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BACKGROUND AND PURPOSE

Atopic dermatitis (AD) is a multifactorial skin condition with complex interactions of innate and adaptive immune responses.
There are several existing therapies for AD, including topical glucocorticosteroids, emollients, phototherapies, calcineurin
inhibitors and immunosuppressants, such as cyclosporine A. Although these therapies reduce inflammation, they also cause
serious side effects. Therefore, it is necessary to develop new therapeutic approaches for AD treatment without side effects. There
are several studies on natural materials or toxins, such as herbs, ginseng extract and snake venom, for AD treatment. However,
treatment of AD with bee venom and its major component, melittin has rarely been studied.

EXPERIMENTAL APPROACH

Effects of bee venom and melittin were studied in a model of AD in vivo induced by 1-chloro-2,4-dinitrobenzene (DNCB) in female
Balb/c mice and in cultures of human keratinocytes, stimulated by TNF-o/IFN-y. The potential pharmacological effects of bee
venom and melittin on these in vivo and in vitro AD-like skin disease models were studied.

KEY RESULTS

Bee venom and melittin exhibited potent anti-atopic activities, shown by decreased AD-like skin lesions, induced by DNCB in
mice. In vitro studies using TNF-a/IFN-y-stimulated human keratinocytes showed that bee venom and melittin inhibited the in-
creased expression of chemokines, such as CCL17 and CCL22, and pro-inflammatory cytokines, including IL-1p, IL-6 and IFN-y,
through the blockade of the NF-xB and STAT signalling pathways.

CONCLUSIONS AND IMPLICATIONS
Our results suggest that bee venom and melittin would be suitable for epicutaneous application, as topical administration is often
appropriate for the treatment of AD.

Abbreviations

AD, atopic dermatitis; CCK, cell counting kit; DNCB, 1-chloro-2,4-dinitrobenzene; EMSA, electrophoretic mobility shift
assay; RBC, red blood cell; STAT, signal transducer and activator of transcription; Th cell, helper T cell; TSLP, thymic stromal
lymphopoietin
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Introduction

Atopic dermatitis (AD), commonly known as atopic ec-
zema, is a multifactorial skin disease, with complex interac-
tions of innate and adaptive immune responses based on a
genetic, pharmacological and psychological predisposition
(Boguniewicz and Leung, 2011). AD, which is one of the
most common chronic inflammatory skin diseases, is charac-
terized by an impaired epidermal barrier, eczematous lesions,
pruritus, dry skin, an abnormal immune response and an
IgE-mediated allergy to various exogenous antigens (Lee
and Lee, 2014). The pathogenesis of AD involves a complex
inflammatory process (Tan and Corren, 2011). Two compet-
ing hypotheses are generally presented regarding the patho-
genesis of AD. The first proposes a primary immune
functional disorder, resulting in IgE sensitization and a sub-
sequent epithelial-barrier obstruction (Czarnowicki et al.,
2017). The second suggests that a disturbance of the skin bar-
rier, either caused by an intrinsic genetic deficiency in epider-
mal skin barrier formation or as a result of an environmental
transition, leads to atopic disease (Brandt and Sivaprasad,
2011). While debate around these theories remains, it is
obvious that a number of genetic and environmental factors
contribute to skin barrier dysfunction and immune dysregu-
lation in AD (Blakely et al., 2016).

The first hypothesis of AD pathogenesis invokes an imbal-
ance between helper T (Th) cells 1 and 2 by the presence of a
specific IgE response in association with Th2 immune
responses (Choi and Kim, 2013). In healthy individuals,
balance exists among important subsets of helper T cells
(e.g. Th1, Th2, Th17 and Th22). The pathogenesis of acute
AD is related to Th2-dominant inflammation, characterized
by the dermal infiltration of Th cells, macrophages and eosin-
ophils, increase in allergen-specific IgE, mast cell activation
and Th2 cytokine production (Mizutani et al., 2015). Th2
cells secrete the cytokines IL-4 and IL-5, that up-regulate an-
tibody formation via B cells, eosinophils, mast cells and other
pathways (Kidd, 2003). IL-4 and IL-13 have established roles
in B cell differentiation and class switching, thus providing a
link to characteristic elevations of serum IgE levels in AD, as
well as eosinophil and mast cell infiltration into the skin
(Chan efal., 2013). The pathogenesis of chronic AD is related
to a predominance of Th1 cells and IFN-y, and chronic AD
skin lesions undergo tissue remodelling caused by chronic
inflammation (Coondoo, 2012). There are also increased
numbers of mast cells but virtually no accumulation of neu-
trophils. Th1 cells secrete the cytokine IFN-y and activate in-
flammatory pathways mainly via macrophage activation
(Kidd, 2003).

The second hypothesis, epidermal barrier dysfunction,
involves dry, itchy skin, which is exacerbated by a mechani-
cal injury inflicted by scratching. This enables the entry of
antigens via the skin to result in the production of inflamma-
tory cytokines (Oyoshi et al., 2009). A number of the barrier
genes are localized on chromosome 1 in a cluster epidermal
differentiation complex and include those for filaggrin,
loricrin and involucrin. During the transition from stratum
granulosum to stratum corneum, profilaggrin is cleaved into
multiple filaggrin monomers that provide physical strength
by aggregating the keratin bundles (Kalinin et al., 2002).
Loss-of-function mutations in the filaggrin gene have been
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identified as the main genetic predisposing factor for AD
and many other allergic diseases, including asthma (Irvine
et al., 2011). According to the findings of the filaggrin-
deficient mice experiments, skin barrier function depends
on the normal differentiation of keratinocytes (Kawasaki
et al., 2012). Thus, keratinocytes, as the major group of epi-
dermal cells, play an important role in the pathogenesis of in-
flammatory skin diseases, such as AD (Jung et al., 2012).

