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Wogonin, a plant flavone from Scutellariae
radix, attenuated ovalbumin-induced airway
inflammation in mouse model of asthma

via the suppression of IL-4/STAT6 signaling
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Bronchial asthma is a chronic inflammatory disease of the airways
characterized by a marked infiltration of eosinophils at the site of
inflammation. Eotaxins are potent chemoattractants for eosinophils
and play important roles in pathogenesis of asthma. In the course
of screening for eotaxin-3 inhibitors, we found that wogonin
showed potent inhibitory activity of interleukin-4 (IL-4)-induced
eotaxin-3 expression in BEAS-2B cells. In this study, we examined
the effects of wogonin on IL-4/STAT6 signaling pathway and bio-
logical implication in a mouse model of asthma. Wogonin inhib-
ited IL-4-induced activation and nuclear translocation of STAT6
which plays a key role in either the transcription of STAT6-response
genes or Th2 cytokine-mediated inflammation. Oral administration
of wogonin significantly reduced activation of STAT6 in the lung
and the expression of eotaxin and RANTES in bronchoalveolar
lavage fluids. Histological examination of lung tissue demon-
strated that wogonin significantly inhibited allergen-induced
eosinophilic inflammation. Administration of wogonin reduced
the total IgE and ovalbumin-specific IgE levels compared with the
ovalbumin-challenged group. All of these data demonstrated that
wogonin could alleviate airway inflammation through inhibition of
STAT6 activation induced by Th2 cytokines. Our finding implicates
a potential therapeutic value of wogonin in the treatment of
asthma through regulation of IL-4/STAT6 signaling pathway.
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B ronchial asthma is a chronic inflammatory disease of the
airways, characterized by the accumulation of eosinophils,
elevated IgE, mucus hypersecretion, and airway inflammation/
hyper-responsiveness?, for which T cells, in particular CD4* T
cells, orchestrated the inflammatory microenvironment through
robust production of cytokines relevant to T helper type 2 (Th2)
lymphocytes such as interleukin-4 (IL-4), IL-13, and IL-5, and
contributed to the recruitment of eosinophils into the airways
in response to cytokines.® During these pathogenesis, airway
epithelial cells play a critical role in the development of airway
inflammation through the polarization of allergen-induced Th2
lymphocyte and the production of Th2 cytokines,® including
eotaxins and chemokine receptor-3 (CCR-3).®

Since the eotaxin expressions are very cell-type specific,
eotaxin-1 (CCLI11) is secreted by eosinophils, macrophages,
lymphocytes and fibroblasts®” and eotaxin-2 (CCL24) and
eotaxin-3 (CCL26) are mainly released by epithelial and endo-
thelial cells.®? Airway epithelial cells are the major source of
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eotaxins and principally release high levels of eotaxin-3 when
stimulated with IL-4 or IL-13.0%"? The signaling pathway acti-
vated by IL-4 involves the recruitment of Janus family of tyrosine
kinases, JAK1, JAK2, and JAK3 to the receptor subunits, receptor
dimerization, and phosphorylation of tyrosine residues in the
cytoplasmic domain of the IL-4Ra. Also, signal transducer and
activator of transcription 6 (STAT6) is recruited to IL-4Ro upon
IL-4Ro phosphorylation.!*!'¥ Upon IL-4 binding to the receptor
complex, STAT6 becomes phosphorylated within minutes by
receptor-associated JAK kinases('> and the phosphorylated STAT6
homodimerizes and translocates into the nucleus, finally initiates
gene transcription via specific DNA consensus motif.!%'8 Analyses
of STAT6-deficient mice revealed that STAT6 is required for
IL-4-mediated airway inflammations including eosinophilia,
airway hyper-responsiveness, goblet cell hyperplasia, mucus
secretion, and chemokine production.?” The importance of
activation of airway epithelium by IL-4 through the STAT6 signal
transduction pathway was also shown by studies using knockout
mice in which selective expression of IL-4Ro or STAT6 was
reinstated in epithelial cells alone. @'

In order to identify novel compounds that can inhibit 1L-4/
STAT®6 signaling pathway implicated in bronchial asthma, in this
study, we initially focused on the extracts of traditional herbal
medicines using an eotaxin-3 promoter reporter and found that
the extracts of Scutellariae radix, the dry root of Scutellaria
baicalensis Georgi as a medicinal herb widely used for the
treatment of various allergic and inflammatory diseases in East
Asian countries, such as Korea, Japan, and China® significantly
inhibited IL-4-induced eotaxin-3 transcriptional activity.

