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Inhibitory effects of bee venom on mast cell-mediated
allergic inflammatory responses
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Abstract. Although bee venom (BV) is a toxin that causes
bee stings to be painful, it has been widely used clinically for
the treatment of certain immune-associated diseases. BV has
been used traditionally for the treatment of chronic inflam-
matory diseases. In this regard, the present study analyzed
the effect of BV on the regulation of inflammatory mediator
production by mast cells and their allergic inflammatory
responses in an animal model. HMC-1 cells were treated
with BV prior to stimulation with phorbol-12-myristate
13-acetate plus calcium ionophore A23187 (PMACI). The
production of allergy-associated pro-inflammatory media-
tors was examined, and the underlying mechanisms were
investigated. Furthermore, to investigate whether BV exhibits
anti-inflammatory effects associated with anti-allergic effects
in vivo, a compound 48/80-induced anaphylaxis model was
used. BV inhibited histamine release, mRNA expression
and production of cytokines in the PMACI-stimulated
HMC-1 cells. Furthermore, the inhibitory effects of BV on
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mitogen-activated protein kinase (MAPK), MAPK kinase,
signal transducer and activator of transcription 3 (STAT3)
and Akt were demonstrated. The present study also investi-
gated the ability of BV to inhibit compound 48/80-induced
systemic anaphylaxis in vivo. BV protected the mice against
compound 48/80-induced anaphylactic-associated mortality.
Furthermore, BV suppressed the mRNA expression levels of
pro-inflammatory cytokines, and suppressed the activation of
MAPK and STAT3 in this model. These results provide novel
insights into the possible role of BV as a modulator for mast
cell-mediated allergic inflammatory disorders.

Introduction

Allergic inflammation is characterized by pathophysiological
or medical disabilities, including allergic asthma, atopic
dermatitis, eczema, allergic rhinitis and anaphylaxis, following
exposure to allergens or harmful stimuli, including pathogens,
damaged cells and irritants (1). An allergic reaction is the
result of an inappropriate immune response, for example,
hypersensitivity-triggered inflammation. This inflammation
is associated with pro-inflammatory mediators, including
histamine, cytokines and chemokines, secreted from mast
cells (2). Mast cells are traditionally viewed as effector cells of
immediate hypersensitivity reactions. Mast cells are important
in specific immunity through the interaction of multivalent
antigens with IgE bound to the high-affinity IgE receptor
(FceR1I) on these cells. Upon allergen provocation, mast cells
release inflammatory mediators, which trigger the process of
degranulation in activated mast cells (3,4).

The mitogen-activated protein kinase (MAPK) signaling
cascade controls important cellular processes, including gene
expression, cell proliferation, cell survival and death, and cell
mobility (5). The activation of MAPKSs is associated with
allergic inflammatory responses via the translocation of nuclear
factor-kB (NF-«B), which causes the production of pro-inflam-
matory cytokines and chemokines (6). In mammalian systems,
there are three well-characterized subfamilies of MAPKs.
These include the extracellular signal-regulated kinases
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(ERKS5), the p38 MAPKSs and the c-Jun N-terminal kinases
(JNKSs) (7). These pathways are linear kinase cascades in
which MAPK kinase (MKK) kinase phosphorylates and
activates MKK, which in turn phosphorylates and activates
MAPK. The MKK family members are unique in that they are
dual-specificity kinases, phosphorylating MAPKSs on threo-
nine and tyrosine residues (8). MKKs are essential components
of the evolutionarily conserved MAPK signaling cascade,
which regulates a variety of cellular activities and innate
immune responses. Numerous studies have been performed to
investigate the role of MKXKs in the innate immune system (9).

As several cytokines promote allergic inflammation
through cytokine receptors, the signal transducer and activator
of transcription (STAT) family of proteins have obligate roles
in pro-allergic cytokine-induced gene regulation in multiple
cell types (10). STATs have been implicated as the key tran-
scription factors in immunity and inflammatory pathways (11).
However, the role of the STAT pathway in mast cells remains
to be fully elucidated. STAT3, a key cytoplasmic transcrip-
tion factor involved in inflammation, becomes activated
in response to various cytokines, chemokines and growth
factors. The activation of STAT3 requires the phosphorylation
of tyrosine residue 705 (Tyr705), leading to protein dimeriza-
tion and translocation from the cytoplasm to the nucleus (12).
Activated STATSs dimerize and translocate to the nucleus,
where they bind to specific promoter sequences and induce the
transcription of several target genes.

