
International Immunopharmacology 17 (2013) 336–341

Contents lists available at SciVerse ScienceDirect

International Immunopharmacology

j ourna l homepage: www.e lsev ie r .com/ locate / in t imp
Mycoepoxydiene inhibits antigen-stimulated activation of mast cells
and suppresses IgE-mediated anaphylaxis in mice
Xiao-chun Xia a, Qiang Chen a, Kun Liu a, Ping-li Mo a, Jing-wei Zhu a, Ming-qiang Zhuang a,
Yue-mao Shen b,⁎, Chun-dong Yu a,⁎⁎
a State Key Laboratory of Cellular Stress Biology, School of Life Sciences, Xiamen University, Xiamen, China
b School of Pharmaceutical Sciences, Shandong University, Jinan, China
⁎ Correspondence to: Y. Shen, School of Pharmaceutical
Jinan, Shandong 250012, China. Tel.: +86 531 88382108.
⁎⁎ Correspondence to: C. Yu, School of Life Sciences, Xiam
Road, Xiamen, Fujian 361102, China. Tel.: +86 592 21820

E-mail addresses: yshen@sdu.edu.cn (Y. Shen), cdyu

1567-5769/$ – see front matter © 2013 Elsevier B.V. All
http://dx.doi.org/10.1016/j.intimp.2013.06.029
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 April 2013
Received in revised form 17 June 2013
Accepted 24 June 2013
Available online 13 July 2013

Keywords:
Mycoepoxydiene
Mast cell
Passive cutaneous anaphylaxis
IgE
Syk
Mycoepoxydiene (MED) is a polyketide isolated from amarine fungus associated with mangrove forest. It has
been shown that MED has many kinds of effects such as anti-cancer and anti-inflammatory activities. How-
ever, its effects on anaphylaxis are still unknown. Mast cells play a pivotal role in IgE-mediated allergic re-
sponse. Aggregation of the high affinity IgE receptor (FcεRI) on the surface of mast cell activates a cascade
of signaling events leading to the degranulation and cytokine production in mast cells. Our study showed
that MED could significantly suppress antigen-stimulated degranulation and cytokine production in mast
cells and IgE-mediated passive cutaneous anaphylaxis (PCA) in mice. Furthermore, we found that MED
suppressed antigen-induced activation of Syk, and subsequently inhibited the phosphorylation of PLCγ1,
Akt, and MAPKs such as extracellular signal-regulated kinase (ERK), c-jun N-terminal kinase (JNK), and
p38 in mast cells. Collectively, our study demonstrates that MED can inhibit the activation of mast cells
and protect mice from mast cell-mediated allergic response through inhibiting the activation of Syk. These
results suggest that MED is a potential compound for developing a promising anti-anaphylaxis drug.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Anaphylaxis is a severe, systemic allergic reaction involving the
respiratory and/or cardiovascular systems, usually with additional cu-
taneous and/or gastrointestinal features [1]. Anaphylaxis, especially
food allergy, is a worldwide problem, with evidence of increasing
prevalence in many countries. About 25% of people in developed
countries suffer from allergy disorders which lead to heavy socioeco-
nomic burden [2].

Immunoglobulin E antibodies andmast cells have been convincingly
linked to the pathophysiology of anaphylaxis [3]. Mast cell progenitors
in the bonemarrowcan be induced by interleukin-3 (IL-3) to proliferate
and differentiate into bonemarrow-derivedmast cells (BMMCs). Sever-
al kinds of receptors are expressed on the surface of BMMCs among
which high affinity receptor for IgE (FcεRI) is the most well-known
one [4,5]. Antigen-dependent activation of mast cells with specific IgE
bound to their surface is the central event in anaphylaxis. The binding
of antigen-specific IgE to FcεRI sensitizes mast cells and other effector
cells to release mediators in response to subsequent encounter with
specific antigens or crossreactive antigens [3]. Re-exposure to allergen
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can trigger the cross-linking of FcεRI aggregation on the surface of
mast cell [6,7]. Aggregation of FcεRI in turn activates Src family protein
tyrosine kinases Lyn and Fyn [8–10]. This event leads to the stimulation
of Syk through the phosphorylation of immune receptor tyrosine-based
activationmotif (ITAM) or through direct phosphorylation of Syk [8,11].
Syk activation can stimulate several pathways including phospholipase
(PL)Cγ, PI3K/Akt, and mitogen-activated protein kinases (MAPKs),
leading to mast cell degranulation and production of cytokines and
lipid mediators [12,13]. Thus, mast cells exert a significant effect on al-
lergic inflammation and provide a therapeutic target in the treatment
of allergic diseases [2,14].