Materials and Methods

Flavonoids and reagents. Wogonin, oroxylin A, baicalein
and baicalin were purchased from Alexis Biochemicals (San
Diego, CA) and dissolved in dimethylsulfoxide (DMSO). Human
recombinant IL-4 was purchased from R&D Systems (Minneapolis,
MN). Anti-STAT6, anti-phosho-STAT®6, anti-JAK 1, anti-phosho-
JAK1 antibodies were purchased from Cell Signaling Technology
(Beverly, MA).

Cell culture. BEAS-2B (human bronchial epithelial) cells
and NCI-H292 (human lung mucoepidermoid) cells were grown
in DMEM (Gibco BRL, Gaithersburg, MD) supplemented with
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10% fetal bovine serum (Gibco) and 1% mixture of penicillin and
streptomycin (Gibco). Cells were maintained in a humidified
atmosphere of 5% CO, at 37°C.

Plasmids, transient transfection and luciferase activity
assay. The luciferase reporter construct containing the human
eotaxin-3 gene promoter (Eotaxin-3-Luc) was described pre-
viously."D A DNA fragment containing the human eotaxin-3 pro-
moter (970 bp) was amplified from genomic DNA with a primer
set of 5'-AGT CAA GCT TCA TCA TGT GCT GCA AAT CAG
G-3' (forward) and 5'-CTG ACT CGA GTC TGT TAG ATC TCT
CAA ATG CC-3' (reverse). The PCR fragment was digested with
Xhol and HindlIll and cloned into pGL3-basic vector (Promega
Corp., Madison, WI) to give pGL3-Eotaxin-3-Luc. BEAS-2B
cells were transiently transfected with pGL3-Eotaxin-3-Luc and
the internal control pCMV-f-gal in 24-well plate using PEI
reagent. After 24 h transfection, cells were treated with 10 ng/ml
of [L-4 for 24 h. Luciferase activities were quantified by using the
Luciferase Assay System (Promega) according to the manufac-
turer’s protocol. All of the values were normalized with the (-
galactosidase activities. All experiments were performed in tripli-
cate and repeated at least three times.

Reverse Transcription and quantitative PCR. Total RNA
was isolated from cells using RNAiso Plus reagent (Takara Bio
Inc., Shiga, Japan) according to the manufacturer’s protocol.
Reverse transcription was performed with 1 pg of pure RNA using
M-MLV reverse transcriptase (Promega). The synthesized cDNA
was amplified by PCR using specific primers. PCR products were
visualized by electrophoresis on agarose gels with RedSafe
(iNtRON) staining and analyzed using an ImageQuant LAS 4000
image analyzer (GE Healthcare Life Sciences, Piscataway, NJ).
Quantitative RT-PCR was performed using an Applied Bio-
systems Prism 7900HT sequence detection system (Carlsbad,
CA). Cyclophilin served as the housekeeping gene. All samples
were analyzed in triplicate and expressed as the mean + SD.

Measurement of eotaxin-3 release in culture medium.
Eotaxin-3 protein levels were quantified in supernatants from
BEAS-2B cells stimulated with IL-4 by using Quantikine human
eotaxin-3 ELISA according to the manufacturer’s instructions
(R&D Systems).

Western Blotting. Cells were lysed in lysis buffer con-
taining 25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100,
10% glycerol, 5mM EDTA, and protease inhibitor mixture
(Complete, Roche Applied Science, Indianapolis, IN). Extracts
were separated by SDS-PAGE followed by electro-transfer to
polyvinylidene difluoride (PVDF) membranes and probed with
polyclonal or monoclonal antisera, followed by horseradish per-
oxidase-conjugated anti-rabbit, anti-mouse I1gG and visualized by
chemiluminescence, according to the manufacturer’s instructions
(Pierce, Rockford, IL).

