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Aims: The (2′S,7′S)-O-(2-methylbutanoyl)-columbianetin (OMC) is a novel secondarymetabolite extracted from
Corydalis heterocarpa, which has long been used as a folk medicine for various inflammatory diseases in Korea.
We examined the effect of OMC on allergic rhinitis (AR).
Main methods: We assessed the therapeutic effects and regulatory mechanisms of OMC on the phorbol
12-myristate 13-acetate plus A23187-stimulated mast cell line, HMC-1 cells and ovalbumin (OVA)-induced AR
models.
Key findings: OMC significantly decreased the releases of histamine and tryptase from stimulated HMC-1 cells.
The degranulation process, characterized by morphological extension of the filopodia on the surface and mem-
brane ruffling, was strongly induced in the stimulated-HMC-1 cell, however OMC suppressed themorphological

changes in stimulated-HMC-1 cells. OMC reduced the production and mRNA expression of inflammatory cyto-
kines. These inhibitory actions by OMC were dependent on the regulation of mitogen-activated protein kinases,
nuclear factor-κB, and caspapase-1 signaling pathways. In the AR animal model, the increased rub scores and AR
biomarkers (histamine and IgE) in ovalbumin (OVA)-sensitizedmice were significantly reduced by the adminis-
tration of OMC. Furthermore, eosinophils and mast cell infiltrations in nasal mucosa tissue were also blocked
through the regulation of macrophage-inflammatory protein and intercellular adhesion molecule-1 levels.
Significance: OMC showed the possibility to regulate AR in activated mast cells and OVA-induced AR models.
Hence, we suggest that OMC is a powerful and feasible new agent to suppress AR.
© 2014 Elsevier Inc. All rights reserved.
Introduction

Allergic rhinitis (AR), referred to as hay fever, is the most common
cause of all atopic diseases afflicting roughly 500 million people world-
wide and defined clinically as an inflammatory disorder of the nasal
mucous membrane (Barnes, 1999; Bousquet et al., 2008; Gravitz,
2011). AR is a type 1 immune response mediated by T helper 2 (TH2)-
cells and innate immune cells such as eosinophils, mast cells, basophils,
and macrophages (Palm et al., 2012). The AR reaction includes a hyper-
sensitivity phase, which induces IgE synthesis and humoral responses,
and a clinical phase divided into early, late and chronic phases, which
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are induced by re-exposure of allergen (Barnes, 1999; Ramírez-
Jiménez et al., 2012). In the hypersensitivity phase, dendritic cells
(DCs), the antigen presenting cells, in the mucosal surface present the
processed allergen peptides to cognate naive T cells using major histo-
compatibility complex (MHC) class II molecules. Then, naive T cells
acquire a TH2 cell phenotype, which induces B cells to undergo the
class-switch recombination to produce IgE antibodies through secreted
interleukin (IL)-4 and IL-13 (Min, 2010; Galli and Tsai, 2012). The IgEs
bind to FcεRI receptors on mast cells and the subsequent exposure to
the allergen induces the cross-linking of IgE on mast cells.

Mast cells play a key part in the early response in the clinical phase
because the cross-linking of IgE triggers mast cell de-granulation and
the synthesis of a variety of mediators including biogenic amines,
serglycin proteoglycans, serine proteases, cytokines, and growth factors.
Histamine is an important biogenic amine that leads to clinical symp-
toms of congestion, rhinorrhea, and bronchoconstriction by increasing
vascular permeability and constricting smooth muscle (Perlman,
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1999; Pawankar et al., 2011). Furthermore inflammatory mediators
such as IL-3, IL-5, IL-9, IL-6, tumor necrosis factor (TNF)-α, macrophage
inflammatory protein-2 (MIP-2), and intercellular adhesionmolecule-1
(ICAM-1) induce the recruitment of inflammatory cells leading to the
late allergic response manifested by nasal congestion, nasobronchial
hyper-reactivity, and chronic wheeze (Mandhane et al., 2011; Xu
et al., 1995; Perlman, 1999). Importantly, intracellular signaling path-
ways such as mitogen-activated kinases (MAPKs), nuclear factor-κB
(NF-κB), and caspapase-1 regulate the production of these pro-
inflammatory cytokines (Oh et al., 2012).