Bee venom (BV), which is extracted from honey bees, is
a bitter and colorless liquid, and its active portion contains a
mixture of proteins that cause local inflammation and act as
an anticoagulant (13). It has been reported that the majority of
cases of humans succumbing to mortality as a result of one or
multiple bee stings are due to allergic reactions, heart failure,
or suffocation from swelling around the neck or the mouth.
Compared with other diseases, accidents and other unusual
cases, bee sting-associated mortality is rare, indicating that
BV is safe for treating human diseases (14). BV therapy is
a form of medicine, which originated from ancient Greece
and China (15). Due to its anti-inflammatory (16), antibacte-
rial (17), antinociceptive (18), hepatocyte-protective (19) and
anticancer characteristics (20), it has a long history of use
in folk medicine to treat various diseases. In Korea, BV has
long been used to relieve pain and to treat several diseases,
including arthritis (21), rheumatism (22), rhinitis (23),
cancer (24), asthma (25) and skin diseases (26). The collected
BV is purified in aseptic conditions and lyophilized for clinical
use at a concentration suitable for the patient's symptoms and
conditions.

BV contains a variety of different peptides, including
melittin, apamin, adolapin and mast cell degranulating (MCD)
peptide. The two main components of BV, melittin and
adolapin, have anti-inflammatory effects, which involve the
inhibited expression of cyclooxygenase-2 and phospholipase
A2, and decreased levels of tumor necrosis factor-a (TNF-a),
interleukin (IL)-1,IL-6 and nitric oxide (23). These components
are known to exert their pharmacological effects individually
or interactively depending on their concentration or dose.
Although several studies have demonstrated the anti-allergic
inflammatory effects of BV and its components in a number
of cell types, the exact molecular mechanism underlying the
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effect of BV in mast cells has not been investigated. In the
present study, the inhibitory effects of BV on the mRNA
expression and production of pro-inflammatory cytokines and
the associated molecular signaling pathways were investigated
in phorbol-12-myristate 13-acetate plus calcium ionophore
A23187 (PMACI)-stimulated HMC-1 cells and in a compound
48/80-induced anaphylaxis animal model.

Materials and methods

Chemicals and reagents. For the present study, BV (from
Apis mellifera), phorbol 12-myristate 13-acetate (PMA),
calcium ionophore A23187 (Calcimycin; C,yH4;N;0;) and all
other chemicals were purchased from Sigma; EMD Millipore
(Billerica, MA, USA). 3-(4,5-dimethylthiazol-2-yl)-5-(3-carb
oxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
was purchased from Promega Corporation (Madison, WI,
USA). Iscove's modified Dulbecco's medium (IMDM),
fetal bovine serum (FBS), penicillin and streptomycin were
obtained from Thermo Fisher Scientific, Inc. (Waltham,
MA, USA). Primary antibodies against ERK (cat. no. 9102),
phosphorylated (p-)JNK (cat. no. 9251), INK (cat. no. 9252),
p-p38 (cat. no. 9215), p38 (cat. no. 9212), p-Akt (cat. no. 9271),
p-MKK3/6 (cat. no. 12280), p-MKK4 (cat. no. 9156),
MKK4 (cat. no. 9152), p-STAT3 (Tyr705; cat. no. 9145) and
p-STAT3 (Ser727; cat. no. 9134) were obtained from Cell
Signaling Technology, Inc. (Danvers, MA, USA). Primary
antibodies for p-ERK (cat. no. sc-7383), p-MAPK kinase 1/2
(MEK1/2; cat. no. sc-81503), MEK1/2 (cat. no. sc-81504),
MKK3/6 (cat. no. sc-13069), Akt (cat. no. sc-8312) and STAT3
(cat. no. sc-8019), B-actin (cat. no. sc-81178) were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Horseradish peroxidase-conjugated secondary antibodies
were purchased from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA, USA). The histamine enzyme-linked
immunosorbent assay (ELISA) kit was obtained from Enzo
life Sciences, Inc. (Farmingdale, NY, USA). The ELISA kits
for TNF-a, IL-6, and IL-1f were obtained from R&D Systems,
Inc. (Minneapolis, MN, USA). SYBR Premix Ex Taq was
purchased from Takara Bio, Inc. (Shiga, Japan). TNF-a, IL-6,
IL-1pB, and GAPDH oligonucleotide primers were purchased
from Bioneer Corporation (Daejeon, Korea).

