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ARTICLE INFO ABSTRACT

Introduction: Eupatilin, a pharmacologically active ingredient found in Artemisia asiatica, has been reported to
have anti-oxidative, anti-inflammatory, and anti-apoptotic activities. However, molecular mechanisms under-
lying its anti-allergic properties are not yet clear. In this study, we investigated the effects of eupatilin on allergic
inflammation in phorbol 12-myristate 13-acetate plus calcium ionophore A23187 (PMACI)-stimulated human
mast cells and a compound 48/80-induced anaphylactic shock model.

Methods: Cytokine assays, histamine assays, quantitative real-time polymerase chain reaction analysis, western
blot analysis and compound 48/80-induced anaphylactic shock model were used in this study.

Results: Eupatilin significantly suppresses the expression and production of pro-inflammatory cytokines, such as
interleukin (IL)-1f, tumor necrosis factor (TNF)-a, and IL-6 in vitro and in vivo. In addition, eupatilin inhibits
nuclear factor kappa B (NF-kB) activation by regulating the phosphorylation and degradation of IkBa via the
Akt/IKK(a/P) pathway. Eupatilin treatment also attenuates the phosphorylation of p38, ERK, and JNK MAPKs.
Furthermore, eupatilin blocked anaphylactic shock and decreased the release of histamine.

Conclusions: Anti-allergic inflammation may involve the expression and production of regulating pro-in-
flammatory cytokines via Akt/IKK(a/p) and MAPK activation of NF-kB. On the basis of these data, eupatilin is a
potential candidate for the treatment of allergic diseases.
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Introduction

Allergic diseases are inflammatory disorders that include allergic
asthma, hay fever, food allergies, and anaphylaxis and are induced by
the interaction of antigen-specific immunoglobulin E (IgE) and T-
helper-2 (Th2) cells (Hawrylowicz and O'Garra, 2005). The prevalence
of allergic disease is increasing dramatically as societies become de-
veloped and industrialized. Thus, the economic burden of asthma is also
growing (Pawankar, 2014). Allergic reactions are characterized by an
abnormal immune response to generally harmless environmental anti-
gens that trigger mast cell activation (Holgate and Polosa, 2008). Mast
cells are tissue-based inflammatory cells that play important roles in
immediate and delayed allergic reactions through degranulation
(Stone et al., 2010). Mast cells activated by IgE release histamine, pro-
inflammatory cytokines such as interleukin (IL)—1f, tumor necrosis
factor (TNF)-a, and IL-6 (Amin, 2012). These cytokines play an

important role in regulating the allergic inflammatory response. IL-1f3
was originally identified as an endogenous pyrogen (Turner et al.,
2014); it is also a pro-inflammatory cytokine and potent mediator of
inflammatory processes that play a crucial role in allergic responses. IL-
1P is released into nasal secretions during early-phase and late-phase
allergic reactions (Da Silva et al., 2002). TNF-a is secreted from acti-
vated mast cells and plays an important role in initiating allergic
asthmatic inflammation and the occurrence of airway hypersensitivity.
It is also a powerful inducer of other inflammatory cytokines including
IL-1B and IL-6 (Rasheed et al., 2010). IL-6 is produced by mast cells in
response to various stimuli, including allergens that have a biological
role in allergic inflammation. IL-6 is regarded as an important regulator
of Th2 differentiation and inhibition, as well as CD4 T cell differ-
entiation (Rincon and Irvin, 2012). Therefore, reductions in these
mediators are considered indicators of symptomatic relief from allergic
inflammation.

Abbreviations: HMC-1, human mast cell line; PMACI, phorbol 12-myristate 13-acetate plus calcium ionophore A23187; TNF- a, tumor necrosis factor-a; NF-kB, nuclear factor kappa B;
MAPKs, mitogen-activated protein kinases; IMDM, Iscove's modified Dulbecco's medium; FBS, fetal bovine serum; DMSO, dimethyl sulfoxide; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
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Fig. 1. Effects of eupatilin on pro-inflammatory cytokines in PMACI-stimulated HMC-1 cells. HMC-1 cells were pretreated with 6.25, 12.5 and 25 uM of eupatilin for 30 min and
stimulated by PMA (40 nM) plus A23187 (1 uM), and the cells were further incubating 24 h (A) or 6 h (B). The cytokines productions were measured using EIA and cytokine mRNA
expression levels were measured using real-time PCR. The data shown represent mean + SD of three independent experiments. ** p < 0.01 and *## p < 0.001 vs the control group,

*p < 0.05, *p < 0.01 and ***p < 0.001 vs the PMACI-treated group.