Immunofluorescence. Cells seeded on chamber slides were
fixed with 4% paraformaldehyde solution for 15 min. Cells were
blocked with 5% bovine serum albumin for 1 h and incubated
with anti-STAT6 antibody overnight at 4°C. Antibody-bound
cells were detected by Alexa Fluor 546-conjugated secondary
antibody (Invitrogen, Carlsbad, CA). Immunofluorescence images
were obtained using a LSM-710 confocal microscope (Zeiss,
Oberkochen, Germany).

Induction of allergic asthma model in mice. Six-week
female BALB/c mice were purchased from Orient Bio (Seongnam,
Korea). Animal protocol was reviewed and approved by the
Institutional Animal Care and Use Committee at Gachon Univer-
sity. Mice were maintained in the specific pathogen-free facility of
CACU in Lee Gil Ya Cancer and Diabetes Institute of Gachon
University. Mice were immunized on days 0 and 14 by intra-
peritoneal injection of 100 pg chicken ovalbumin (OVA, Sigma,
St. Louis, MO) emulsified in 2 mg aluminium hydroxide adjuvant
in 100 uL. of PBS buffer. Mice were challenged through the
airway with OVA (5%, w/v, in PBS) for 30 min using an ultra-
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sonic nebulizer (NE-C28, Omron, Tokyo, Japan) on days 28, 29,
and 30 after the initial sensitization. Mice were sacrificed 48 h
after the last challenge (day 32) to characterize the suppressive
effects of wogonin on airways of allergic asthma animals. The
negative controls were sham-sensitized and challenged with PBS
following the same protocol.
Lung tissue histology. After BAL fluids were obtained, the lung
tissue was fixed in 10% (v/v) neutral buffered formalin, embedded
in paraffin, sectioned, stained with hematoxylin and eosin (H&E)
solution, and examined for histological changes in light micro-
scope.
Inflammatory cell counts in BAL fluids. Mice were sacrificed
with an overdose of 50 mg/kg of phenobarbital 48 h after the last
challenge, and tracheotomies were performed. After ice-cold
PBS was instilled into the lungs, BAL fluid was obtained by two
aspirations via tracheal cannulation. The BAL fluids were centri-
fuged and supernatants were collected and stored at —70°C prior to
use. Total inflammatory cell numbers were assessed by counting
cells in at least five squares of a hemocytometer, after exclusion
of dead cells staining with trypan blue. One hundred microliters
of BAL fluids were loaded onto a slide and centrifuged to fix the
cells onto the slide using a cytospin machine. Cell pellets were
suspended in 0.5 ml of PBS, and 100 pl of each solution was
spun onto a slide. After slides were dried, cells were fixed and
stained using Diff-Quick stain reagent (Dade Behring, Marburg,
Germany) according to manufacturer’s instructions.
Analysis of serum and BAL fluids. The levels of total IgE and
OVA-specific IgE in serum were measured using a mouse anti-
IgE ELISA kit (Shibayagi Co., Gunma, Japan) and a mouse anti-
OVA IgE ELISA kit (Alpha Diagnostic Intl., San Antonio, TX),
respectively. The levels of cytokines, including IL-4, eotaxin, and
RANTES in BAL fluids were measured using ELISA Kkits
according to manufacturer’s instructions (R&D Systems).
Statistical analysis. Results in bar graphs are presented
as means £ SEMs and are representative of three independent
experiments. Statistical analysis was performed using the Student’s
t test, and p values of less than 0.05 were considered statistically
significant.