Cell culture and sample treatment. HMC-1 cells were provided
by Professor Jae-Young Um (Kyung Hee University, Republic
of Korea), and were grown at 37°C in IMDM supplemented with
10% FBS, penicillin (100 U/ml) and streptomycin (100 pg/ml)
in a humidified atmosphere of 5% CO,. The BV was dissolved
in distilled water and filtered using Acrodisc® Syringe
Filters 0.2-ym Supor® Membrane (Pall Life Sciences, Port
Washington, NY, USA). HMC-1 cells were seeded at a density
of 1x10° cell per well, and then treated with BV at concentra-
tions of 5 and 10 pg/ml for 30 min at 37°C in humidified air
with 5% CO,, and then stimulated with 40 nM of PMA and
1 uM of A23187 (PMACI) at 37°C for 5-30 min, 6 and 12-24 h
for the western blot analysis, reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) and ELISA, respec-
tively. The various concentrations of test compounds dissolved
in distilled water were added together with PMACI. The cells
were either treated with media or vehicle control.
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Histamine assay. The HMC-1 cells were pre-treated with
BV for 30 min and then stimulated with 40 nM of PMA and
1 uM of A23187 (PMACI) for 12 h. The conditioned medium
was collected and used as a sample. The release of histamine
was measured using an ELISA kit in accordance with the
manufacturer's protocol.

Cytokine assays. Culture media were collected at 12, 18, and
24 h post-treatment with BV and stored at -70°C. The levels
of TNF-a, IL-6 and IL-1p were measured using ELISA Kkits
according to the manufacturer's protocol.

Western blot analysis. Segments of cells or liver tissue were
suspended in PRO-PREP™ protein extraction solution (Intron
Biotechnology, Inc., Seoul, Korea) and incubated for 20 min
at 4°C. Cell debris was removed via micro-centrifugation
11,000 x g for 30 min at 4°C, followed by rapid freezing of the
supernatant. The protein concentration was determined using
Bio-Rad protein assay reagent (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) according to the manufacturer's protocol.
Cellular proteins from the treated and untreated cell extracts
(10-30 ul) were electroblotted onto a polyvinylidene fluoride
membrane following separation via 10-12% SDS-PAGE.
The membrane was incubated for 1 h with blocking solution
(5% skim milk) at room temperature, followed by overnight
incubation with the primary antibodies (1:1,000) at 4°C. The
blots were washed three times with Tween 20/Tris-buffered
saline (T/TBS) and incubated with horseradish peroxi-
dase-conjugated secondary antibody (1:2,000) for 2 h at
room temperature. The blots were washed three times with
T/TBS, and then developed via enhanced chemiluminescence
(GE Healthcare Life Sciences, Chalfont, UK). Densitometric
analysis was performed using Bio-Rad Quantity One software
version 4.3.0 (Bio-Rad Laboratories, Inc.).

RT-gPCR analysis. Total RNA was isolated from the cells
or liver tissues using an Easy Blue kit (Intron Biotechnology,
Inc.) according to the manufacturer's protocol. Total RNA was
quantified using an Epoch micro-volume spectrophotometer
system (BioTek Instruments, Inc., Winooski, VT, USA). cDNA
was obtained using isolated total RNA (2 ug), d(T)16 primer,
and Avian Myeloblastosis Virus reverse transcriptase with
genomic DNA remover. The relative gene expression was
quantified using RT-qPCR analysis (Real Time PCR System
7500; Applied Biosystems; Thermo Fisher Scientific, Inc.)
with SYBR Premix Ex Taq. Each reaction tube contained
0.4 ul forward primer, 0.4 ul reverse primer, 7.2 ul diethyl
pyrocarbonate water, 10 yl SYBR and 2 ul cDNA template
(10 ng/ul). The PCR cycling conditions were as follows: 10 min
at 95°C; 40 cycles of 5 sec at 95°C and 45 sec at 60°C; and a
final melting curve of 15 sec at 95°C, 1 min at 60°C, and 15 sec
at 95°C. The oligonucleotide primers were as follows: Human
TNF-a, forward 5-GCTGGAGAAGGGTGACCGAC-3'
and reverse 5'-GTTCGTCCTCCTCACAGGGC-3'; mouse
TNF-a, forward 5-ATGAGCACAGAAAGCATGAT-3' and
reverse 5'"TACAGGCTTGTCACTCGAAT-3"; human IL-6,
forward 5-ATTCCGGGAACGAAAGAGAA-3' and reverse
5“TCTTCTCCTGGGGGTACTGG-3"; mouse IL-6, forward
S“TTCCATCCAGTTGCCTTCTTG-3' and reverse 5-GGG
AGTGGTATCCTCTGTGAAGTC-3"; human IL-1p, forward
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5'"TGGACCTCTGCCCTCTGGAT-3' and reverse 5'-GGC
AGGGAACCAGCATCTTC-3'"; for mouse IL-1f, forward
5-GATCCACACTCTCCAGCTGCA-3' and reverse 5'-CAA
CCAACAAGTGATATTCTCCATG-3'; human GAPDH,
forward 5'-CTCCTCCACCTTTGACGCTG-3' and reverse
5'-CTCTTGTGCTCTTGCTGGGG-3'; mouse GAPDH,
forward 5'-GACGGCCGCATCTTCTTGT-3' and reverse
5'-CACACCGACCTTCACCATTTT-3'". The size of the
synthesized cDNAs was 100-150 bp. Fold changes of gene
expression were calculated using the comparative quantifica-
tion cycle (Cq) method (Applied Biosystems; Thermo Fisher
Scientific, Inc.) (27). The Cq values of target genes TNF-a,
IL-6 and IL-1p were normalized to that of GAPDH using the
ABI gene express 2.0 program (Applied Biosystems; Thermo
Fisher Scientific, Inc.).