(2′S,7′S)-O-(2-methylbutanoyl)-columbianetin (OMC, Fig. 1) is a
novel secondary metabolite extracted from Corydalis heterocarpa,
which has long been used as a folk medicine for various inflammatory
diseases in Korea. Libanoridin and columbianetin extracted from
C. heterocarpa were very effective on allergic inflammatory reaction
(Jeong et al., 2009; Kim et al., 2010a). Kim et al. identified OMC for the
first time in 2010 and reported its anti-proliferative effects against U-
937 human leukemia cells (Kim et al., 2010b). However the effect of
OMC on AR has not been determined. In this study, we focused on the
possibility of OMC for the regulation of AR and considered a possible
mechanism in the phorbol 12-myristate 13-acetate plus A23187
(PMACI)-stimulated mast cells and ovalbumin (OVA)-induced AR
models.

Materials and methods

Reagents

We purchased OVA, phorbol 12-myristate 13-acetate (PMA),
calcium ionophore (A23187), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO),
phosphate-buffered saline (PBS), bovine serum albumin (BSA),
bicinchoninic acid (BCA), and avidin–peroxidase from Sigma Chemical
Co. (St Louis, MO, USA); Isocove's Modified Dulbecco's Medium
(IMDM), penicillin, streptomycin, and fetal bovine serum (FBS) from
Gibco BRL (Grand Island, NY, USA). Anti-mouse IgE/IL-1β [mature
form detection antibody (Ab)]/TNF-α/thymic stromal lymphopoietin
(TSLP)/interferon (IFN)-γ/MIP-2/ICAM-1 Ab, biotinylated anti-mouse
IgE/IL-1β/TNF-α/TSLP/IFN-γ/MIP-2/ICAM-1 Ab, recombinant mouse
Fig. 1. Chemical structure of OMC.
IgE/IL-1β/TNF-α/TSLP/IFN-γ/MIP-2/ICAM-1, anti-human IL-1β/TNF-α/
IL-6/IL-8 Ab, biotinylated anti-human IL-1β/TNF-α/IL-6/IL-8 Ab, and
recombinant human IL-1β/TNF-α/IL-6/IL-8 Ab were purchased from
BD Biosciences Pharmingen (San Diego, CA, USA). Ab for extracellular
signal-regulated protein kinase (ERK), phosphorylated-ERK (pERK),
c-jun amino N-terminal kinase (JNK), pJNK, p38, pp38, IκB-α, pIκB-α,
NF-κB, histone, procaspase-1, caspase-1, actin, and α-tubulin were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
The mouse OVA-specific IgE kit was purchased from DS Pharma
Biomedical Co. Ltd. (Osaka, Japan). The caspase-1 assay kit was supplied
by R&D Systems, Inc. (Minneapolis, MN, USA). The tryptase assay kit
was supplied by Millipore Co. (Billerica, MA, USA).

Cells culture and stimulation

Human leukemic cell line, HMC-1 cells were grown in an IMDMme-
dium supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin,
10 μM monothioglycerol, and 10% heat-inactivated FBS at 37 °C, in 5%
CO2 and 95% humidity. Cells were treated with OMC for 30 min prior
to stimulationwith PMACI (20 nMof PMA plus 1 μMof A23187) and in-
cubated at 37 °C. The time points by PMACI stimulation were selected
according to a previous report (Oh et al., 2012).

Preparation of OMC

The specimens of OMC were collected along the shores of Cheju
Island and Busan, South Sea, Korea. The voucher specimens of the
plant were identified by an algal taxonomist, Jong-Su Yoo, in the
Research Institute of Marine Science and Technology, Korea Maritime
University, Busan, Republic of Korea, and deposited in the Herbarium
of the Division of Ocean Science, Korea Maritime University, Busan,
Republic of Korea, under the curatorship of Jong-Su Yoo (voucher no.
02JP-13). The dried samples (30 g) were extracted twice with 300 ml
of methanol for 24 h at room temperature (Lin et al., 1997). The meth-
anol extract (600 ml) was concentrated under reduced pressure. The
yield of extraction was about 6.7% (w/w). The extract was stored in a
freezer at−80 °C until tests were performed.

MTT assay

Cell viability was assessed by anMTT assay. HMC-1 cells suspension
was cultured in 24-well plates for 24 h after treatment by each concen-
tration of OMC. 20 μl ofMTT solution (5 mg/ml)was added and the cells
were incubated at 37 °C for 4 h. The insoluble formazan product was
dissolved inDMSOafterwashing the supernatant. Then, the optical den-
sities of 96-well culture plates were measured using an ELISA reader at
540 nm.

Histamine assay

HMC-1 cells were preincubated for 30 min at 37 °C before the addi-
tion of PMACI for stabilization. The cells were preincubated with OMC
for 1 h and then incubated for 6 h with PMACI. The cells were separated
from the released histamine by centrifugation at 400 rpm for 5 min at
4 °C. The levels of histamine in the supernatant were measured by the
OPA spectrofluorometric procedure (Jeong et al., 2006). The fluorescent
intensity was measured at 460 nm (excitation at 355 nm) using a
spectrofluorometer.