Nuclear factor kappa B (NF-kB) is bound to inhibitor of kB (IxB)
proteins that are separated in the cytoplasm. NF-kB activation is con-
trolled by the IkB kinase (IKK) complex, which mediates the phos-
phorylation of IxkB. When stimulated, IxB is phosphorylated and then
degraded; NF-kB is then released and translocated to the nucleus, where
it can activate promoters (Perkins, 2007). NF-kB is a critical regulator of
allergic inflammation, playing a role in the expression of cytokines such

as IL-1B, TNF-a, and IL-6, which mediate allergic responses to in-
flammatory stimuli (Barnes, 2011). It has been reported that Akt reg-
ulates the transcriptional activity of NF-kB by inducing phosphorylation
of IKK (Romashkova and Makarov, 1999). Akt is a serine/threonine
protein kinase that has been reported to regulate cell apoptosis, pro-
liferation, and survival signals in response to cytokines and growth
factors (Madrid et al., 2000). Akt is also involved in regulating the
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Fig. 2. Effects of euptilin on the NF-kB activation in PMACI-stimulated HMC-1 cells. HMC-1 cells were pretreated with eupatilin for 30 min and stimulated by PMA (40 nM) plus A23187
(1 uM) for (A) 30 min (NF-kB p65) or (B) 15min (p-IkB) or 10 min (Akt and IKK). Nuclear (N) and cytosolic (C) extracts were isolated, and the levels of p65 in each fraction were
determined by western blot analysis. PARP and a-tubulin were used as internal controls. Densitometry analysis of the blots was done using ImageJ software. The data shown represent

mean + SD of three independent experiments. *##

inflammatory response. Several studies have reported the significance
of Akt in inflammation-mediated diseases such as asthma, psoriasis,
multiple sclerosis, and rheumatoid arthritis (Di Lorenzo et al., 2009).

Mitogen-activated protein kinases (MAPKs) are components of in-
tracellular signal transduction pathways that play an important role in
the regulation of pro-inflammatory molecules. MAPKs are activated in
response to stimuli in mast cells and play a key role in signal pathways
(Kim et al., 2006). MAPK signals are composed of three pathways, in-
cluding the extracellular signal-regulated p38 MAPKs, extracellular
signal-regulated kinase 1 and 2 (ERK), and c-Jun N-terminal kinases
(JNK). MAPKs are involved in the activation of NF-xB in the cytoplasm
and play a significant role in signaling cytokine expression
(Dhawan and Richmond, 2002). NF-kB activation and MAPK phos-
phorylation are important events in the allergic inflammatory response;
therefore, regulation of their activity can help in the treatment of al-
lergic disease.

5, 7-Dihydroxy-3, 4, 6-trimethoxyflavone (eupatilin) is a pharma-
cologically active ingredient found in Artemisia asiatica. Eupatilin has

p < 0.001 vs the control group, **p < 0.01 and ***p < 0.001 vs the PMACI-treated group.

antioxidant, anti-inflammatory, anti-apoptotic, and neuroprotective
properties (Cai et al., 2012). Eupatilin has also been reported to be
therapeutically helpful in cases of gastric mucosal injury (Seol et al.,
2004). Despite the known biological effects of eupatilin, there are no
reports of its anti-allergic molecular mechanisms, including anaphy-
lactic activity. In this study, we investigated the effects of eupatilin on
allergic inflammation in phorbol 12-myristate 13-acetate plus calcium
ionophore A23187 (PMACI)-stimulated human mast cells and a com-
pound 48/80-induced anaphylactic shock model.

Materials and methods
Reagents

Eupatilin was purchased from Adipogen Corp (= 98% purity).
Phorbol 12-myristate 13-acetate (PMA), calcium ionophore A23187
(Calcimycin; C29H37N306), 3-(4, 5-dimethylthiazol-2-yl)—2, 5-di-
phenyl tetrazolium bromide (MTT) liquefied in dimethyl sulfoxide
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Fig. 3. Effects of euptilin on the MAPKs phosphorylation in PMACI-stimulated HMC-1
cells. HMC-1 cells were pretreated with eupatilin for 30 min and stimulated by PMA
(40 nM) plus A23187 (1 uM) for 15 min. Densitometry analysis of the blots was done
using ImageJ software. The data shown represent mean + SD of three independent ex-
periments. *#*# p < 0.001vs the control group, **p < 0.001vs the PMACI-treated
group.