Compound 48/80-induced anaphylactic shock model.
A total of 24 ICR male mice (6 weeks old; 20-25 g body
weight) were obtained from Raon Bio (Yongin, Korea) and
maintained under constant conditions at a temperature of
20-25°C, humidity of 40-60% and a 12-h light/dark cycle. The
mice were randomly assigned to one of four groups (n=6 per
group). The ICR mice were injected intraperitoneally (i.p.)
with phosphate-buffered saline (PBS) or compound 48/80
(8 mg/kg dissolved in PBS) as described previously (28,29).
BV or disodium cromoglycate (DSCG; Sigma-Aldrich; EMD
Millipore) or PBS were dissolved in saline and injected i.p.
at doses of 25 mg/kg DSCG and 20 mg/kg BV for 1 h prior
to the compound 48/80 injection. Survival was monitored for
1 h following the induction of anaphylactic shock. Survival
data were analyzed using the Kaplan-Meier method and log-
rank test. Following the assessment of animal survival, blood
was collected from the heart of each mouse to measure serum
cytokine production. The blood was allowed to clot for 1 h at
room temperature and then centrifuged for 20 min at 3,000 x g
at 4°C to obtain serum. Following collection of blood samples
from the mice, the mice were sacrificed by cervical dislocation.
All procedures were performed in accordance with university
guidelines and approved by the Ethical Committee for Animal
Care and the Use of Laboratory Animals, Korean Medicine,
Sangji University (Wonju, Korea; approval no. 2015-11).

Statistical analysis. The data are expressed as the
mean + standard deviation of triplicate experiments.
Statistically significant differences were compared using
one-way analysis of variance and Dunnett's post hoc test.
P<0.05 was considered to indicate a statistically significant
difference. Statistical analysis was performed using SPSS
statistical analysis software (version 19.0; IBM SPSS, Armonk,
NY, USA).

Results

BV suppresses PMACI-induced histamine release, and
production and mRNA expression of pro-inflammatory
cytokines in HMC-1 cells. The present study evalu-
ated the cytotoxic effect of various concentrations of BV
(0.625,1.25,2.5,5,10 and 20 ug/ml) on HMC-1 cells. After 4 h,
the cells were treated with BV and incubated for an additional
24 h. Cytotoxicity in the HMC-1 cell line was determined using
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Figure 1. Effect of BV on histamine release and pro-inflammatory cytokines in PMACI-stimulated HMC-1 cells. (A) HMC-1 cells were treated with different
concentrations of BV for 24 h, and their viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium assay. (B) Cells were pre-treated with BV for 30 min prior to the addition of 40 nM PMA + 1 uM PMACI, and the cells were incubated for 12 h.
Histamine release in the culture medium was measured using an ELISA kit. (C) HMC-1 cells were treated with 5 and 10 yg/ml of BV for 30 min prior to
the addition of 40 nM PMA +1 yM PMACI and the cells were incubated for 12, 18 and 24 h for the determination of TNF-a, IL-6 and IL-1f production,
respectively. Cytokine production was measured using an ELISA kit. (D) Cells were pre-treated with BV for 30 min prior to the addition of 40 nM PMA + 1 uM
PMACI for 6 h. The mRNA levels of TNF-a, IL-6 and IL-1§ were determined using reverse transcription-quantitative polymerase chain reaction analysis.
Values are presented as the mean =+ standard deviation of three independent experiments. #/P<0.01 and *#P<0.001, vs. control group; “P<0.01 and "“P<0.001,
vs. PMACI-treated group. BV, bee venom; PMA, phorbol 12-myristate 13-acetate; PMACI, phorbol-12-myristate 13-acetate plus calcium ionophore A23187;
ELISA, enzyme-linked immunesorbent assay; TNF-a, tumor necrosis factor-a; IL, interleukin.