Results

Screening of flavone compounds possessing inhibitory
action of exotain-3 expression among Scutellariae radix
extracts. Through the initial screening of methanol extracts of
medicinal plants using IL-4-induced eotaxin-3 reporter assay
system, we found that the four kinds of extracts of Scutellariae
radix, the bioactive components of Scutellariae radix have been
known to be flavones and the major constituents of Scutellaria
baicalensis are wogonin, oroxylin A, baicalein, and bacalin
(Fig. 1A),%** showed potent inhibitory effects on IL-4-induced
eotaxin-3 transcriptional activity. In order to identify active
compounds in the Scutellariae radix, four flavone compounds
were assayed for their IL-4-induced eotaxin-3 transcriptional
activities, respectively. Human bronchial epithelial (BEAS-2B)
cells were transfected with eotaxin-3 promoter reporter construct
and stimulated with IL-4 for 24 h. As shown Fig. 1B and C, only
wogonin significantly inhibited IL-4-induced eotaxin-3 transcrip-
tional activity and mRNA expression, while oroxylin A moderately
inhibited eotaxin-3 transcriptional activity and mRNA expression,
whereas baicalein and baicalin had little effect.

Wogonin inhibited IL-4-induced eotaxin-3 expressions
and their releases in human bronchial epithelial cells.

Prior to the investigation into the bioactive potential of wogonin,
we first checked the cytotoxic effects of wogonin in BEAS-2B
cells by means of MTT assay and found that wogonin at concen-
trations lower than 100 uM had little cytotoxic effect on the
cells (data not shown). In order to confirm the inhibitory effect
of wogonin on IL-4-induced eotaxin-3 expression in BEAS-2B
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Fig. 1. Effects of four major flavones found in Scutellaria baicalensis Georgi on eotaxin-3 expression. (A) Chemical structures of wogonin, oroxylin
A, baicalein, and baicalin. (B) BEAS-2B cells transfected with eotaxin-3 promoter reporter were treated with the indicated concentrations of
different flavones for 4 h. Luciferase activity was measured after 24 h of IL-4 stimulation. Data shown are the mean + SD of three separate experi-
ments. *p<0.05. (C) BEAS-2B cells were treated with 50 uM of each flavone and stimulated with IL-4 for 8 h. Total RNA was isolated and levels of
eotaxin-3 mRNA was analyzed by RT-PCR.
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Fig. 2. Effects of wogonin on IL-4-induced eotaxin-3 expression in human bronchial epithelial cells. (A) BEAS-2B cells transfected with eotaxin-3
promoter reporter were treated with the indicated concentrations of wogonin for 4 h. Luciferase activity was measured after 24 h of IL-4 stimula-
tion. (B) BEAS-2B cells were pretreated with wogonin for 4 h and then stimulated with IL-4 for another 8 h. Levels of eotaxin-3 mRNA was analyzed
by quantitative RT-PCR. (C) BEAS-2B cells were pretreated with wogonin for 4 h and then stimulated with IL-4 for 8 or 24 h. The protein levels of
eotaxin-3 in culture supernatants were determined by ELISA. (D) Culture conditions were identical to those in (C). Total RNA was isolated and levels
of eotaxin-3 mRNA was analyzed by RT-PCR. Data shown are the mean + SD of three separate experiments. *p<0.05, **p<0.01.
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Fig. 3.

Effects of wogonin on IL-4-induced phosphorylation and nuclear translocation of STAT6 in human bronchial epithelial cells. BEAS-2B (A)

and NCI-H292 (B) cells were treated with wogonin and stimulated with IL-4 for 2 or 5 min. Phospho-STAT6, phospho-JAK1 and B-actin were assessed
by Western blotting analysis. (C) BEAS-2B cells were treated with wogonin and stimulated with IL-4 for 30 min. Nuclear and cytosolic proteins were
extracted from cells. STAT6 was detected by Western blotting analysis using anti-phospho-STAT6 and anti-STAT6 antibodies. (D) Culture conditions
were identical to those in (C). Cells were fixed in 4% PFA, and then stained with anti-STAT6 antibody followed by Alexa Fluor goat anti-rabbit IgG.

