary artery disease (Vita
et al., 1998), there are no clinical studies using OTC or
�-lipoic acid for airway diseases. The calculated human
equivalent dose of the murine oral dosage of �-lipoic acid in
this study is within the reported range of the therapeutic
dose of �-lipoic acid in human diseases. Moreover, we re-
vealed previously that the even lower concentration of OTC
or �-lipoic acid than the concentration used in present study
also reduced airway inflammation and bronchial hyperre-
sponsiveness (Lee et al., 2004, 2005). However, a well-de-
signed clinical study is necessary to determine the safety and
efficacy of OTC or �-lipoic acid in human subjects with
asthma.

The inflammatory cells recruited to the asthmatic airways
have an exceptional capability of producing ROS. Activated
eosinophils, neutrophils, monocytes, and macrophages by
many causes, including allergen inhalation, can generate
O2

� via the membrane-associated NADPH-dependent com-
plex. Thereafter, dismutation of O2

� gives hydrogen peroxide
(H2O2). O2

� and H2O2 per se are moderate oxidants. How-
ever, both species are critical for the formation of potent
cytotoxic radicals in biological systems through their inter-
action with other molecules (Dworski, 2000). Therefore, these
stimulated cells, such as neutrophils, eosinophils, lympho-
cytes, and macrophages, produce a large amount of ROS
(Conner and Grisham, 1996; Leusen et al., 1996; Babior,
1999). Consistent with these findings, our present results
showed that ROS generation in BAL cells, which mainly
consist of recruited inflammatory cells, was increased signif-
icantly in ovalbumin-sensitized and -challenged mice. The
increased ROS generation was substantially reduced by the
administration of OTC or �-lipoic acid.

GSH is synthesized from cysteine and is a vital intra- and
extracellular protective antioxidant against oxidative stress.
Alterations in alveolar and lung GSH metabolism are widely
recognized as a central feature of many inflammatory lung
diseases such as asthma. OTC is a prodrug of cysteine that
increases the plasma concentrations of cysteine and GSH

Fig. 11. Effect of OTC or �-lipoic acid on total IgE or ovalbumin-specific
IgE levels in serum of ovalbumin-sensitized and -challenged mice. Sam-
pling was performed 72 h after the last challenge in saline-inhaled mice
administered saline (SAL�SAL), ovalbumin-inhaled mice administered
saline (OVA�SAL), ovalbumin-inhaled mice administered drug vehicle
(OVA�VEH), ovalbumin-inhaled mice administered OTC (OVA�OTC),
and ovalbumin-inhaled mice administered �-lipoic acid (OVA��-lipoic
acid). Bars represent mean � S.E.M. from eight mice per group. #, p �
0.05 versus SAL�SAL; �, p � 0.05 versus OVA�SAL.
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(Porta et al., 1991; Vita et al., 1998; Oiry et al., 1999). Several
studies have also demonstrated that OTC repletes cellular
GSH stores when GSH is acutely depleted (Hazelton et al.,
1986; Moslen et al., 1989) and is more effective than N-ace-
tylcysteine in repleting intracellular GSH stores (Williamson
et al., 1982; Mesina et al., 1989). In addition, �-lipoic acid is
reduced intracellularly to dihydrolipoic acid by lipoamide
dehydrogenase. Dihydrolipoic acid is a highly reactive thiol
capable of reducing GSSG to GSH and of affecting the oxida-
tion state of thioredoxin and other thiol-containing proteins
(Packer et al., 1995). Consistent with these observations, our
data have shown that the decreased GSH levels in lung
tissues were significantly increased by the administration of
OTC or �-lipoic acid in ovalbumin-sensitized and -challenged
mice.