the MTS assay. BV did not cause nonspecific cytotoxicity, as it
had no effect on cell viability at concentrations between 0.625
and 20 pug/ml (Fig. 1A).

Among the inflammatory mediators released from mast
cells, histamine is known to be the most well-characterized
mediator implicated in the acute phase of hypersensitivity,
including anaphylactic shock (30). To determine whether BV
inhibits histamine release in the culture medium from mast
cells, the PMACI-induced histamine release was measured.
BV at a dose of 5 and 10 ug/ml decreased the PMACI-induced
histamine levels (Fig. 1B). To determine the inhibitory effect
of BV on pro-inflammatory cytokine production, its effect
on the PMACI-induced production and mRNA expression of
TNF-a,IL-6 and IL-1f and were investigated using ELISA and
RT-gPCR analysis, respectively (Fig. 1C and D). Pre-treatment
of cells with BV downregulated the PMACI-induced produc-
tion and mRNA expression of TNF-a, IL-6 and IL-1p in a
concentration-dependent manner. These results indicated
that BV exerted potential protection via the inhibition of
histamine release during allergic reaction and regulates the
PMACI-induced expression of TNF-a, IL-6 and IL-1{ through
transcriptional inhibition.

BV suppresses the activation of PMACI-induced MAPKs
and MKKs in HMC-1 cells. The MAPK cascade is one of the
important signaling pathways in immune responses, and is
activated in response to diverse extracellular stimuli, leading to
the activation of mast cells during allergic inflammation (31).
To investigate the effect of BV on MAPK signaling pathways
in PMACI-stimulated HMC-1 cells, the phosphorylation of the
three MAPK signaling molecules, ERK, JNK and p38, were
analyzed using western blot analysis. As shown in Fig. 2A,
PMACT significantly induced the phosphorylation of ERK, JNK
and p38, whereas BV suppressed the PMACI-induced activation
of these MAPKSs. BV did not affect the total levels of MAPKs.

The MAPK isoforms are activated by the dual phosphory-
lation of threonine and tyrosine residues. MKKs phosphorylate
and activate MAPKSs (32). To investigate the upstream targets
of MAPKs, the present study examined whether BV prevents
the PMACI-induced phosphorylation of MEK1/2, MKK?3/6
and MKK4. It was found that cells pre-treated with BV
significantly suppressed the phosphorylation of MEK1/2,
MKK3/6 and MKK4, compared with those treated with
PMACI alone; however, the total levels of MKKs were not
affected (Fig. 2B).
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Figure 2. Effect of BV on PMACI-induced activation of mitogen-activated protein kinase and MKKs in HMC-1 cells. (A) HMC-I cells were pre-treated with
5 and 10 pg/ml of BV for 30 min prior to the addition of 40 nM PMA +1 uM of PMACI for 30 min. (B) HMC-1 cells were pre-treated with 5 and 10 yg/ml
of BV for 30 min prior to the addition of 40 nM PMA+1 yM PMACI for 5 min (p-MEK1/2) or for 10 min (p-MKK3/6 and p-MKK4). Total proteins were
prepared, and western blot analysis was performed using specific antibodies. $-actin was used as an internal control. Proteins were prepared, and western

ok

blot analysis was performed using specific antibodies. “P<0.05, vs. control group; "P<0.05, “P<0.01 and ““P<0.001, vs. PMACI-treated group. BV, bee venom;
PMA, phorbol 12-myristate 13-acetate; PMACI, phorbol-12-myristate 13-acetate plus calcium ionophore A23187; MEK1/2, MAPK kinase 1/2; MKK, MAPK
kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; p-, phosphorylated.