Tryptase assay

HMC-1 cells were preincubated with OMC for 1 h and then in-
cubated for 6 h with PMACI. Tryptase from culture supernatants was
assayed by using a mast cell degranulation assay kit (Millipore Co.,
Billerica, MA, USA).
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Electron microscopy

Briefly, for the scanning electronmicroscopy (SEM), cells were fixed
in 2% glutaraldehyde, 2% paraformaldehyde in 0.05 M sodium
cacodylate buffer for 4 h at 4 °C. Then the cells were postfixed in 1%
OsO4 for 2 h at 4 °C and rinsed in distilled water. The tissue was
dehydrated in ethanol, dried in hexamethyldisilazane, and coated
with gold. Samples were examined with a JEOL 5200 scanning electron
microscope. For the transmission electronmicroscopy (TEM), cells were
fixed in 2% glutaraldehyde, 2% paraformaldehyde in 0.05 M sodium
cacodylate buffer for 4 h at 4 °C. Cells were postfixed in 1% OsO4 for 2
h at 4 °C, rinsed in distilled water, dehydrated through a graded series
of ethanols, rinsed in acetone, and embedded in Enbed 812. Thin sec-
tions were cut with an ultramicrotome (MT-X, RMC, Tucson, AX, USA)
and stained for 10min each in Reynolds' lead citrate and uranyl acetate.
Sections were examined in a Libral 120 Electron Microscope (Carl Zeiss,
Germany).

ELISA assay

Cytokines of serum,mucosa, and spleen tissue and supernatantwere
measured by an enzyme-linked immunosorbent assay (ELISA). The
ELISA was performed by coating 96-well plates with 1 μg/well capture
Ab. Before the subsequent steps in the assay, the coated plates were
washed twice with 1 × PBS containing 0.05% Tween 20. All reagents
and coated wells used in this assaywere incubated for 2 h at room tem-
perature. The standard curvewas generated from the known concentra-
tions of cytokine, as provided by the manufacturer. After exposure to
the medium, the biotin-conjugated secondary antibodies and an avidin
peroxidase and 2′-azino-bis (3-ethylbenzithiazoline-6-sulfonic acid)
tablet substrate solution containing 30%H2O2. The plates were read at
405 nm. Appropriate specificity controls were included, and all samples
were run in duplicate. The OVA-specific IgE was measured from the
serum according to the manufacturer's specifications using an OVA-
specific IgE kit. Cytokine levels in the spleen and nasal mucosa were di-
vided according to the total protein. The protein was estimated using
the BCAmethodwith the BCA protein assay kit (Thermo Fisher Scientif-
ic, Waltham, MA).

% Inhibition ¼ a−bð Þ � 100=a

where ‘a’ is a cytokine secretionwithout OMC and ‘b’ is a cytokine secre-
tion with OMC.

Reverse transcription-polymerase chain reaction (RT-PCR)

HMC-1 cells were treated with OMC (0.1, 1, and 10 μg/ml) for 1 h
before stimulationwith PMACI incubated for 6 h. The total RNAwas iso-
lated from the cells and nasal mucosa according to the manufacturer's
specification using an easy-BLUE RNA extraction kit (iNtRON Biotech-
nology, Kyunggi-do, Korea). The concentrations of total RNA in
the final elutes were determined by spectrophotometry. Total RNA
(2.5 μg) was heated at 65 °C for 10 min and then chilled on ice. Each
sample was reverse-transcribed to cDNA for 90 min at 37 °C using a
cDNA synthesis kit (GE Healthcare, Chalfont St. Giles, Buckinghamshire,
UK). The polymerase chain reaction (PCR) was performed with the fol-
lowingprimers for the human IL-1β (5′-CCGGATCCA TGGCAC CTGTAC
GAT CA-3′; 5′-GGG GTA CCT TAG GAA GAC ACA AAT TG-3′); IL-6 (5′-
GAT GGATGC TTC CAATCT GGAT-3′; 5-′AGT TCT CCATAG AGA ACA
ACA TA-3′); IL-8 (5′-CGA TGT CAG TGC ATA AAG ACA-3′; 5′-TGA ATT
CTC AGC CCT CTT CAA AAA-3′); TNF-α (5′-CAC CAG CTG GTT ATC TCT
CAG CTC-3′; 5′-CGG GAC GTG GAG CTG GCC GAG GAG-3′); GAPDH
(5′-CAA AAG GGT CAT CAT CTC TG-3′ and 5′-CCT GCT TCA CCA CCT
TCT TG-3′). GAPDH was used to verify whether equal amounts of RNA
were used for reverse transcription and PCR amplification from differ-
ent experimental conditions. Saturation curves for the PCR were
obtained from various experimental conditions (RNA concentrations,
annealing temperatures, and PCR cycle numbers). We determined the
optimal amplification conditions (annealing temperature and PCR
cycle number) of primers for the PCR. The annealing temperature was
50 °C for human IL-1β, 56 °C for IL-6, and 60 °C for IL-8, TNF-α, and
GAPDH, respectively. Products were electrophoresed on a 1.5% agarose
gel and visualized by staining with ethidium bromide.
Western blot analysis