(DMSO), and all other chemicals were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Iscove's modified Dulbecco's medium (IMDM),
fetal bovine serum (FBS), and Gibco® antibiotic-antimycotic were pur-
chased from Life Technologies (Grand Island, NY, USA). EIA Kkits for IL-
1B, TNF-a, and IL-6 were purchased from Becton Dickinson and
Company (BD) Biosciences (San Jose, CA, USA). Histamine EIA Kkits
were purchased from Enzo Life Sciences (East Farmingdale, NY, USA).
Power SYBR® Green Master Mix was purchased from Applied
Biosystems (Foster City, CA, USA). Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), IL-1f, TNF-a, and IL-6 oligonucleotide primers
were purchased from Bioneer (Daejeon, Republic of Korea). NF-kB p65,
p-IkB-a, IkB-a, IKK(a/B), Aktl/2/3, caspase-1, (-actin, and a-tubulin
antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). ERK, p-p38, p-ERK, p-JNK, p-Akt, p-IKKa/ f, p38, JNK,
and PARP antibodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA).

Cell culture and sample treatment

The human mast cell line (HMC-1) was kindly provided by Prof. Jae-
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Young Um (Kyung Hee University, Republic of Korea). Cells were cul-
tured in IMDM supplemented with 10% FBS and 1% Gibco® antibiotic-
antimycotic (containing 100 units/ml penicillin, 100 ug/ml strepto-
mycin, and 0.25 pg/ml amphotericin B) in an incubator at 37 °C and 5%
CO,. HMC-1 cells were treated with various doses of eupatilin (6.25,
12.5, and 25 pM) for 30 min before stimulation with 40 nM PMA and
1uM A23187 for the indicated time. Compounds at various con-
centrations were dissolved in DMSO and added to the PMACI. DMSO
(0.05%) was used as a vehicle control.

Compound 48/80-induced anaphylactic shock model

ICR mice (male, 4 weeks old) were purchased from Daehan Biolink
(Daejeon, Republic of Korea). Mice were maintained at 22-25 °C, with a
12 h light/dark cycle and relative humidity of 40-60%. Anaphylactic
shock was induced with compound 48/80 as previously described
(Shin, 2005); specifically, ICR mice were injected intraperitoneally with
phosphate-buffered saline (PBS) or compound 48/80 (8 mg/kg dis-
solved in PBS). Eupatilin (20 mg/kg dissolved in saline) and disodium
cromoglycate (DSCG, positive control, 25 mg/kg, dissolved in saline)
were injected orally for 1 h before injecting compound 48/80. Mortality
was observed for 1 h after injecting compound 48/80. At the end of the
experiment, blood was drawn from the heart of each mouse and al-
lowed to clot for 1h at room temperature and then centrifuged for
20 min at 3000 x g and 4 °C to obtain serum for analysis of histamine
and cytokine production. The study was approved by Sang-ji University
Institutional Animal Care and Use Committees (Reg. No. 2015-08).

Cytokine assays

IL-1B, TNF-a, and IL-6 levels were measured in the culture media
and serum of mice with compound 48/80-induced anaphylaxis using
EIA kits (BD Biosciences, San Jose, CA, USA) according to the manu-
facturer's instructions.

Histamine assays

Mouse serum histamine levels were measured using commercially
available EIA kits (Enzo Life Sciences, Farmingdale, NY, USA) according
to the manufacturer's recommendations.

Quantitative real-time polymerase chain reaction analysis

Total RNA was isolated from cells or liver tissue using Trizol re-
agent, and cDNA was obtained using isolated total RNA (2 pg), d(T)16
primers, and AMV reverse transcriptase (Intron Biotechnology,
Seongnam, Republic of Korea). Relative gene expression was quantified
using real-time PCR (Real Time PCR System 7500, Applied Biosystems,
Foster City, CA, USA) with SYBR Premix Ex Taq. The oligonucleotide
primers for IL-13 were TGGACCTCTGCCCTCTGGAT (forward) and
GGCAGGGAACCAGCATCTTC (reverse). The oligonucleotide primers
for TNF-a were GCTGGAGAAGGGTGACCGAC (forward) and GTTCGT
CCTCCTCACAGGGC (reverse). The oligonucleotide primers for IL-6
were ATTCCGGGAACGAAAGAGAA (forward) and TCTTCTCCTGGGG
GTACTGG (reverse). The oligonucleotide primers for GAPDH were
CTCCTCCACCTTTGACGCTG (forward) and CTCTTGTGCTCTTGCTG
GGG (reverse). The synthesized cDNA was 200 bp. Results are ex-
pressed as the ratio of the optical density of the target locus to GAPDH.