Previous studies have shown that several proteins, includ-
ing various transcriptional factors, are related to ROS-based
regulation of signal transduction and gene expression in var-
ious immune and inflammatory processes (Sen, 1998; Lee et
al., 2005). However, the molecular basis of ROS-mediated
induction of asthma has not yet been clearly defined. A recent
study has indicated that the development of oxidant/antiox-
idant imbalance in asthma leads to the activation of redox-
sensitive transcription factor NF-�B (Henderson et al., 2002).
NF-�B is present in most cell types and is known to play a
critical role in immune and inflammatory responses, includ-
ing asthma (Siebenlist et al., 1994; Baeuerle and Baltimore,
1996; Baldwin, 1996; Barnes and Karin, 1997). As expected,
the NF-�B protein level was substantially increased in the
ovalbumin-induced model of asthma used for the present
study. It is known that activation of this transcription factor
induces a variety of inflammatory genes that are abnormally
expressed in asthma. These genes include cytokines (e.g.,
IL-4, IL-5, IL-9, IL-15, and TNF-�), chemokines (e.g., regu-
lated on activation normal T cell expressed and secreted,
eotaxin, and monocyte chemotactic protein-3), and adhesion
molecules (e.g., intercellular adhesion molecule-1 and vascu-
lar cell adhesion molecule-1). IL-18 expression is also shown
to be regulated through NF-�B activation (Chandrasekar et
al., 2003, 2004). In this study, expression of IL-18 was in-
creased significantly after allergen challenge in our murine
model of asthma. Administration of OTC or �-lipoic acid
resulted in significant reduction of NF-�B activity and ex-
pression of IL-18. In addition, the increased IL-18 protein
levels after OVA inhalation were decreased by administra-
tion of an inhibitor of NF-�B activation, BAY 11-7085. There-
fore, these results strongly suggest that antioxidants inhibit
IL-18 expression in asthma by inhibiting the activity of
NF-�B.

In summary, we examined the effect of ROS on the regu-
lation of IL-18 expression in a murine model of allergic
asthma. By using OTC and �-lipoic acid, antioxidants, we
have shown the important role of ROS in ovalbumin-induced
airway hyperresponsiveness and inflammation. Moreover,
our results have revealed that administration of OTC or
�-lipoic acid reduced IL-18 expression at protein and mRNA
levels, including NF-�B activation. On the basis of these
observations, we have concluded that antioxidants inhibit
IL-18 expression in asthma by inhibiting activity of NF-�B.
Thus, these findings provide an important molecular mech-
anism for the potential use of antioxidants to prevent and/or
treat asthma and other airway inflammatory disorders.

Acknowledgments

We thank professor Mie-Jae Im for critical reading of the manu-
script.

References
Babior BM (1999) NADPH oxidase: an update. Blood 93:1464–1476.
Baeuerle PA and Baltimore D (1996) NF-kappa B: ten years after. Cell 87:13–20.
Baldwin AS Jr (1996) The NF-kappa B and I kappa B proteins: new discoveries and

insights. Annu Rev Immunol 14:649–683.
Barnes PJ and Karin M (1997) Nuclear factor-kappa B: a pivotal transcription factor

in chronic inflammatory diseases. N Engl J Med 336:1066–1071.
Bousquet J, Jeffery PK, Busse WW, Johnson M, and Vignola AM (2000) Asthma.

From bronchoconstriction to airways inflammation and remodeling. Am J Respir
Crit Care Med 161:1720–1745.

Cameron LA, Taha RA, Tsicopoulos A, Kurimoto M, Olivenstein R, Wallaert B,
Minshall EM, and Hamid QA (1999) Airway epithelium expresses interleukin-18.
Eur Respir J 14:553–559.

Campbell E, Kunkel SL, and Strieter RM (2000) Differential roles of IL-18 in allergic
airway disease: induction of eotaxin by resident cell populations exacerbates
eosinophil accumulation. J Immunol 164:1096–1102.

Cao X and Phillis JW (1995) The free radical scavenger, alpha-lipoic acid, protects
against cerebral ischemia-reperfusion injury in gerbils. Free Radic Res 23:365–
370.

Chandrasekar B, Colston JT, de la Rosa SD, Rao PP, and Freeman GL (2003)
TNF-alpha and H2O2 induce IL-18 and IL-18R beta expression in cardiomyocytes
via NF-kappa B activation. Biochem Biophys Res Commun 303:1152–1158.