HMC-1 cellswere treatedwithOMC (0.1, 1, and 10 μg/ml) for 1 h be-
fore stimulationwith PMACIwhich had been incubated for 2 h.Western
blot analysis was used for nasal mucosa tissue extracts, and cell extracts
were prepared by a detergent lysis procedure. Samples were heated at
95 °C for 5 min and briefly cooled on ice. After the centrifugation,
50 μg aliquots were resolved by 10% SDS-polyacrylamide gel electro-
phoresis. The resolved proteins were electro-transferred overnight to
nitrocellulose membranes in 25 mM Tris, pH 8.5, 200 mM glycerin,
and 20% methanol at 25 V. Blots were blocked for at least 2 h with 1×
phosphate-buffered saline (PBS) containing 0.05% Tween 20 containing
5% nonfat dry milk and then incubated with primary antibodies for 1 h
at room temperature. Blots were developed by peroxidase-conjugated
secondary antibodies, and proteinswere visualized by enhanced chemi-
luminescence procedures (GE Healthcare, Piscataway, NJ, USA), accord-
ing to the manufacturer's instructions.
Caspase-1 assay

HMC-1 cellswere treatedwithOMC (0.1, 1, and 10 μg/ml) for 1 h be-
fore stimulation with PMACI incubated for 2 h. Equal amounts of the
total protein were quantified by a BCA protein quantification kit
(Sigma-Aldrich) in each lysate. Caspase-1 activity was measured ac-
cording to the manufacturer's specifications using a caspase assay kit
(R&D Systems, Inc.).
OVA-induced AR animal model

We maintained 6-week-old female BALB/c (Charles River Laborato-
ries, Inc., Wilmington, MA, USA) mice under pathogen-free condition.
Mouse care and experimental procedures were performed under the
approval from the animal care committee of Kyung Hee University
[Approval no. KHUASP (SE)-10-016]. The mice were sensitized on
days 1, 5, and 14by intraperitoneal injection of 100 μg of OVA emulsified
and 20 mg of aluminum hydroxide (Sigma-Aldrich) in a 100 μl of PBS
and challenged intranasally with 2 μl of 1.5 mg of OVA or PBS. The
mice were challenged intranasally with PBS in a similar manner for
the negative control. OMC (1 and 10 mg/kg) and a control vehicle (dis-
tilledwater.)were administrated orally for 10 days before the intranasal
OVA challenge. Nasal symptoms were only evaluated by counting the
number of nasal rubs that occurred in 10min after OVA intranasal prov-
ocation at the 10-day mark after the challenge. We measured OVA-
specific IgE as the relevant endpoint for AR. The number of mice in
each group was 5.
Histological examination

The nasal mucosa tissue samples were immediately fixed with 10%
formaldehyde and embedded in paraffin. The sections of the sample
were 4 μm thick. Each section was stained with hematoxylin and
eosin (for eosinophils) before de-waxing and dehydration. The num-
bers of eosinophils on both sides of the septal mucosa were counted.
Sections were coded and randomly analyzed by two blinded observers.
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Confocal laser scanning microscopy

Tissue samples and cells were fixed with 4% formaldehyde and em-
bedded in paraffin. After de-waxing and dehydration, sections were
blocked with bovine serum albumin followed by 60 min of incubation
with an anti-mouse c-Kit or anti-rabbit p65 (Santacruz, CA, USA) at a
concentration of 1 μg/ml. The secondary antibody, fluorescein isothiocy-
anate (FITC)-conjugated anti-mouse IgG or tetramethylrhodamine-5-
(and-6)-isothiocyanate (TRITC)-conjugated anti-rabbit IgG (Invitrogen),
was added to the incubation for 30min. Themountingmedium contain-
ing 4′,6-diamidino-2-phenylinodole (DAPI, Vector Laboratories, Burlin-
game, CA, USA) was used to counterstain DNA. All specimens were
examined with a confocal laser-scanning microscope. The numbers of
mast cells on both sides of the septal mucosa were counted. Sections
were coded and randomly analyzed by two blinded observers.