Mycoepoxydiene (MED) is a novel polyketide isolated from the ma-
rine fungusDiaporhte sp. (D. sp.) HLY-1 found in submerged rotten leaves
ofKandelia candel in amangrove forest in Fujian Province, China [15]. Pre-
vious studies have shown that MED had anti-microbial and anti-cancer
activities [15,16]. Recently,wehave demonstrated thatMED could inhibit
LPS-induced inflammatory responses and ovariectomy-induced osteopo-
rosis in mice [17,18]. In macrophages, MED significantly inhibits
LPS-induced expression of pro-inflammatory mediators such as tumor
necrosis factor α (TNF-α), IL-1β, IL-6, and nitric oxide (NO) through
blocking the activation of both NF-κB and MAPK pathways [19]. As
MED displays an anti-inflammatory function, we wonder whether it
can suppress allergic response which also shows the activation of
NF-κB and MAPK pathways [8]. In this study, we demonstrated that
MED could inhibit the degranulation and cytokine production in
antigen-stimulated mast cells through blocking the activation of Syk.
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Table 1
Primers for real-time PCR.

Gene Forward primers Reverse primers

IL-6 AACGATGATGCACTTGCAGA CTCTGAAGGACTCTGGCTTTG
TNF-α ACGTGGAACTGGCAGAAGAG GGTCTGGGCCATAGAACTGA
GAPDH GACCACAGTCCATGCCATCAC CATACCAGGAAATGAGCTTGAC
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Fig. 1. MED inhibits the degranulation in antigen-stimulatedmast cells. (A) Identification
of BMMCs. Bone marrow cells were obtained from BALB/c mice and cultured in
BMMC-completemedium. After 5 weeks, cellswere identifiedbyflowcytometric analysis
for FcεRI and c-kit expression. The experimentwas repeated for 3–5 times. Representative
results are shown from three independent experiments. (B) BMMCs were seeded into
96-well plate at 6 × 103 cells/well. After adhesion, cellswere treatedwithMED at indicat-
ed doses for 24 h. Cell viability was evaluated byMTT assay. (C) BMMCs were stimulated
with IgE and DNP-HSA in the absence or presence of MED. Degranulation was measured
by assessing β-hexosaminidase activity in the media or cell lysates. Values are shown as
the mean ± SD from three independent experiments. *p b 0.05. Curcumin (10 μM) was
used as a positive anti-anaphylaxis control agent.
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In addition,MEDeffectively alleviated antigen-induced passive cutaneous
anaphylaxis (PCA) in mice.