The data are representative of at least three experiments.

cells, the transcriptional activity, mRNA expression, and protein
expression of eotaxin-3 were analyzed. As shown in Fig. 2A,
eotaxin-3 promoter activity was increased up to 4-fold in BEAS-
2B cells treated with IL-4 as compared with untreated cells. IL-4-
induced activation of eotaxin-3 promoter was inhibited by
wogonin. In addition, wogonin reduced IL-4-induced eotaxin-3
mRNA levels in a dose-dependent manner (Fig. 2B). Consistent
with these results, eotaxin-3 protein levels were also inhibited by
wogonin. As shown in Fig. 2C, stimulation of IL-4 for 24 h caused
a significant increase in eotaxin-3 secretion (245 £ 28 pg/ml) in
BEAS-2B cells. Treatment with 3 uM of wogonin significantly
reduced the IL-4-stimulated eotaxin-3 protein secretion
(24 £ 9 pg/ml) at 24 h. Under the same culture conditions with
ELISA assay, wogonin suppressed IL-4-induced eotaxin-3 mRNA
expression (Fig. 2D).

Wogonin inhibited IL-4-induced phosphorylation and
nuclear translocation of STAT6 in human bronchial epithe-
lial cells. Next, we test whether the inhibition of IL-4-induced
eotaxin-3 promoter activation and mRNA expression by wogonin
was due to the suppression of activation of STAT6. In earlier
studies, IL-4-induced transcriptional regulation of eotaxin-3 ex-
pression is mainly mediated by STAT6 in various cell types.!!?®
We performed Western blotting analysis for STAT6 phosphoryla-
tion in the presence and absence of 30 pM of wogonin. The
stimulation of IL-4 induced phosphorylation of STAT6 in BEAS-
2B (Fig. 3A) and NCI-H292 (Fig. 3B) cells was observed within
5 min. Treatment of wogonin significantly suppressed the IL-4-
induced phosphorylation of STAT6. Wogonin also inhibited the
phosphorylation of JAKI, an upstream kinase of STAT6. Total
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levels of STAT6 and JAK1 were consistent with the treatment of
wogonin. Upon phosphorylation, STAT6 dimerizes and trans-
locates to the nucleus where it can bind DNA and transcription
of target gene.'® Therefore we examined whether wogonin
interfered with the nuclear translocation of STAT6. To investigate
whether wogonin would inhibit the nuclear localization of
STAT6 in response to IL-4, BEAS-2B cells were pretreated with
30 uM of wogonin for 4 h and then stimulated with 50 ng/ml of
IL-4 for 30 min, after which each cellular compartment was
separated and analyzed by Western blotting. As shown in Fig. 3C,
the nuclear lysates from cells stimulated with IL-4 contained
substantial amount of phospho-STAT6 that was not present in
the nuclear lysates from un-stimulated cells. Pretreatment with
wogonin before stimulation with IL-4 significantly reduced the
amount of nuclear phospho-STAT6. To confirm cellular localiza-
tion of STAT6, confocal microscopy was performed in BEAS-2B
cells. STAT6 was found in cytoplasm in the absence of IL-4
treatment. Upon IL-4 stimulation, STAT6 was predominantly
translocated into the nucleus, however wogonin significantly
blocked the IL-4-induced nuclear translocation of STAT6 in
BEAS-2B cells (Fig. 3D). These results suggested that wogonin
inhibits IL-4-induced eotaxin-3 expression through the activation
and nuclear translocation of STAT6 which plays a critical role in
signaling by the Th2 cytokine IL-4.

Wogonin suppressed OVA-induced phosphorylation of
STAT6 and expression of Th2 cytokines of BAL fluids. In
order to determine the therapeutic effect of wogonin on airway
inflammatory reactions, an OVA-induced airway inflammation
model in mice was employed. Airway inflammation was induced
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Fig. 4. Effects of wogonin on OVA-induced STAT6 activation and Th2 chemokine expression. (A) Experimental protocol for development of

allergic asthma and treatment with wogonin using a murine model. Levels of IL-4 (B), eotaxin (C) and RANTES (D) in BAL fluids were analyzed by
ELISA. BAL fluids were collected 48 h after the last OVA challenge. NC, normal control mice; OVA, OVA-sensitized and challenged mice, Wogonin,
OVA-sensitized and challenged mice treated with wogonin (10 and 30 mg/kg); Dexa, OVA-sensitized and challenged mice treated with dexa-
methasone (4 mg/kg). The values are expressed as the means £ SEM (n = 6 per group). *p<0.05. (E) Western blotting of protein extract of lung
tissues isolated from mice 48 h after the last OVA challenge. Activation of STAT6 was detected by Western blotting analysis using anti-phospho-