Statistical analysis

All results are representative of three independent experiments and
expressed as the mean ± S.E.M. The statistical evaluation of the results
was performed by an independent t-test and an ANOVA with a Tukey
post hoc test using SPSS statistical software. The results were significant
with a value of P b 0.05.

Results

OMC inhibited degranulation of mast cells

Mast cells play an important role in AR, producing a variety of cyto-
kines, chemokines, proteases, and histamine after re-exposure to an
Fig. 2. OMC inhibited the degranulation of mast cells. (A) MTT assay. (B) HMC-1 cells (3 × 106)
level of histamine in the supernatant wasmeasured by a histamine assay method. (C) The level
morphology and cytoplasm of HMC-1 cells were observed by SEM and TEM. White arrows ind
experiments. Blank, unstimulated cells. #P b 0.05; significantly different from the unstimulated c
cells; PMACI, PMA plus A23187; OMC, PMA plus A23187 plus OMC (10 μg/ml); N, nucleus.
allergen. Histamine and tryptase are major biogenic amine and serine
proteases released after the degranulation of mast cells, respectively.
We examined the effects of OMC on PMACI-induced histamine and
tryptase release. OMC significantly inhibited histamine and tryptase re-
lease in PMACI-stimulated mast cells as shown in Fig. 2B and C.
OMC (10 μg/ml) had no effect on the histamine and tryptase release
by itself (Fig. 2B and C). We also examined the ability of OMC to inhibit
the degranulation of PMACI-stimulated HMC-1 cells. To visualize the
responses of mast cells to OMC, we undertook microscopy studies.
Through SEM, we observed that morphological changes occurred in
PMACI-stimulatedmast cells. The activated-mast cells displayed irregu-
lar shapes,filopodia extension, andmembrane ruffling (Fig. 2D). By con-
trast, cells treated with OMC showed a round shape, a few of the
filopodia, and few holes in the surface. Moreover, we observed the cyto-
plasm of mast cells to analyze granule contents by TEM. The number of
granules in cytoplasm and the electron density of the granuleswere sig-
nificantly decreased by OMC (Fig. 2D). We examined cell viability using
a MTT assay. OMC had no effect on cell viability (Fig. 2A).

OMC inhibited production and mRNA expression of pro-inflammatory
cytokines in HMC-1 cells

It is reported that the production of pro-inflammatory cytokines
including IL-1β, IL-6, IL-8, and TNF-α was increased in nasal mucosa
(Mandhane et al., 2011; Oh et al., 2012). We examined the regulatory
effect of OMC on the production of IL-1β, IL-6, IL-8, and TNF-α.
PMACI significantly increased cytokine production compared with the
media control (Fig. 3A–D). IL-1β, IL-6, IL-8, and TNF-α which were
increased by PMACI, were significantly inhibited by OMC (Fig. 3A–D,
P b 0.05). The inhibition rates for IL-1β, IL-6, IL-8 and TNF-α at
were treated with OMC (0.1, 1, and 10 μg/ml) and then stimulated by PMACI for 6 h. The
of tryptase in the supernatant wasmeasured by using a tryptase assay kit. (D) The surface
icate extended filopodia. Each datum represents the mean ± S.E.M. of three independent
ells. *P b 0.05; significantly different from the PMACI-stimulated cells. Blank, unstimulated

image of Fig.�2


Fig. 3.OMC inhibited the production andmRNAexpression of pro-inflammatory cytokines. HMC-1 cells (3 × 106)were treatedwithOMC (0.1, 1, and 10 μg/ml) for 1 h and then stimulated
by PMACI for 8 h. (A–D) The production of cytokines in the supernatant wasmeasured by the ELISAmethod. (E) HMC-1 cells (3 × 106)were treatedwith OMC (10 μg/ml) for 1 h and then
stimulated by PMACI for 6 h. IL-1β, IL-6, IL-8, and TNF-αmRNA expressions were analyzed by the RT-PCR. Each datum represents the mean ± S.E.M. of three independent experiments.
#P b 0.05; significantly different from the unstimulated cells. *P b 0.05; significantly different from the PMACI-stimulated cells. PMACI, PMA plus A23187.