2. Materials and methods

2.1. Materials

MEDwas isolated from the fermentation broth of D. sp. HLY-1 as de-
scribed (Lin et al., 2005). The identity of MED was confirmed by HRMS
and 1H and 13C NMR analysis, and the purity of MED exceeded 95.7%
according to the HPLC analysis [19]. MED was dissolved in
dimethylsulfoxide (DMSO) and stored at −20 °C. RPMI 1640, DMSO,
MTT, sodium pyruvate, Curcumin, antibody against β-actin and
anti-DNP IgE (clone SPE-7) were obtained from Sigma Aldrich (Sigma,
St Louis, MO, USA); DNP-human serum albumin (DNP-HSA) was pur-
chased from Biosearch Technologies (Biosearch Technologies, Novato
CA, USA); recombinant murine SCF and IL-3 were purchased from
Peprotech Inc. (Peprotech, Rocky Hill, NJ, USA); anti-mouse CD117
(c-Kit)-PE, anti-mouse FcεRI-FITC, IL-6 ELISA kit, and TNF-α ELISA kit
were obtained from eBioscience (eBioscience, SanDiego, CA, USA); non-
essential amino acid was purchased from Gibco (Gibco, Grand Island,
NY, USA); 2-mercaptoethanol was obtained fromAMRESCO (AMRESCO,
Solon OH, USA); fetal bovine serum (FBS) was obtained from Hyclone
(Thermo scientific, IL, USA); antibodies against phospho-p38, p38,
phospho-JNK, JNK, phospho-ERK1/2, ERK1/2, phospho-Akt, Akt, PLCγ1,
and phospho-PLCγ1 were purchased from Cell Signaling Technology
(Danvers, MA, USA); antibody against Syk was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); antibody against phospho-
Syk was purchased from ProSci (ProSci Incorporated, CA, USA).

Female BALB/c mice (6–8 weeks of age) were used for all experi-
ments. Animals were maintained with specific pathogen free air at a
temperature between 20 and 23 °C with 12-h light and dark cycles
and a relative humidity of 50%. Animal experiments were performed
in accordance with the Guide for the Care and Use of Laboratory An-
imals. All animal experimental procedures were approved by Animal
Care and Use Committee of Xiamen University (Protocol Number:
XMULAC20120001). Every effort was made to reduce the suffering
of animals.

2.2. Methods

2.2.1. Preparation of bone marrow mast cells (BMMCs)
BMMCs were cultured as described with modifications [20,21]. Bone

marrow cells were obtained frommice and cultured in BMMC-complete
medium comprising RPMI 1640, 10% FBS, 100 U/ml penicillin, 100 μg/ml
streptomycin, 100 μM nonessential amino acids, 1 mM sodium pyru-
vate, 50 μM 2-mercaptoethanol, 10 ng/ml mouse IL-3, and 10 ng/ml
mouse SCF. Nonadherent cells were transferred to fresh complete medi-
um once a week. After 4–5 weeks, cell purity was determined by flow
cytometric analysis for FcεRI and c-kit expression.

2.2.2. Cell viability assay
Cell viability was analyzed by MTT assay. A total of 6 × 103 cells

were seeded in 96 well plates. After incubation of 24 h, 10 μl MTT
(5 mg/ml) was added to each well. The plates were incubated for
4 h before addition of 100 μl lysis buffer (10% SDS in 0.01 M HCl).
The absorbance was measured at 560 nm using a microplate reader.
2.2.3. β-Hexosaminidase (β-HEX) release assay
β-HEX release assay was performed as previously described with

modifications [11,21,22]. BMMCs were deprived of SCF overnight, and
then sensitized in complete RPMI 1640 with 1 μg/ml anti-DNP IgE for
4 h. Cells were washed once in Tyrode's buffer (130 mM NaCl, 10 mM
HEPES, 1 mM MgCl2, 5 mM KCl, 1.4 mM CaCl2, 5.6 mM glucose, and
1 mg/ml BSA, pH 7.4) and resuspended in Tyrode's buffer at 2 × 105

per well in 96 wells. Then, cells were pretreated with different concen-
trations of MED for 30 min and stimulated with DNP-HSA for 1 h. After
induction, cells were harvested with 1% Triton X-100, and cell lysis or
medium were mixed with p-nitrophenyl-N-acetyl-β-D-glucosamide
(1 mM). The reaction was terminated by 100 μl of 0.2 M glycine
(pH 10.7) after incubation for 1 h, and the ODwasmeasured at a wave-
length of 405 nm. Values are expressed as percentages of intracellular
β-hexosaminidase released into the medium.
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Fig. 2. MED inhibits the production of IL-6 and TNF-α in antigen-stimulated mast cells. BMMCs were pretreated with 1 μg/ml anti-DNP IgE for 4 h and then were stimulated with
DNP-HSA (100 ng/ml) in the absence or presence of MED overnight at 37 °C in 5% CO2. (A and B) The amounts of IL-6 and TNF-α in the medium were measured using ELISA assay
kits. (C and D) The mRNA levels of IL-6 and TNF-αwere measured by real-time PCR. Values are shown as the mean ± SD from three independent experiments. *p b 0.05. Curcumin
(10 μM) was used as a positive anti-anaphylaxis agent.
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2.2.4. Cytokine assay
Measurement of IL-6 and TNF-α production by BMMCs was