BV suppresses the PMACI-induced activation of STAT3 and
Akt in HMC-1 cells. STAT3 has been implicated as a key tran-
scription factor in inflammatory pathways (11). In addition,
Akt is a multifunctional mediator of the activation of phos-
phoinositide 3-kinase (PI3K) in various cell types, and STAT3
is interconnected with PI3K (33,34). Therefore, the present
study examined the effect of BV on the PMACI-stimulated
phosphorylation of STAT3 and Akt. As shown in Fig. 3A,
PMACI induced the phosphorylation of STAT3 on Ser727,
whereas BV pre-treatment suppressed the PMACI-induced
activation of STAT3 on Ser727, but did not affect the phos-
phorylation of STAT3 on Tyr705. Pre-treatment with BV also
significantly suppressed the phosphorylation of Akt, compared
with that in cells treated with PMACI alone (Fig. 3B).

BV has anti-allergic inflammatory effects on compound
48/80-induced hypersensitivity in an animal model of
anaphylaxis. To assess the anti-allergic inflammatory effect
of BV in vivo, the present study investigated its effect on the

survival rate of mice with compound 48/80-induced hyper-
sensitive anaphylaxis. In this experiment, 8 mg/kg compound
48/80 was used, which was considered a suitable concentra-
tion for investigating the anaphylactic response in previous
studies (35,36). Following i.p. injection of compound 48/80,
all mice were monitored for 1 h and their survival rates were
determined. When the mice were pre-treated with BV at a dose
of 20 mg/kg for 1 h prior to the administration of compound
40/80, their mortality rates were reduced (Fig. 4A).

To evaluate cytokine levels in response to the allergic reac-
tion, the mRNA levels of cytokines in the liver of anaphylactic
mice were examined. As shown in Fig. 4B, compound 48/80
administration markedly increased the mRNA levels of TNF-a,
IL-6 and IL-1f, whereas pre-treatment with BV (20 mg/kg, i.p.)
for 1 h prior to compound 48/80 administration significantly
decreased the expression levels of these pro-inflammatory
cytokines. These results indicated that BV provides protec-
tion via the inhibition of cytokine release during a systemic
anaphylactic reaction.
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Figure 3. Effect of BV on PMACI-induced activation of STAT3 and Akt in HMC-1 cells. (A) HMC-1 cells were pre-treated with 5 and 10 zg/ml of BV for
30 min prior to the addition of 40 nM PMA + 1 yuM PMACI 30 min (p-STAT3 Ser727) or for 10 min (p-STAT3 Tyr705). Total proteins were prepared, and
western blot analysis was performed using specific antibodies. (B) HMC-1 cells were pre-treated with 5 and 10 gg/ml of BV for 30 min prior to the addition of
40 nM PMA + 1 uM PMACI for 5 min. 3-actin was used as an internal control. Proteins were prepared, and western blot analysis was performed using specific
antibodies. "P<0.05, vs. control group; “P<0.01 and ““P<0.001, vs. PMACI-treated group. BV, bee venom; PMA, phorbol 12-myristate 13-acetate; PMACI,
phorbol-12-myristate 13-acetate plus calcium ionophore A23187; STAT3, signal transducer and activator of transcription 3; p-, phosphorylated.
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Figure 4. Effects of BV on compound 48/80-induced mortality and inflammatory cytokines in an anaphylactic shock animal model. Mice were injected with
BV, DSCG and PBS as a vehicle (n=6 per group or total) for 1 h prior to compound 48/80 injection (8 mg/kg i.p.). (A) Survival rates of the mice were monitored
for 1 h. (B) Total RNA was prepared from the liver tissue, and the levels of TNF-a, IL-6 and IL-1§ were determined using reverse transcription-quantitative
polymerase chain reaction analysis. Densitometric analysis was performed using Bio-Rad Quantity One® software. The data shown are presented as the
mean = standard deviation of three independent experiments. “#P<0.001, vs. control group; “P<0.01 and ““P<0.001, vs. compound 48/80-treated group. BV,
bee venom; DSCG, disodium cromoglycate; PBS, phosphate-buffered saline; TNF-a, tumor necrosis factor-a; IL, interleukin.