Western blot analysis

Cells or liver tissue were re-suspended in protein extraction solution
(PRO-PREP™, Intron Biotechnology, Seongnam, Republic of Korea) and
incubated for 20 min at 4 °C. Cell debris was eliminated by micro-cen-
trifugation followed by immediately freezing the supernatant. Protein
concentrations in the supernatant were measured using the Bio-Rad
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Fig. 4. Effects of eupatilin on allergic hypersensitivity responses in compound 48/80-induced anaphylaxis shock model. Mice were administered with eupatilin, DSCG, and PBS as a
vehicle (n = 6 per group or total) for 1 h before compound 48/80 injection (8 mg/kg i.p.). (A) The survival rates of these mice were monitored for 1 h. (B) Histamine concentrations were

measured in mouse serum by EIA. The data shown represent mean = SD of three independent experiments.

compound 48/80-treated group.

protein assay reagent (Hercules, CA, USA) according to the manufac-
turer's instructions. Each protein sample (30 pg) was electro-blotted and
then transferred onto a polyvinylidene fluoride (PVDF) membrane fol-
lowed by separation using 8-12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis. Membranes were incubated for 30 min
with blocking solution (2.5 or 5% skim milk) at 25 °C, followed by in-
cubation overnight with the primary antibody (1:1000 dilution) at 4 °C.
Membranes were washed three times with tris-buffered saline/Tween
20 (TBS-T) and incubated with a horseradish peroxidase-conjugated
secondary antibody (1:2500 dilution) for 1 h 30 min at room tempera-
ture. Membranes were again washed three times with TBS-T and then
developed by enhanced chemiluminescence (Absignal™, Abclon, Seoul,
Republic of Korea).

Preparation of nuclear protein extract

HMC-1 cells were plated in 60 mm dishes (5 X 10° cells/ml) and
treated with eupatilin (6.25, 12.5, and 25uM) for 30 min and then
stimulated with PMACI for 30 min, washed once with PBS, harvested in
1 ml of cold PBS, and pelleted by centrifugation. Nuclear extracts were
prepared as previously described (Lee et al., 2015). Cell pellets were re-
suspended in hypotonic buffer (10 mM HEPES (pH 7.9), 1.5 mM MgCl,,
10 mM KCl, 0.2 mM PMSF, 0.5mM DTT, and 10 mg/ml aprotinin) and
incubated on ice for 20 min. Cells were then lysed by adding 0.1%
Nonidet P-40 and vortexed vigorously for 10 s. Nuclei were pelleted by
centrifugation at 12,000 X g for 1 min at 4 °C and re-suspended in high
salt buffer (20 mM HEPES (pH 7.9), 25% glycerol, 400 mM KCl, 1.5 mM

### p < 0.001 vs the control group, *p < 0.01 and ***p < 0.001 vs the

MgCl,, 0.2mM EDTA, 0.5mM DTT, 1 mM NaF, and 1 mM sodium or-
thovanadate).

Statistical analysis

All reported values are expressed as the means *+ standard devia-
tion (SD). Data were analyzed using one-way analysis of variance with
Dunnett's test, and p-values < 0.05 were considered statistically sig-
nificant. All statistical analyses were performed using GraphPad Prism
(version 5.00 for Windows, San Diego, CA, USA).