Fig. 4. OMC inhibited the activation of MAPKs and NF-κB. (A) HMC-1 cells (3 × 106) were treated with OMC (0.1, 1, and 10 μg/ml) for 1 h and then stimulated by PMACI for 2 h. The
phosphorylated-ERK, JNK, and p38 were determined by Western blot analysis. (B) NF-κB and phosphorylated IκB-α were determined by Western blot analysis. (C) NF-κB was stained
by a primary anti-p65 for 1 h and then incubated by secondary TRITC-conjugated IgG for 1 h. Blank, unstimulated cells; PMACI, PMA plus A23187; OMC, PMA plus A23187 plus OMC
(10 μg/ml). (Original magnification 400×, scale bar = 50 μm).
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Fig. 5.OMC inhibited the activation of caspase-1. (A) HMC-1 cells (3 × 106) were treatedwith OMC (0.1, 1, and 10 μg/ml) for 1 h and then stimulated by PMACI for 2 h. Caspase-1 activity
wasmeasured by using a caspase-1 assay kit. (B) The expression of caspase-1 was analyzed byWestern blot analysis. The data of caspase-1 activity represents themean± S.E.M. of three
independent experiments. #P b 0.05; significantly different from the unstimulated cells. *P b 0.05; significantly different from the PMACI-stimulated cells.
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10 μg/ml were about 98.7%, 96.6%, 95.2%, and 101.3%, respectively. We
examined the effect of OMC on the mRNA expressions of IL-1β, IL-6,
IL-8, and TNF-α in PMACI-stimulatedmast cells. ThemRNA expressions
of IL-1β, IL-6, IL-8, and TNF-α were significantly decreased by OMC
(Fig. 3E).

OMC inhibited activation of MAPKs and NF-κB in HMC-1 cells

To investigate the regulatory mechanism of OMC on allergic inflam-
mation, we analyzed MAPKs activation. The OMC inhibited the PMACI-
Fig. 6. OMC reduced clinical symptoms in an AR animal model. We sensitized mice on days 1,
hydroxide, andwe challengedmicewith 1.5mgofOVA.Mice receivedOMCbefore the intranasa
the OVA intranasal provocation. (B) Serum was isolated from blood to measure histamine. His
were measured by using the ELISAmethod. (D) The production of IL-1β in serumwasmeasure
dent experiments. #P b 0.05; significantly different from the OVA-unsensitized mice. *P b 0.05
induced ERK, JNK, and p38 MAPKs activation (Fig. 4A). We also
examined the effect of OMC on PMACI-induced NF-κB activation. The
OMC inhibited the PMACI-induced NF-κB activation (Fig. 4B). As a
marker of NF-κB activation, the phosphorylation of IκB-α in cytoplasm
lysates was detected. OMC also inhibited PMACI-induced IκB-α phos-
phorylation (Fig. 4B). Immunocytochemistry was performed to localize
NF-κB/p65 protein (Fig. 4C). When HMC-1 cells were stimulated with
PMACI, immunoreactive NF-κB was localized to nuclei (Fig. 4C). In con-
trast, when the cells were pretreatedwith OMC, immunoreactive NF-κB
was located to cytoplasm (Fig. 4C).
5, and 14 by intraperitoneal injections of 100 μg of OVA emulsified in 20 mg of aluminum
l OVA challenge for 10 days. (A) The number of the nasal rubs that occurred in 10min after
tamine levels were measured by the histamine assay method. (C) OVA-specific IgE levels
d by using the ELISAmethod. Each datum represents themean ± S.E.M. of three indepen-
; significantly different from the OVA-sensitized mice. N = 5.

image of Fig.�5
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OMC inhibited activation of caspase-1 in HMC-1 cells

Caspase-1 involves in cleavage and secretion of IL-1 and IL-18 (Stutz
et al., 2009). To evaluate whether OMC regulated the caspase-1 activa-
tion, we performed a caspase-1 assay and Western blot analysis.
Caspase-1 activity increased by PMACI was inhibited by OMC (Fig. 5A).
As shown in Fig. 5B, OMC reduced the active form of caspase-1 while it
increased the pro caspase-1 form in HMC-1 cells.