STAT6 and anti-STAT6 antibodies.

in BALB/c mice by intraperitoneal injection OVA followed by
challenges with aerosolized OVA on days 28, 29 and 30, respec-
tively (Fig. 4A). Wogonin was administered by oral gavage before
each OVA challenge. Treatment of wogonin significantly de-
creased levels of phosphorylated STAT6 in the lung, by which we
examined IL-4 and chemokine expression in BAL fluids by
ELISA 48 h after the last challenge. OVA-sensitized and chal-
lenged mice induced significant elevation of IL-4 (Fig. 4B) and
Th2 inflammation-related chemokines such as eotaxin (Fig. 4C)
and RANTES (Fig. 4D) in BAL fluids (vs control group, *»<0.05),
compared with control BAL fluids. However, treatment with
wogonin significantly decreased the levels of IL-4, eotaxin, and
RANTES (vs OVA group; *p<0.05), compared to OVA-challenge
group with a dose-dependent manner. Dexamethasone (4 mg/kg)
also caused a significant reduction in IL-4, eotaxin, and RANTES
in BALF (vs OVA group, *p<0.05). These results suggested
that wogonin attenuates the OVA-induced Th2 cytokines and
chemokines expression by inhibiting STAT6 activation (Fig. 4E).
As a negative control, mice were treated with PBS. Based on the
knowledge that STAT6 plays a key role in allergic inflammation
of lung by inducing the transcription of various inflammatory
mediators, we hypothesized that wogonin would attenuate airway
inflammatory reactions by suppressing STAT6 and Th2 signaling
pathway activation. To address this issue, we examined the activa-
tion status of STAT6 in the lung tissue using antibodies against
phosphorylated STAT6 and STAT6 by Western blotting. As shown
in Fig. 4E, the total amount of STAT6 was comparable in lung
tissue of control, OVA-sensitized and challenged mice. In con-
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trast, significantly increased levels of phosphorylated STAT6
were found in the lung tissue of OVA-sensitized and challenged
mice, indicating that the Th2 signaling pathway was activated in
the lung of OV A-sensitized and challenged mice.

Wogonin attenuated OVA-induced airway inflammation
and serum IgE secretion. To examine the effect of wogonin
on the recruitment of inflammatory cells into airway, inflamma-
tory cells were counted in BAL fluids. We analyzed the cellular
composition of the BAL fluids of mice 48 h after the last OVA
challenge. Inflammatory cell levels (i.e., total cells, eosinophils,
macrophages and lymphocytes) in BAL fluid were significantly
elevated in OVA-challenged mice in BAL fluids (vs control
group, *p<0.05), compared with control BAL fluids as shown in
Fig. 5A. However, treatment of wogonin (30 mg/kg) significantly
attenuated OVA challenge-induced recruitment of eosinophils,
macrophages and lymphocytes (vs OVA group, *p<0.05), com-
pared to OVA-challenge group. The observed reduction in the
recruitment of inflammatory cells into airway correlated with the
histological changes in lung tissues. The inflammatory cells
infiltration into peribronchial and perivascular areas was observed
in OVA-challenged mice as compared with PBS controls using
H&E staining. Treatment with wogonin (30 mg/kg) markedly
reduced the magnitude of inflammatory cells infiltration into the
peribronchial and perivascular connective tissues as compared
with OVA group (Fig. 5B). These results indicate that treatment
with wogonin efficiently inhibits the infiltration of inflammatory
cells and attenuates airway inflammation. To investigate the effect
of wogonin on serum IgE levels, total IgE and OV A-specific IgE
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Effects of wogonin on OVA-induced airway inflammation. (A) BAL fluids were collected 48 h after the last OVA challenge of mice. Cells