performed as described with modifications [22]. BMMCs were deprived
of SCF overnight, and then sensitized in complete RPMI 1640 with
1 μg/ml anti-DNP IgE for 4 h. Cells were stimulated by DNP-HSA with
or without different concentrations of MED overnight. The levels of IL-6
and TNF-α in medium were measured using ELISA kits according to
the manufacturer's instructions.

2.2.5. Passive cutaneous anaphylaxis (PCA)
PCA was performed as previously described with modifications [7].

Micewere lightly anesthetized, the right earswere injected intradermal-
ly with 1 μg anti-DNP IgE in 20 μl PBS, and the left ears were injected
with 20 μl PBS as control. Twenty-four h later, mice were injected intra-
venously with 200 μl of 1% Evan's blue dye containing100 μg DNP-HSA.
For MED treatment, mice were pretreated (i.p. injection) with varying
amounts of MED for 30 min before DNP-HSA injection. The mice were
killed after injection with DNP-HSA, and the ears were removed and in-
cubated in 1 ml formamide at 54 °C for 48 h. Absorbance of the resulting
supernatantswasmeasured at 610 nm. The relationship between Evan's
blue concentration and absorbancewas linear, indicating that the absor-
bance represented the quantity of Evans blue extravasation.

2.2.6. Quantitative real-time PCR
Total RNA was isolated with Trizol reagent (Invitrogen) according

to the manufacturer's instructions. The cDNA was synthesized from
2 μg of total RNA using MMLV transcriptase (ToYoBo, Shanghai,
China) with random primers, Real-time PCRs were performed using
SYBR Premix ExTaq (TaKaRa, Dalian, China). Quantification was nor-
malized to the amount of endogenous GAPDH. Primers used for
Real-time PCR are listed in Table 1.
2.2.7. Western-blot analysis
Cells were lysed with lysis buffer (200 mM Tris–HCl (pH 7.5),

1.5 M NaCl, 10 mM EDTA, 25 mM sodium pyrophosphate,10 mM
glycerolphosphate, 10 mM sodium orythovanadate, 50 mM NaF,
1 mM PMSF, in combination with protein inhibitor cocktail). Thirty mi-
crograms of protein lysates of each sample was subjected to SDS-PAGE
and transferred onto nitrocellulose membranes. Blots were incubated
with the specific primary antibodies overnight at 4 °C. After being
washed three times for 15 min each with TBST (TBS + 0.1% Tween20),
blots were incubated with horseradish peroxidase-conjugated second-
ary antibody (Pierce, Rockford, IL, USA) and visualized by chemilumines-
cence. The band density was quantified by densitometry using Scion
Image software and normalized to β-actin levels.

2.2.8. Statistical analysis
Data were collected from several independent experiments, with

three replicates per experiment. All data were analyzed with one-way
ANOVA with post-Tukey's post test in SPSS 11.0 and p b 0.05 was con-
sidered to be statistically significant. Bars in the graph represent stan-
dard deviation (S.D.).

3. Results

3.1. MED inhibits degranulation of antigen-stimulated BMMCs

Mature mast cells have specific surface markers such as FcεRI and
c-kit. Therefore, bone marrow-derived mast cells (BMMCs) were iden-
tified by flow cytometric analysis for FcεRI and c-kit expression after in-
cubation of bone marrow cells with BMMC-complete medium for
5 weeks. As shown in the right panel of Fig. 1A, after 5-week culture
in BMMC-complete medium, 98.1% of bone marrow cells exhibited
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increased expression of FcεRI and c-kit, indicating that bone marrow
cells differentiated into mature mast cells.