Chandrasekar B, Marelli-Berg FM, Tone M, Bysani S, Prabhu SD, and Murray DR
(2004) Beta-adrenergic stimulation induces interleukin-18 expression via beta2-
AR, PI3K, Akt, IKK, and NF-kappaB. Biochem Biophys Res Commun 319:304–
311.

Cho YS, Lee J, Lee TH, Lee EY, Lee KU, Park JY, and Moon HB (2004) alpha-Lipoic
acid inhibits airway inflammation and hyperresponsiveness in a mouse model of
asthma. J Allergy Clin Immunol 114:429–435.

Chomczynski P and Sacchi N (1987) Single-step method of RNA isolation by acid
guanidium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:156–159.

Conner EM and Grisham MB (1996) Inflammation, free radicals, and antioxidants.
Nutrition 12:272–277.

Dinarello CA (1999) IL-18: a TH1-inducing, proinflammatory cytokine and new
member of the IL-1 family. J Allergy Clin Immunol 103:11–24.

Dworski R (2000). Oxidant stress in asthma. Thorax 55:S51–S53.
Faust J, Menke J, Kriegsmann J, Kelley VR, Mayet WJ, Galle PR, and Schwarting

A (2002) Correlation of renal tubular epithelial cell-derived interleukin-18 up-
regulation with disease activity in MRL-Faslpr mice with autoimmune lupus
nephritis. Arthritis Rheum 46:3083–3095.

Han MK, Kim SJ, Park YR, Shin YM, Park HJ, Park KJ, Park KH, Kim HK, Jang
SI, An NH, et al. (2002) Antidiabetic effect of a prodrug of cysteine, L-2-
oxothiazolidine-4-carboxylic acid, through CD38 dimerization. J Biol Chem 277:
5315–5321.

Hazelton GA, Hjelle JJ, and Klaassen CD (1986) Effects of cysteine pro-drugs on
acetaminophen-induced hepatotoxicity. J Pharmacol Exp Ther 237:341–349.

Henderson WR Jr, Chi EY, Teo JL, Nguyen C, and Kahn M (2002) A small molecule
inhibitor of redox-regulated NF-kappa B and activator protein-1 transcription
blocks allergic airway inflammation in a mouse asthma model. J Immunol 169:
5294–5299.

Henricks PA, and Nijkamp FP (2001) Reactive oxygen species as mediators in
asthma. Pulm Pharmacol Ther 14:409–420.

Ho LP, Davis M, Denison A, Wood FT, and Greening AP (2002) Reduced interleu-
kin-18 levels in BAL specimens from patients with asthma compared to patients
with sarcoidosis and healthy control subjects. Chest 121:1421–1426.

Hofstra CL, Van Ark I, Hofman G, Kool M, Nijkamp FP, and Van Oosterhout AJ
(1998) Prevention of Th2-like cell responses by coadministration of IL-12 and IL-18
is associated with inhibition of antigen-induced airway hyperresponsiveness, eo-
sinophilia, and serum IgE levels. J Immunol 161:5054–5060.

Hoshino T, Wiltrout RH, and Young HA (1999) IL-18 is a potent co-inducer of IL-13
in NK and T cells: a new potential role for IL-18 in modulating the immune
response. J Immunol 162:5070–5077.

Hoshino T, Yagita H, Ortoldo JR, Wiltrout RH, and Young HA (2000) In vivo
administration of IL-18 can induce IgE production through Th2 cytokine induction
and up-regulation of CD40 ligand (CD154) expression on CD4� T cells. Eur
J Immunol 30:1998–2006.

Kodama T, Matsuyama T, Kuribayashi K, Nishioka Y, Sugira M, Akira S, Nakanishi
K, and Okamura H (2000) IL-18 deficiency selectively enhances allergen-induced
eosinophilia in mice. J Allergy Clin Immunol 105:45–53.