Results

Eupatilin suppressed pro-inflammatory cytokines in PMACI-stimulated
HMC-1 cells

Pro-inflammatory cytokines, such as IL-13, TNF-a, and IL-6, are
potent multifunctional cytokines that play a crucial role in the patho-
genesis of allergic inflammatory diseases (Amin, 2012). To test the
cytotoxic effects of eupatilin, we first performed the MTT assay. Eu-
patilin was not cytotoxic at concentrations of 6.25-25 pM (Fig. S1). We
examined the effects of eupatilin on the production and mRNA ex-
pression of the inflammatory cytokines IL-1f, TNF-a, and IL-6 in HMC-
1 cells by using EIA and qRT-PCR, respectively. Pretreatment with eu-
patilin suppressed PMACI-stimulated IL-1f, TNF-a, and IL-6 production
(Fig. 1A), as well as their mRNA expression (Fig. 1B) in a dose-depen-
dent manner. These results suggest that eupatilin has anti-inflammatory
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Fig. 5. Effects of eupatilin on the production and mRNA expression level of pro-inflammatory cytokines in compound 48/80-induced anaphylaxis shock model. (A) The production level
of IL-1f3, TNF-a and IL 6 were measured in mouse serum using EIA. (B) Total RNA prepared from the liver tissue and mRNA expression level of IL-13, TNF-a and IL 6 were determined by

real-time PCR. The data shown represent mean + SD of three independent experiments.

effects on mast cells by inhibiting the production and mRNA expression
of inflammatory cytokines related to allergic reactions.

Eupatilin suppressed NF-xB activation in PMACI-stimulated HMC-1 cells

NF-B is an important regulator of activated mast cell synthesis and
release of mediators during allergic inflammation (Perkins, 2007). NF-kB is
translocated into the nucleus via IkB phosphorylation and degradation,
which are regulated by the IKK complex. In addition, Akt promotes IKK-
dependent activation of NF-xB (Dan et al.,, 2008). To evaluate the in-
tracellular mechanisms responsible for the inhibitory effects of eupatilin on
pro-inflammatory cytokine expression, we investigated its effects on the

p < 0.001 vs the control group, “**p < 0.001 vs the compound 48/80-treated group.

activation of NF-xB and phosphorylation of Akt by using western blot
analysis in PMACI-stimulated HMC-1 cells. As shown in Fig. 2A, eupatilin
suppresses PMACI-stimulated nuclear translocation of the NF-xB p65 sub-
unit, as well as the phosphorylation and degradation of IxB in HMC-1 cells.
In addition, eupatilin attenuated PMACI-stimulated phosphorylation of IKK
(a/PB) and Akt (ser 273), but did not affect the total amount of IKK(a/B) and
Akt in HMC-1 cells (Fig. 2B).

Eupatilin suppressed phosphorylation of MAPKs in PMACI-stimulated HMC-
1 cells

MAPKs are well-known mediators of mast cell activation, allergic
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inflammation, and cytokine production. MAPKs take part in the acti-
vation of NF-kB in the cytoplasm, as well as in regulation of its nuclear
transcription (Dhawan and Richmond, 2002). Thus, to investigate the
effects of eupatilin on MAPK signaling pathways in mast cells, the
phosphorylation of MAPKs was analyzed using western blot analysis. As
shown in Fig. 3, eupatilin attenuated PMACI-induced phosphorylation
of p38, ERK, and JNK MAPKs, whereas it did not affect total MAPK
expression in HMC-1 cells.

Eupatilin extended survival rates and suppressed production of serum
histamine in a compound 48/80-induced anaphylactic shock model

Anaphylactic shock is caused by mast cell activation and de-
granulation. Anaphylaxis occurs rapidly and systemically releases
mediators, such as histamine and cytokines (Metcalfe et al., 2009). To
show the effect of eupatilin on allergic hypersensitivity responses, we
examined the survival rate in a compound 48/80-induced anaphylactic
shock model. After an intraperitoneal injection of compound 48/80, the
mice were monitored for 1h and survival rates were determined. As
shown in Fig. 4A, there was 100% mortality in compound 48/80-
treated groups 15 min after injection. In contrast, compound 48/80-
induced anaphylactic shock was blocked in mice treated with eupatilin
(20 mg/kg, p.o.) and DSCG (25 mg/kg, p.o.). Next, we examined the
effects of eupatilin on the release of histamine from mast cells using an
EIA assay. Histamine levels significantly increased in the serum of mice
with anaphylactic shock, an effect that was attenuated by treatment
with eupatilin (Fig. 4B).