OMC reduced clinical symptoms and inflammation-related protein in the
AR animal model

To assess the inhibitory effects of OMC in the AR animal model,
we sensitized mice on days 1, 5, and 14 by intra-peritoneal injections
Fig. 7. Effects of OMC on AR biomarkers. We sensitizedmice on days 1, 5, and 14 by intraperiton
lengedmice with 1.5 mg of OVA. Mice received OMC before the intranasal OVA challenge for 10
method. (D) The levels of MIP-2 and ICAM in the nasal mucosa tissue weremeasured by the EL
ELISAmethod. Each datum represents themean± S.E.M. of three independent experiments. #P
ferent from the OVA-sensitized mice. N = 5.
of 100 μg of OVA emulsified in 20 mg of aluminum hydroxide and
the challenged mice with 1.5 mg of OVA. Mice were administered
with various doses of OMC to screen proper dose of OMC. As a prelimi-
nary result, we selected 1 and 10 mg/kg of OMC in AR animalmodel. In-
creased rub scores were inhibited by the treatment with OMC (Fig. 6A).
Histamine, OVA-specific IgE, and IL-1β levels in the serumwere reduced
by OMC (Fig. 6B–D). The levels of IL-1β, TNF-α, and TSLP in the OVA-
induced AR mice were significantly higher than those in the nasal
mucosa tissues of the OVA-unsensitized mice (Fig. 7A–C). Increased
cytokine levels were reduced by OMC administration (Fig. 7A–C).
We also analyzed the MIP-2 and ICAM-1 levels in the OVA-induced
AR mice. The levels of MIP-2 and ICAM-1 in the OVA-induced AR
mice were significantly higher than those in the nasal mucosa tissues
of the OVA-unsensitized mice (Fig. 7D). Increased ICAM-1 levels
eal injections of 100 μg of OVA emulsified in 20 mg of aluminum hydroxide, andwe chal-
days. (A–C) The production of cytokines in the nasal mucosa was measured by the ELISA

ISA method. (E) Spleenweight. (F) The levels of IFN-γ in the spleen were measured by the
b 0.05; significantly different from the OVA-unsensitizedmice. *P b 0.05; significantly dif-
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Fig. 8. OMC reduced eosinophils and mast cell infiltration in the AR nasal mucosa tissue. (A) Nasal mucosa tissue was stained with hematoxylin and eosin (H&E) for eosinophils (black
arrow). (B) Mast cells were stained by a primary anti-c-Kit for 1 h and then incubated by secondary FITC-conjugated IgG for 1 h (white arrow). (C and D) Eosinophils and mast cells
were counted by three individuals. The five randomly selected tissue sections per mouse were counted. The absolute number of cells was counted as themean± S.E.M. #P b 0.05; signif-
icantly different from the OVA-unsensitized mice. *P b 0.05; significantly different from the OVA-sensitized mice. N = 5. (Original magnification 400×, scale bar = 50 μm).
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were significantly by OMC administration but not MIP-2 (Fig. 7D).
Increased spleen weights by OVA were also significantly reduced by
the OMC administration (Fig. 7E). As shown in Fig. 7F, the levels of
IFN-γ decreased by OVA were increased in the OMC-administered AR
mice.
OMC reduced eosinophils and mast cell infiltration in the AR nasal
mucosa tissue

The respective numbers of inflammatory cells (eosinophil and mast
cells) in the nasal mucosa in the ARmice were significantly higher than

image of Fig.�8
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those in the OVA-unsensitized mice. In the nasal mucosa tissue, the
numbers of eosinophils and mast cells increased by OVA sensitization
were decreased in the OMC-administered mice (Fig. 8A–D).

Discussion

The treatment of AR consists ofmajor three types: allergic avoidance,
drug treatment, and immunotherapy. The antihistamines, anticholiner-
gic agents, corticosteroids, and mast cell stabilizers are widely used to
manage AR, although it has adverse side effects including sedation, im-
paired learning/memory, and cardiac arrhythmias and low clinical effi-
cacy (Mygind, 1993). Recently, natural product-based compounds and
herbal formula have reported to be very useful for the treatment of aller-
gic diseases (Thornhimm and Kelly, 2000; Lenon et al., 2007; Fouche
et al., 2013). In the present study, we verified that OMC isolated from
Corydalis heterocarpa, had a therapeutic effect on AR in vitro and
in vivomodels.

Mast cells play a pivotal role in the early phase of AR by producing a
plethora of mediators, including histamine, proteases, cytokines, and
growth factors. Histamine is the most important mediator of mast
cells because it causes nasal obstruction, rhinorrhea, and sneezing by
the binding histamine H1 receptor (Togias et al., 1987; Takizawa et al.,
1995; Wang et al., 2001; Yamauchi et al., 2007). Tryptase, a trypsine-
like serine protease, is abundant in mast cell granules and induces the
chemoattractants IL-8, ICAM-1, and IL-1β on epithelial cells in the in-
flammation process (Payne and Kam, 2004). Therefore, most anti-
allergic drugs were designed to inhibit the release of histamine and
tryptase from human mast cells (Wang et al., 2009; Kida et al., 2010).
Our results also showed that OMC significantly inhibited the release of
histamine and tryptase from activated HMC-1 cells. This result indicates
that OMC exerts strong anti-allergic effects through the inhibition of
mast cell degranulation.