were isolated by cyto-spinning and stained with Diff-Quick. Cell numbers were assessed by counting cells directly under a light microscope in at least
five squares of a hemocytometer, after excluding dead cells staining with trypan blue. NC, normal control mice; OVA, OVA-sensitized and
challenged mice, Wogonin, OVA-sensitized and challenged mice treated with wogonin (30 mg/kg); Dexa, OVA-sensitized and challenged mice
treated with dexamethasone (4 mg/kg). The values are expressed as the means + SEM (n = 6 per group). *Significant difference from NC, p<0.05,
and **significant difference from OVA p<0.05. (B) Histological examination of lung tissue was performed 48 h after the last OVA challenge. Lung
tissues were fixed and stained with H&E solution. (C, D) Samples of serum were collected 48 h after the last OVA challenge. Levels of total IgE (C)

and OVA-specific IgE (D) in serum were analyzed by ELISA. *p<0.05.

levels were analyzed by a sandwich ELISA. As shown in Fig. 5C
and D, OVA-challenged mice showed higher levels of serum IgE
and OVA-specific IgE (vs NC group, *p<0.05) compared to
normal PBS control mice. However, a significant reduction in
total IgE and OV A-specific IgE was observed in mice treated with
wogonin at dose-dependent manner (vs OVA group; *p<0.05).
Additionally, the protection of wogonin at the dose of 30 mg/kg
was comparable with that of dexamethasone treatment at 4 mg/kg.

Discussion

In this study, we have found that wogonin could inhibit IL-4-
induced STAT®6 activation in human bronchial epithelial cells and
suppressed OV A-induced STAT6 activation in mouse model of
bronchial asthma. These results provide the first evidence that a
bioactive flavone, wogonin can be used as a treatment of Th2-
mediated inflammatory diseases such as bronchial asthma. As Th2
cytokines have pivotal roles in allergen-mediated allergic airway
responses®”®® and STAT6 transcription factor have been shown
to be essential in Th2 differentiation,**% we examined the effects
of wogonin on IL-4-induced eotaxin-3 expression and STAT6
activation and on OV A-induced chemotactic chemokines such as
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eotaxin and RANTES and IgE production which are STAT6-
dependent target genes.!'® Our results demonstrated that wogonin
efficiently attenuates the expression of IL-4/STAT-dependent
inflammatory genes via inhibition of the activation and nuclear
translocation of STATG6 (Fig. 6).

We used BEAS-2B, human bronchial epithelial cells and
human eotaxin-3 promoter reporter construct which contains two
canonical STAT6 binding elements (—693 and —89) to identify
IL-4/STAT6 signaling inhibitors. Both STAT6 and NF-kB have
been reported to regulate eotaxin-3 expression in various cell
types.C!%? However, previous studies showed that eotaxin-3
promoter activity was markedly induced following stimulation
with either IL-4 or IL-13 in BEAS-2B cells. Addition of TNF-a
had no additive effect on eotaxin-3 expression, whereas IL-4 and
TNF-a significantly induced the eotaxin-1 expression in BEAS-
2B cells.®*3 All of these studies consistently demonstrated that
STAT®G is critical for eotaxin-3 expression in airway epithelial
cells.

The signal transduction pathway is activated by binding of 1L-4
to the IL-4Ra and induces heterodimerization with yC or the IL-
13Ral. In cells of hematopoietic lineage, the type I receptor arises
by recruitment of a common gamma chain (yC), whereas in non-

doi: 10.3164/jcbn.15-45
©2015 JCBN



yc/IL-13Ral IL-4Ra

LIAKL ZP]

0

—
Nuclear :>

transcription

SBE

Fig. 6.