Eupatilin suppressed pro-inflammatory cytokines in a compound 48/80-
induced anaphylactic shock model

Anaphylactic shock is caused by the release of pro-inflammatory
cytokines resulting from the degranulation of mast cells (Kim et al.,
2013). To investigate the inhibitory effects of eupatilin on the pro-
duction and expression of pro-inflammatory cytokines in an anaphy-
lactic shock model, we examined its effect on compound 48/80-induced
IL-13, TNF-a, and IL-6 production, as well as their mRNA levels using
EIA and qRT-PCR, respectively. As shown in Fig. 5A and B, adminis-
tration of compound 48/80 markedly increased the serum and mRNA
levels of IL-13, TNF-a, and IL-6; however, pre-treatment with eupatilin
(20 mg/kg, p.o.) 1h before administering compound 48/80 sig-
nificantly decreased the levels of these pro-inflammatory cytokines.

Discussion

Allergic inflammation causes major pathological changes and is
characterized by an immediate hypersensitivity reaction induced by the
release of preformed mediators from mast cells (Barnes, 2011). Delayed
hypersensitivity reactions are the result of pro-inflammatory cytokine
production and the recruitment of mast cells to sites of inflammation
(Galli and Tsai, 2012). Mast cells are the primary effectors of allergies
and are necessary for inflammatory and allergic reactions, such as
anaphylaxis (Stone et al., 2010). The release of pro-inflammatory cy-
tokines and histamine following the crosslinking of FceRI-bound IgE to
antigen in mast cells is considered to be an immediate hypersensitivity
reaction (Kemp and Lockey, 2002). HMC-1 cells have been used to
study pro-inflammatory cytokine activation pathways in previous stu-
dies (Lee et al., 2015; Min et al., 2007). Pro-inflammatory cytokines,
such as IL-1P, TNF-a, and IL-6, play a role in regulating the allergic
response (Amin, 2012). IL-1f is known to upregulate the expression of
various genes involved in inflammation and is released into nasal se-
cretions during early or late-phase reactions (Da Silva et al., 2002).
TNF-a plays a crucial role in initiating allergic inflammation and pro-
motes inflammation, tissue fibrosis, and leukocyte infiltration
(Rasheed et al., 2010). IL-6 is a potent mediator of inflammatory pro-
cesses that is synthesized by stimulators in mast cells and is essential for
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Th2 differentiation (Rincon and Irvin, 2012). These cytokines are
generated in mast cells and potentiate inflammatory responses through
the subsequent induction of other inflammatory cytokines
(Amin, 2012). In this study, we found that eupatilin suppressed the
secretion and mRNA levels of IL-13, TNF-a, and IL-6 in PMACI-stimu-
lated HMC-1 cells (Fig. 1) and a model of anaphylactic shock (Fig. 5).
These data suggest that eupatilin has inhibitory effects on allergic in-
flammation by suppressing pro-inflammatory cytokines in vitro and in
vivo.

NF-kB binds specifically to the B site of the immunoglobulin K light
chain gene and plays a central role in inflammation by controlling the
expression of a network of genes such as IL-13, TNF-a, and IL-6
(Barnes, 2011). NF-kB exists in an inactive form in the cytoplasm and is
associated with regulatory proteins called IkB. Upon stimulation, signal
transduction pathways rapidly lead to activation of the IKK complex,
which is composed of two subunits (IKKa/[3). Activated IKK leads to
phosphorylation and proteasomal degradation of IkB and induces the
nuclear translocation of NF-xB (Israel, 2010). Akt, also called protein
kinase B, is a serine/threonine kinase that is implicated in various
cellular responses and phosphorylates numerous protein targets that
control cell survival, proliferation, and apoptosis (Romashkova and
Makarov, 1999). The AKT/IKK(a/P) signaling pathway regulates and
integrates NF-kB by controlling the transcription of genes implicated in
the pathogenesis of several diseases, including metabolic disease,
cancer, and allergies (Agarwal et al., 2005). In agreement with other
reports, our results reveal that eupatilin suppresses PMACI-induced
phosphorylation and subsequent degradation of IkBa and reduces the
nuclear translocation of NF-kB p65 in HMC-1 cells. In addition, eu-
patilin attenuates PMACI-induced phosphorylation of Akt and IKK(a/
B), which control the activation of NF-kB. These findings suggest that
eupatilin inhibits NF-kB activation by regulating the phosphorylation
and degradation of IkBa via the Akt/IKK(a/f) pathway.