Before examining the effect of MED on the allergic response of
BMMCs, we measured the cytotoxicity of MED to BMMCs using MTT
assay. As shown in Fig. 1B, MED has no apparent cytotoxicity to
BMMCs in the concentration ranges from 1 to 10 μM. Therefore,
MED at concentrations up to 10 μM was used in in vitro experiments.

IgE-mediated mast cell activation and allergic response show the
features of degranulation and inflammatory mediator production
[8]. Histamine is one of the most important mediators in allergic
response. Mast cells release histamine during degranulation, and
β-hexosaminidase is released along with histamine. Therefore,
β-hexosaminidase is frequently used as a degranulation marker [23].
To investigate the effect of MED on antigen-induced mast cell degranu-
lation, wemeasured β-hexosaminidase release fromDNP-HSA antigen-
stimulated BMMCs in the presence or absence of MED. Our results
showed that mast cell degranulation induced by DNP-HSA was signifi-
cantly inhibited by MED in a dose-dependent manner (Fig. 1C),
indicating that MED can suppress the activation of mast cells.
3.2. MED suppresses cytokine production in antigen-stimulated BMMCs

Cytokines such as IL-6 and TNF-α are important for allergic inflam-
mation mediated by mast cells [24,25]. To examine whether MED can
affect the expression of IL-6 and TNF-α in antigen-stimulated mast
cells, IL-6 and TNF-α were measured after DNP-HSA treatment in the
presence or absence of MED. As shown in Fig. 2A and B, MED could sig-
nificantly inhibit the production of IL-6 and TNF-α in a dose-dependent
manner. Furthermore, MED could significantly suppress the mRNA
levels of IL-6 and TNF-α (Fig. 2C and D), indicating that MED inhibits
antigen-stimulated cytokines expression at the transcriptional level.

3.3. MED inhibits the activation of PLCγ1, Akt, and MAPKs in antigen-
stimulated BMMCs through blocking Syk phosphorylation

In mast cells, re-exposure to allergen triggers cross-linking of
FcεRI, which activates Src family protein tyrosine kinases Lyn and
Fyn. Lyn initially phosphorylates Syk and then induces the activa-
tion of Cγ1, a critical enzyme for generation of calcium signal re-
quired for degranulation [26]. Since MED can inhibit mast cell
degranulation, we examined whether MED has effect on the activa-
tion of PLCγ1. As shown in Fig. 3, MED significantly inhibited the
phosphorylation of PLCγ1, suggesting that MED inhibits degranulation
in antigen-stimulated mast cells at least in part through blunting
PLCγ1 activation.

In addition, activation of PI3K/Akt and MAPKs such as JNK, ERK1/2
and p38, are required for mast cell degranulation and cytokine produc-
tion [26]. The results showed thatMED effectively suppressed the phos-
phorylation of Akt, JNK, ERK1/2, and p38 in antigen-stimulated mast
cells (Fig. 3). The inhibitory effect of 10 μM MED on the activation of
PLCγ1, Akt, and MAPKs in antigen-stimulated BMMCs was similar to
that of 10 μM Curcumin (Fig. S1), an anti-anaphylaxis agent [27].

Given that PLCγ1, PI3K/Akt, JNK, ERK1/2, and p38 are downstream
signaling pathways of Syk, we examined whether MED inhibits the
activation of PLCγ1, Akt and MAPKs in antigen-stimulated mast cells
through blocking the activation of Syk. As shown in Fig. 4, MED effec-
tively inhibited the phosphorylation of Syk in antigen-stimulated
mast cells, indicating that MED inhibits the activation of PLCγ1, Akt,
and MAPKs through suppressing Syk activation.