Expression of IL-4/STAT6

(Eotaxin, RANTES, IgE, etc)

Wogonin
(a methylated flavone from Scutellaria baicalensis)

Airway inflammation

responsive genes Asthmatic symptoms

Schematic diagram of IL-4 signal transduction pathways linked to Th2-type airway inflammation and anti-inflammatory action of wogonin.

IL-4 binds to IL-4Ra, the functional receptor subunit of both the type | receptor (IL-4Ra and yC) and type Il receptors (IL-4Ra and IL-13Ra1). Once
IL-4 binds to its cognate receptor, the associated JAK kinases are activated and phosphorylate conserved tyrosine residues on the receptor via an
SH2 domain allowing the JAKs to phosphorylate STAT6. Phosphorylated STAT6 dimerizes, translocates to the nucleus, and binds to the promoters of
the IL-4 responsive genes, such as those associated with Th2 cell differentiation, airway inflammation, airway hyper-responsiveness and epithelial
mucous metaplasia. Wogonin inhibits IL-4-induced phosphorylation of JAK1/STAT6 thereby blocks translocation of activated STAT6 into nucleus

that is a pivotal role in Th2-mediated airway inflammatory responses.

hematopoietic cells, the type II receptor is formed by interaction of
IL-4Ra with IL-13Ral instead of yC.®¥ This dimerization acti-
vates the JAKSs that initiate the phosphorylation cascade. IL-4Ra
associates with JAK1 and yC with JAK3, whereas IL-13Ral
interacts with either JAK2 or TYK2, but not JAK3. In non-
hematopoietic cells such as bronchial epithelial cells, JAK1 or
JAK3 can induce phosphorylation of STAT6. Unlike other mem-
bers of the JAK family, the expression of JAK3 is highly restricted
in hematopoietic cells.®® We, therefore, investigated whether
JAK1 or JAK2 can be involved in the IL-4-induced activation of
STAT6 in BEAS-2B cells in the current study. In BEAS-2B cells,
JAK1 activates IL-4-induced phosphorylation of STAT6. Non-
specific JAK inhibitor (JAK inhibitor 1) abolished IL-4-induced
phosphorylation of STAT6, while JAK2 specific inhibitor, AG490
could not inhibit the IL-4-induced STAT6 phosphorylation in
BEAS-2B cells (data not shown). These results indicate that
JAK1-STAT6 is responsible for IL-4-mediated signaling in
BEAS-2B cells. Wogonin efficiently suppressed IL-4-induced
JAK1 and STAT6 activation in bronchial epithelial cells and
attenuated OVA-induced airway inflammation. The data pre-
sented in Fig. 4E suggest that signaling via the 1L-4/STAT6 axis
is important for the inflammatory reaction in the airway in vivo.
Furthermore, wogonin suppressed OV A-induced production of
Th2 cytokine IL-4 and STAT6- dependent expression of IgE and
chemokines.

Some natural product inhibitors of STAT6 signaling have been
previously reported. TMC-264, a fungal secondary metabolite,
selectively inhibited IL-4 signaling by interfering phosphorylation
of STAT6.49 Oxacyclododecindione inhibited IL-4-dependent
signaling by blocking the binding of activated STAT6 to DNA

E.K. Ryu et al.

binding site.®” In addition, a synthetic STAT6 inhibitor,
AS1517499 which synthesized on the basis of the structure of
reported STAT6 inhibitor, was able to inhibit IL-13 secretion in
cultured human bronchial smooth muscle as well as to decrease
airway hyperactivity in BALB/c mice induced by albumin sensiti-
zation.®®

Wogonin, a major ingredient of Scutellariae radix, is a natural
product widely used for the treatment of various inflammatory
diseases and allergic diseases.®** To our knowledge, this is the
first report to show that wogonin has the potency to inhibit the
activation of JAK 1 and STAT6, which should greatly contribute to
the Th2-mediated inflammatory responses. Although increasing
evidence has shown diverse anti-inflammatory actions in various
in vitro and in vivo studies, our findings provide the evidence that
wogonin could be a useful compound to control cell responses to
IL-4-dependent JAK1/STAT6 signaling, deserving a potential
therapeutic use for bronchial asthma.
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