The MAPK cascade is an important signaling pathway in immune
responses (Kim et al., 2006). Because of their essential role in in-
tracellular signaling networks, MAPK pathways are appropriate targets
for pharmacological treatment of inflammatory disorders (Lewis et al.,
1998). MAPK family members include ERK, p38, and JNK, which ac-
tivate a series of transcript factors such as AP-1, CREB, c-Jun, and
STAT1 (Ruimi et al., 2010). In addition, MAPK pathway activation
leads to activation of NF-kB followed by cytosolic IkBa phosphoryla-
tion, which activates transcription factors and translocation of cytosolic
NF-kB p65 into the nucleus. This, in turn, is necessary for directing
high-level transcription of many cytokines, adhesion molecules, and
other proinflammatory proteins (Gilfillan and Tkaczyk, 2006). In this
study, PMACI simultaneously activated all three MAPKs in HMC-1 cells;
treatment with eupatilin decreased phosphorylation of p38, ERK, and
JNK MAPKs. According to these results, eupatilin inhibits p38, ERK, and
JNK MAPK activation in PMACI-stimulated HMC-1 cells. These data
suggest that attenuation of MAPK activation is also involved in eu-
patilin-reduced inflammatory cytokine production. Furthermore, MAPK
are involved in the signal transduction pathways that lead to the reg-
ulation of pro-inflammatory cytokines (Duan and Wong, 2006). Col-
lectively, these signaling pathways are essential for the degranulation
in IgE-mediated mast cells (Rivera and Gilfillan, 2006). Although our
findings suggest that eupatilin provided potential protection of de-
granulation in PMACI-stimulated HMC-1, further studies are required to
examine the effect of eupatilin on degranulation of HMC-1.

Anaphylactic shock is an immediate allergic reaction that may cause
death. Immediate hypersensitivity is the basis of acute allergic reactions
and is caused by molecules released by mast cells when antigens in-
teract with FceRI-bound specific IgE (Metcalfe et al., 2009). The release
of histamine and pro-inflammatory cytokines from mast cells can be
induced in a compound 48/80-induced anaphylactic shock model that
been used to evaluate the mechanisms of immediate allergic reactions
(Schemann et al., 2012). Histamine is a biogenic amine and is primarily
stored within mast cell granules. Histamine is released from activated
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mast cells, leading to immediate hypersensitivity (Metcalfe et al.,
2009). As shown in Fig. 4, eupatilin blocked anaphylactic shock and
suppressed serum histamine levels in a compound 48/80-induced
anaphylactic shock model. Additionally, we investigated the effects of
eupatilin on the activation of caspase-1 in the anaphylactic shock
model. Caspase-1 is a member of the inflammatory caspase family and
is responsible for the maturation of pro-IL-1f. It has been reported that
caspase-1 regulates activation of NF-kB in B cells independently of its
enzymatic activity (Lamkanfi et al., 2004). In our supplementary study,
eupatilin suppressed caspase-1 activation in the compound 48/80-in-
duced anaphylactic shock model (Fig. S2). These results may be attri-
butable to inhibition of caspase-1 activation by eupatilin, which re-
duces NF-kB activation.

Conclusion

In conclusion, our results indicate that eupatilin suppresses anti-
allergic inflammation in PMACI-stimulated HMC-1 cells and a com-
pound 48/80-induced anaphylactic shock mouse model. Although
previous study reported inhibitory effect of eupatilin in IgE-induced
hypersensitivity using RBL-2H3 cell and passive cutaneous anaphylaxis
animal model (Lee et al., 2007), we intensively investigated the mole-
cular mechanism of eupatilin, involving the regulation of pro-in-
flammatory cytokines via NF-kB activation through Akt/IKK(a/f3) and
MAPK pathways. These data suggest that eupatilin is a potential can-
didate for treatment of allergic diseases.
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Fig. S1. Effect of eupatilin on cell viabillity in HMC-1. HMC-1 cells were treated with
different concentrations of eupatilin for 24 h, and their viability were determined using MTT

assay. The data shown represent mean £ SD of three independent experiments
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Fig. S2. Effect of eupatilin on caspase-1 activation in compound 48/80-induced anaphylaxis
shock model. Expression of procaspae-1 was determined by western blot analysis using
specific antibodies. Densitometry analysis of the blots was done using ImageJ software. The
data shown represent mean + SD of three independent experiments. ** p < 0.001 vs the

control group, ~ p < 0.001 vs the compound 48/80-treated group.
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