BV suppresses the compound 48/80-induced activation
of MAPKs and STAT3 in an animal model of anaphylaxis.
To investigate the role of BV in the activation of MAPK
and STAT3 in animal model of anaphylaxis, the present
study determined the protein levels of MAPKs and STAT3
using western blot analysis. As shown in Fig. 5A and B, the
administration of BV inhibited the compound 48/80-induced

phosphorylation of MAPKs. BV inhibited the compound
48/80-induced phosphorylation of STAT3 on Tyr705, but
did not affect the phosphorylation of STAT3 on Ser727.
These results demonstrated that BV exerted suppres-
sive effects on allergic inflammation via the regulation of
MAPK and STAT?3 activation in this model of anaphylactic
shock.
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Figure 5. Effects of BV on compound 48/80-induced activation of MAPKs and STAT3 in an anaphylactic shock animal model. Mice were injected with BV,
DSCG and PBS as a vehicle (n=6 per group or total) for 1 h prior to compound 48/80 injection (8 mg/kg i.p.). Expression levels of (A) MAPKs and (B) STAT3
were determined by western blot analysis using specific antibodies. Densitometric analysis was performed using Bio-Rad Quantity One® software. The data

Fs

shown are presented as the mean + standard deviation of three independent experiments. “P<0.05, vs. control group; “P<0.01 and “"P<0.001, vs. compound
48/80-treated group. BV, bee venom; PBS, phosphate-buffered saline; DSCG, disodium cromoglycate; MAPK, mitogen-activated protein kinase; ERK,
extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; STAT3, signal transducer and activator of transcription 3; p-, phosphorylated.

Discussion

Allergic inflammation is classified into two phases, early-phase
(or type immediate hypersensitivity) and late-phase reactions,
which result in subsequent chronic allergic inflammation (1).
Early-phase immediate hypersensitivity occurs within minutes
of allergen exposure and is induced by the release of preformed
mediators, including histamine and tryptases, chemotactic
factors from activated mast cells (37). In particular, histamine
is chemically classified as an amine, and is the most potent
mediator with various biological roles, including in anaphy-
lactic shock, inflammation and neurotransmission (38). By
contrast, late-phase reactions are the result of pro-inflamma-
tory cytokine production and the recruitment of immune cells,
including neutrophils, basophils, eosinophils, macrophages
and mast cells, to sites of inflammation. In accordance with
these reports, the mast cell number increases in atopic derma-
titis, allergic rhinitis and asthma, and the pro-inflammatory
cytokines, TNF-a, IL-6, IL-8 and IL-1p, released by mast cells
enhance the inflammatory process (39). These cytokines are
associated with biological functions, including regulation of
cell proliferation, differentiation and immunity, with recruit-
ment of additional immune cells to inflammatory sites being
the main function (40.41).

The present study showed that the level of histamine
increased by PMACI was significantly lowered by treatment

with BV. As calcium is a crucial secondary messenger in mast
cell signaling, the regulation of intracellular calcium is critical
to histamine release by mast cells. Intracellular calcium level
correlates with mast cell degranulation, exocytosis from mast
cells and the expression of inflammatory cytokines (42).
Therefore, reduced intracellular calcium may be involved in
the inhibitory effect of BV on histamine release. In addition,
BV significantly inhibited the production and mRNA expres-
sion of TNF-a, IL-6 and IL-1f in the PMACI-stimulated
HMC-1 cells and in the compound 48/80-induced anaphylaxis
model in mice. These data suggested that the effect of BV
on pro-inflammatory cytokines may assist in preventing and
treating mast cell-mediated inflammatory diseases. Among
the results of the mRNA expression of pro-inflammatory
cytokines in the anaphylactic shock animal model, the high
concentration of BV effectively reduced the level of IL-6
expressed, even in a normal state. As IL-6 is a multifunctional
cytokine involved in a broad spectrum of biological events, and
increased levels of IL-6 are observed in several human inflam-
matory diseases, it may be that BV has a potent suppressive
effect on inflammatory responses. However, further clarifica-
tion of the molecular mechanisms underlying the function if
IL-6 and the inhibition of IL-6 signaling is required.