Kwak YG, Song CH, Yi HK, Hwang PH, Kim JS, Lee KS, and Lee YC (2003)
Involvement of PTEN in airway hyperresponsiveness and inflammation in bron-
chial asthma. J Clin Investig 111:1083–1092.

Lee KS, Park HS, Park SJ, Kim SR, Min KH, Jin SM, Park KH, Kim UH, Kim CY,
and Lee YC (2005) A prodrug of cysteine, L-2-oxothiazolidine-4-carboxylic acid,
regulates vascular permeability by reducing vascular endothelial growth factor
expression in asthma. Mol Pharmacol 68:1281–1290.

Lee M, You HJ, Cho SH, Woo CH, Yoo MH, Joe EH, and Kim JH (2002) Implication
of the small GTPase Rac1 in the generation of reactive oxygen species in response
to beta-amyloid in C6 astroglioma cells. Biochem J 366:937–943.

Lee YC, Lee KS, Park SJ, Park HS, Lim JS, Park KH, Im MJ, Choi IW, Lee HK, and
Kim UH (2004) Blockade of airway hyperresponsiveness and inflammation in a
murine model of asthma by a prodrug of cysteine, L-2-oxothiazolidine-4-carboxylic
acid. FASEB J 18:1917–1919.

Leusen JH, Verhoeven AJ, and Roos D (1996) Interactions between the components

1192 Lee et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


of the human NADPH oxidase: intrigues in the phox family. J Lab Clin Med
128:461–476.

Mesina JE, Page RH, Hetzel FW, and Chopp M (1989) Administration of L-2-
oxothiazolidine-4-carboxylate increases glutathione levels in rat brain. Brain Res
478:181–183.

Moslen MT, Whitehead RF, Ferguson AE, and Kanz MF (1989) Protection by L-2-
oxothiazolidine-4-carboxylate, a cysteine prodrug, against 1,1-dichloroethylene
hepatotoxicity in rats is associated with decreases in toxin metabolism and cyto-
chrome P-450. J Pharmacol Exp Ther 248:157–163.

Nakanishi K, Yoshimoto T, Tsutsui H, and Okamura H (2001) Interleukin-18 regu-
lates both Th1 and Th2 responses. Annu Rev Immunol 19:423–474.

Oiry J, Puy JY, Mialocq P, Clayette P, Fretier P, Jaccard P, Dereuddre-Bosquet N,
Dormont D, and Imbach JL (1999) Synthesis and in vitro anti-HIV activity in
human monocyte-derived macrophages of 2-oxothiazolidine-4(R)-carboxylic acid
derivatives. J Med Chem 42:4733–4740.

Okamura H, Tsutsi H, Komatsu T, Yutsudo M, Hakura A, Tanimoto T, Torigoe K,
Okura T, Nukada Y, Hattori K, et al. (1995) Cloning of a new cytokine that induces
IFN-gamma production by T cells. Nature (Lond) 378:88–91.

Okamura H, Tsutsui H, Kashiwamura S, Yoshimoto T, and Nakanishi K (1998)
Interleukin-18: a novel cytokine that augments both innate and acquired immu-
nity. Adv Immunol 70:281–312.

Packer L, Witt EH, and Tritschler HJ (1995) alpha-Lipoic acid as a biological
antioxidant. Free Radic Biol Med 19:227–250.

Porta P, Aebi S, Summer K, and Lauterburg BH (1991) L-2-oxothiazolidine-4-
carboxylic acid, a cysteine prodrug: pharmacokinetics and effects on thiols in
plasma and lymphocytes in human. J Pharmacol Exp Ther 257:331–334.

Rahman I, Morrison D, Donaldson K, and MacNee W (1996) Systemic oxidative
stress in asthma, COPD, and smokers. Am J Respir Crit Care Med 154:1055–1060.

Robinson DS, Hamid Q, Ying S, Tsicopoulos A, Barkans J, Bentley AM, Corrigan C,
Durham SR, and Kay AB (1992) Predominant TH2-like bronchoalveolar T-
lymphocyte population in atopic asthma. N Engl J Med 326:298–304.