3.4. MED inhibits IgE-mediated passive cutaneous anaphylaxis (PCA)

To investigate whether MED has inhibitory effects on anaphylaxis
in vivo, mice were injected intradermally with anti-DNP IgE followed
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by intravenous injection of DNP-HSA plus Evan's blue dye with or
without MED pretreatment for 30 min. The results showed that
MED significantly suppressed IgE-mediated vascular permeability at
the concentrations of 5 mg/kg and 15 mg/kg (p b 0.05) (Fig. 5).
These results clearly demonstrated that MED was able to suppress
IgE-mediated PCA reaction in vivo.

4. Discussion

Mast cells play a central role in both innate and adaptive immune re-
sponses. It has been demonstrated that allergic diseases including aller-
gic asthma, rhinitis, atopic dermatitis, and food allergies are associated
with mast cell activation [2]. The high affinity receptor for IgE (FcεRI)
is critical for mast cell development and function [28]. Cross-linking of
FcεRI by antigen results in mast cell degranulation, lipid mediator pro-
duction, and cytokines production [7]. Traditional treatments of allergic
diseases have some limitations such as lack of efficacy or severe side ef-
fects [29]. Thus, new remedies are being investigated for development
of new drugs.

MED, a novel polyketide, was isolated from the marine fungus D. sp.
HLY-1 found in submerged rotten leaves of K. cadel in amangrove forest
[15]. It has been reported thatMEDhas various kinds of biological effects
such as anti-microbial, anti-cancer, and anti-inflammatory activities
[15,16,19]. In our study, we found thatMEDnot onlymarkedly inhibited
degranulation and cytokine production in antigen-stimulated BMMCs,
but also suppressed antigen-induced passive cutaneous anaphylaxis in
vivo, demonstrating that MED has an anti-anaphylaxis activity.

In antigen-stimulated mast cells, Src family kinases such as Lyn
and Fyn are activated and subsequently phosphorylate the ITAM
motif of FcεRI β and γ chains and Syk. Syk is a central signaling mol-
ecule that activates the downstream signaling molecules including
PLCγ1, PI3K/Akt, and MAPKs [30], which are important for mast
cells activation [31]. Activation of PLCγ1 and PI3K/Akt results in
PKCβ activation and the increase of Ca2+ influx, which are key regu-
lators for mast cells degranulation [32]. MAPKs including ERK1/2, JNK
and p38 are important for the cytokine production in mast cells [33].
In agreement with the notion that Syk plays essential roles in mast
cell degranulation and cytokine production, it has been reported
that Syk-deficient mast cells exhibit impaired degranulation and in-
flammatory cytokine production after FcεRI cross-linking [34]. Thus
Syk becomes a prominent drug target for treating allergic disease.
Nowadays many kinds of drugs are under investigating for inhibiting
allergic response through suppression of Syk activation [35,36]. In
this study, we found that MED can markedly inhibit the phosphoryla-
tion of Syk and subsequently suppress the phosphorylation of PLCγ1,
Akt, and MAPKs induced by DNP-HSA (Fig. 6). These results suggest
that MED suppresses the degranulation and cytokine production at
least in part through blocking the activation of Syk or upstream sig-
naling (Fig. 6).

The PCA animal model is widely used to study IgE-mediated ana-
phylaxis in mice [11,20,36]. It is a localized cutaneous allergic reaction
as a consequence of allergen-induced vascular permeability and plasma
extravasation. Our study showed that MED significantly inhibited the
PCA response in mice, implicating that MED may be a new drug for
the effective treatment of IgE-mediated allergic diseases.

Collectively, our results demonstrate that MED, as a novel marine
microbial compound, can suppress antigen-stimulated mast cells in
vitro and protect mice from IgE-mediated anaphylaxis in vivo by
inhibiting the activation of Syk in mast cells. Our findings not only elu-
cidate that MED is a potential compound for the development of novel
anti-anaphylaxis drugs, but also suggest thatmarinemicrobial bioactive
compounds is an important source of new anti-anaphylaxis drugs.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.intimp.2013.06.029.
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