MAPKSs are present in numerous cells and tissues, and
consist of three major protein kinase families: ERK, p38
and JNK. The MAPK signaling cascade regulates important
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cellular processes, which transduce extracellular stimuli
into intracellular responses, including gene expression, cell
proliferation, cell survival and death, and cell mobility (5). It
has been reported that MAPK signal transduction pathways
control inflammatory responses and cytokine production (43).
The prototypical MAPK phosphorylation cascade consists of
an MAPK kinase kinase (MAPKKK or MEKK), an MKK and
an MAPK. MAPKKK phosphorylates and activates MKK,
which in turn phosphorylates MAPK. MKKs in the MAPK
cascade act as dual-specificity kinases and activate MAPKs
through double phosphorylation of the threonine-X-tyrosine
motif in the activation loop. During this phosphorylation relay,
the input signal can be amplified through the MAPK cascade
and the activated MAPKs eventually modify the phos-
phorylation of a specific set of downstream target proteins,
including transcription factors and other signaling compo-
nents, leading to the activation of downstream genes (44).
In the present study, the data showed that cells pre-treated
with BV suppressed the PMACI-induced phosphorylation of
MAPKs and MKKs, compared with the cells treated with
PMACI alone, however, the total levels of MAPK and MKK
were unaffected. In the case of MKK?7, an upstream factor
of JNK, PMACI did not induce its phosphorylation and BV
pre-treatment had no effect (data not shown). These data
revealed that the effect of BV on mast cell-mediated inflam-
matory reactions may be mediated through MAPK pathways,
result in cytokine production.

Allergic inflammation is associated with an increased
expression of multiple inflammatory proteins, which are
regulated by STAT transcription factors that are activated
by Janus kinases and a large number of cytokines present
in the pro-allergic environment (45). STAT3 is important in
the signaling involved in mast cells and mediates mast cell
degranulation (46). STAT3 acquires DNA-binding activity
through dimerization and then translocates to the nucleus,
where it binds to gene promoters and activates transcription.
Tyrosine phosphorylation is required for STAT3 dimeriza-
tion, nuclear translocation and DNA binding. In addition,
phosphorylation of a conserved carboxy-terminal serine
residue (Ser727) has been shown to enhance STAT3 tran-
scriptional activation (47,48). The Ser727 phosphorylation of
STATS3 either inhibits tyrosine phosphorylation or increases
tyrosine dephosphorylation (49). These reports indicate that
each residue of STAT3 has a different role and activates
different targets. In the present study, BV had no effect on
the activation of NF-«kB, which is crucial in the regulation
of allergic inflammatory responses (50). As BV inhibited
the PMACI-stimulated phosphorylation of MAPKs, which
contribute to the transmission of extracellular signals that can
result in the phosphorylation of various transcription factors
and alterations in gene expression (51), the present study
focused on examining the effects of BV on STAT3 as it is a
critical component in multiple aspects of allergic disease. The
resulting data indicated that STAT3 was activated on Ser727
in PMACI-induced HMC-1 cells, whereas it was activated on
Tyr705 in the compound 48/80-induced anaphylactic shock
animal model. Based on these data, it was hypothesized that
the inhibitory effects of BV on STAT3 signaling depend
on tissue specificity in the mast cell-mediated allergic
inflammatory response.

KANG et al: ANTI-ALLERGIC INFLAMMATORY EFFECTS OF BV

BV is the venom stored by bees within their venom sacs
for self-defense, and has traditionally been used in oriental
medicine to relieve pain and treat inflammatory diseases (52).
BV is composed of various peptides, enzymes and non-peptide
components. The peptides are mainly composed of apamin,
melittin, MCD peptide and adolapinm, and the enzymes include
phospholipase A2, hyaluronidase, acid phosphomonoesterase,
a-d-glucosidase and lypophospholipase. The non-peptide
components consist of histamine, dopamine and noradrenaline.
Although it has been reported that melittin, a major component
of BV, induces paw edema in mice, and that the administra-
tion of BV into the hind paw produces local inflammation, BV
components have been the subject of several investigations
using diverse methodologies in an effort to determine their
anti-inflammatory effects (53,54). BV and its components
have been used to treat various conditions, including arthritis,
rheumatism, back pain and skin diseases, by regulating
inflammatory responses (55). In the present study, although the
BV complex was used, future investigations aim to investigate
the use of major active components of BV to overcome the
limitations of complexity and to identify which components
act to cause these effects. In addition, further investigations
are required to identify the effect of each component of BV
on the regulation of STATSs during an allergic inflammatory
response, with the present study contributing to this further
understanding.

In the present study, it was shown that BV suppressed
the phosphorylation of MAPKs, MKKs and STAT3 in
PMACI-stimulated HMC-1 cells and in an anaphylactic
shock animal model. Furthermore, in addition to the inhibi-
tion of histamine release in PMACI-stimulated HMC-1
cells, BV inhibited the production and mRNA expression of
pro-inflammatory cytokines in the cells and animal model.
Therefore, the results of the present study suggested that BV
has an anti-allergic inflammatory effect and that this effect
of BV may be an effective modulator of mast cell-mediated
allergic inflammatory responses.
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