Pro-inflammatory cytokines such as IL-1β, TNF-α, IL-6, and IL-8 are
released within the first hours of the allergen challenge. IL-1β is a strong
proinflammatory cytokine, since IL-1β exerts cytokine and histamine se-
cretions of mast cells as well as the IgE production by stimulating B cells
(Artis et al., 1999; Nambu and Nakae, 2010). TNF-α secreted by mast
cells andmacrophages is associatedwith TH2mediated cytokine produc-
tion and the homing of TH2 cells to the site of the allergic inflammation
(Cohn et al., 1997; Artis et al., 1999). Recently, it is reported that TNF-α
stimulates IgE production by enhancing IL-4 production and eosinophil
migration (Bachert et al., 1995; Bradding et al., 1995; Artis et al., 1999).
IL-6 is co-related with IgE synthesis and mast cell proliferation and mat-
uration. IL-8 is a chemoattractant leading to eosinophil migration to the
site of inflammation (Mukaida, 2000). In our study, OMC markedly
inhibited the release of these mediators in activated HMC-1 cells and
AR mice. These results demonstrated that OMC exert an anti-
inflammatory effect through the regulation of pro-inflammatory
cytokines.

The expression of inflammatory cytokines depends on the activation
of MAPKs and NF-κB (Bladh et al., 2009; Jeong et al., 2006). ERK is well
documented to regulate cell differentiation by many stimuli. In our pre-
vious study, we showed that the blocking of ERK by ERK inhibitor
PD98059decreased theproduction of IL-6, TNF-α, and IL-8 in stimulated
HMC-1 cells (Kang et al., 2011). JNK is the stress-activated protein ki-
nases and activates c-JUN, which then regulates gene expression. The
p38 kinases regulate a variety of cytokine production (Johnson and
Lapadat, 2002). The blocking of p38MAPKwas correlated with the inhi-
bition of IL-6 and TNF-α (Jeong et al., 2003). Glucocorticoids suppressed
the NF-κB activation and the degradation of IκBα (Bladh et al., 2009).
Our study showed that OMC suppressed the PMACI-induced MAPKs
and NF-κB activation. These results demonstrate that the effect of OMC
on mast cell-mediated inflammation, at least in part, might be derived
through regulation of the MAPKs and NF-κB pathways.

Caspase-1 is present as an inactive pro-form in cytoplasm and acti-
vated by inflammasome, which are cytoplasmic and multimolecular
protein complexes. Specifically, caspase-1 converts pro-IL-1β into the
bioactive form activating lymphocytes and endothelial cells (Stutz
et al., 2009). Metkar et al. (2008) reported that the caspase-1 inhibitor
blocked the secretion of IL-1β, TNF-α, and IL-6. Jeechool-Whan showed
the anti-allergic effect through the inhibition of caspase-1 activation in
an AR animal model (Oh et al., 2012). In this study, OMC significantly
decreased caspase-1 activity in activatedHMC-1 cells. These results sug-
gest that OMC reduces AR via blocking of the caspase-1 pathway.

Eosinophils play a crucial role in immune response and are linked
with allergic inflammatory conditions (Melvin and Ramanathan,
2012). Mast cells contribute to the induction andmaintenance of eosin-
ophilic inflammation by IgE-dependent and IgE-independent processes
(Pawankar et al., 2007). Patients with AR have shown influx of these
cells in the nasal epithelium (Fuentes-Beltrán et al., 2009). ICAM-1 is a
chemotactic molecule of eosinophils and expressed in the mucosal
epithelial cells of allergic patients. It has been considered as a marker
of allergic inflammation (Montoro et al., 2007). We showed that OMC
inhibited the levels of inflammation-related protein and infiltration of
inflammatory cells. Taken together, OMC provides alternative proof of
a possible therapeutic application of this agent in allergic inflammatory
diseases.

Conclusion

In conclusion, we have shown that OMC inhibited the histamine and
tryptase releases and also regulated the productions of IL-1β, IL-6, IL-8,
and TNF-α in PMACI-stimulated HMC-1 cells through the MAPK and
NF-κB pathways. In an animal model, OMC dramatically inhibited the
symptoms of AR by inhibiting the influx of inflammatory cells and
pro-inflammatory cytokines production. Given these findings, the regu-
lation of histamine and tryptase levels, which regulated the production
of pro-inflammatory cytokines, by OMC may provide an insight into a
new strategy for AR.
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