Sen CK (1998) Redox signaling and the emerging therapeutic potential of thiol
antioxidants. Biochem Pharmacol 55:1747–1758.

Shigehara K, Shijubo N, Omichi M, Takahashi R, Kon S, Okamura H, Kumamoto M,
Hiraga Y, Tatsuno T, Abe S, et al. (2001) IL-12 and IL-18 are increased and
stimulate IFN-� production in sarcoid lungs. J Immunol 166:642–649.

Siebenlist U, Franzoso G, and Brown K (1994) Structure, regulation and function of
NF-kappa B. Annu Rev Cell Biol 10:405–455.

Sundaresan M, Yu ZX, Ferrans VJ, Irani K, and Finkel T (1995) Requirement for
generation of H2O2 for platelet-derived growth factor signal transduction. Science
(Wash DC) 270:296–299.

Takeda K, Hamelmann E, Joetham A, Shultz LD, Larsen GL, Irvin CG, and Gelfand
EW (1997) Development of eosinophilic airway inflammation and airway hyper-
responsiveness in mast cell-deficient mice. J Exp Med 186:449–454.

Tanaka H, Miyazaki N, Oashi K, Teramoto S, Shiratori M, Hashimoto M, Ohmichi
M, and Abe S (2001) IL-18 may reflect disease activity in mild and moderate
asthma exacerbation. J Allergy Clin Immunol 107:331–336.

Umetsu DT, McIntire JJ, Akbari O, Macaubas C, and DeKruyff RH (2002) Asthma:
an epidemic of dysregulated immunity. Nat Immunol 8:715–720.

van Dam PS (2002) Oxidative stress and diabetic neuropathy: pathophysiological
mechanisms and treatment perspectives. Diabetes Metab Res Rev 18:176–184.

Vita JA, Frei B, Holbrook M, Gokce N, Leaf C, and Keaney JF Jr (1998) L-2-
Oxothiazolidine-4-carboxylic acid reverses endothelial dysfunction in patients
with coronary artery disease. J Clin Investig 101:1408–1414.

Wild JS, Sigounas A, Sur N, Siddiqui MS, Alam R, Kurimoto M, and Sur S (2000)
IFN-�-inducing factor (IL-18) increases allergic sensitisation, serum IgE levels
and airway eosinophilia in a mouse model of allergic asthma. J Immunol 164:
2701–2710.

Williamson JM, Boettcher B, and Meister A (1982) Intracellular cysteine delivery
system that protects against toxicity by promoting glutathione synthesis. Proc
Natl Acad Sci USA 79:6246–6249.

Xu D, Trajkovic V, Hunter D, Leung BP, Schulz K, Gracie JA, McInnes IB, and Liew
FY (2000) IL-18 induces the differentiation of Th1 or Th2 cells depending on
cytokine milieu and genetic background. Eur J Immunol 30:3147–3156.

Yang G, Abate A, George AG, Weng YH, and Dennery PA (2004) Maturational
differences in lung NF-kappaB activation and their role in tolerance to hypoxia.
J Clin Investig 114:669–678.

Yoshimoto T, Mizutani H, Tsutsui H, Noben-Trauth N, Yamanaka K, Tanaka M,
Izumi S, Okumura H, Paul WE, and Nakamura K (2000) IL-18 induction of IgE:
dependence on CD4� T cells, IL-4 and STAT6. Nat Immunol 1:132–137.

Yoshimoto T, Tsutsui H, Tominaga K, Hoshino K, Okamura H, Akira S, Paul WE,
and Nakanishi K (1999) IL-18, although antiallergic when administered with
IL-12, stimulates IL-4 and histamine release by basophils. Proc Natl Acad Sci USA
94:13962–13966.

Address correspondence to: Dr. Yong Chul Lee, Department of Internal
Medicine, Chonbuk National University Medical School, San 2-20, Geumam-
dong, Deokjin-gu, Jeonju, Jeonbuk 561-180, South Korea. E-mail: leeyc@
chonbuk.ac.kr

Antioxidant and IL-18 in Asthma 1193

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