Many commercial formulations for the treatment of AD
are available in gels, creams, lotions or ointments but show
limited effectiveness (Shah et al., 2012). Furthermore, there
are several modes of therapy for AD, such as topical
glucocorticosteroids, emollients, phototherapies, calcineurin
inhibitors and immunosuppressants, such as cyclosporine A
(Misery, 2011; Berke et al., 2012). These therapies reduce in-
flammation, but they also cause a range of serious side effects.
For example, topical steroid therapy is the most effective rem-
edy for AD, but the continual repetitive application of ste-
roids leads to side effects that include skin thinning and
atrophy (Del Rosso and Friedlander, 2005). Therefore, the de-
velopment of new therapeutic approaches without side ef-
fects is necessary for improving AD treatment. There are
several studies on natural materials or toxins, such as herbs,
ginseng extract and snake venom, for AD treatment (Sohn
et al., 2011; Park et al., 2016). A recent study investigated
the effects of the phospholipase A, from bee venom on
AD-like skin lesions in mice, induced by house dust mite ex-
tract (Jung ef al., 2017). However, a beneficial effect of bee
venom on AD has not been clearly recognized.

Purified bee venom is a natural toxin produced by honey-
bees (Apis mellifera) and has been extensively used as a tradi-
tional medicine for various diseases (Son et al., 2007). Bee
venom contains various peptides, including melittin,
apamin, adolapin and mast cell degranulating peptide along
with enzymes, biological amines and non-peptide compo-
nents (Lariviere and Melzack, 1996). Melittin, the major com-
ponent (50% of dry weight) of bee venom, is a small linear
peptide composed of 26 amino acids. Several studies have ex-
amined the biological and pharmacological activities of bee
venom and melittin, confirming that they possess radiopro-
tective, anti-inflammatory, antibacterial, antiviral and anti-
cancer activities (Raghuraman and Chattopadhyay, 2007;
Lee and Bae, 2016). In addition, they have pain-relief effects,
anti-rheumatoid arthritis effects and aid immune modulatory
activity (An et al., 2016). A recent study investigated the ef-
fects of melittin on Propionibacterium acnes-induced inflam-
matory responses in vitro and in vivo (Lee et al., 2014).
However, the precise mechanism by which bee venom and
melittin are thought to act in AD is not fully understood.
Based on the various physiological activities of bee venom
and melittin, they should be effective in AD. The excellent
anti-inflammatory effects of bee venom and melittin is ex-
pected to maximize their effects in an inflammatory skin con-
dition such as AD.

Therefore, the present study was designed to determine
the effect of bee venom and melittin in an AD-like model.
Consequently, this study investigated the potential pharma-
cological effects of bee venom and its major component,
melittin, on two models of AD, that induced by 1-chloro-
2,4-dinitrobenzene (DNCB) in vivo and that induced by
TNF-¢/IFN-y in human keratinocyte cultures.
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Methods

Animals

All animal care and experimental procedures were carried out
strictly in accordance with the criteria of the Institutional
Animal Care and Use Committee of Catholic University of
Daegu and were approved by the Institutional Animal Care
and Use Committee of Catholic University of Daegu
(Daegu, Korea; Approval number DCIAFCR-151007-9-Y
and DCIAFCR-160428-Y). The animals were treated hu-
manely, and all efforts were made to minimize the animals’
suffering and the numbers used. Animal studies are reported
in compliance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath and Lilley, 2015).

Six-week-old female Balb/c mice (18-23 g; Samtoko,
Gyeonggi-do, Korea) were individually housed in polycar-
bonate animal cages and maintained under a constant tem-
perature (22 + 2°C) and humidity (55%). The mice had free
access to water and food and were kept in 12 h light-dark cy-
cles. After 1 week of acclimatization, the Balb/c mice were
randomly divided into nine groups (n = 5 per group) as fol-
lows: (1) an untreated group (normal control, NC); (2) a
DNCB (1-chloro-2,4-dinitrobenzene; Sigma, St. Louis, MO,
USA)-sensitized and challenged group (DNCB); (3) a DNCB-
sensitized and challenged group with 0.1 g placebo treated
group (Pla); (4-6) DNCB-sensitized and challenged groups
with 100, 200 and 500 pg of bee venom, mixed with placebo
(the groups were named BV100, BV200 and BV500); (7-9)
DNCB-sensitized and challenged groups with 100, 200 and
500 pg of melittin, mixed with placebo (Mel100, Mel200
and Mel500). The doses of bee venom and melittin used here
were based on previous studies (Lee ef al., 2014). The bee
venom, melittin or placebo were applied topically to the
shaved dorsal skin.

Cell cultures

The human keratinocyte HaCaT cell line (Cell Lines Service
GmbH, Eppelheim, Germany) was cultured in high glucose
DMEM supplemented with 10% (v/v) FBS and antibiotics
(100 U-mL"" penicillin and 100 pg-mL ' streptomycin) at
37°C in a humidified 5% CO, incubator. HaCaT (5.0 x 10°
cellssmL™") cells were seeded in the complete medium.
Twenty-four hours later, the medium was changed to serum-
free medium with bee venom (1, 10 and 100 ng~mL’1; Sigma)
and melittin (0.1, 0.5 and 1 ugan’l; Enzo, Plymouth, PA,
USA). After 30 min, the cells were stimulated with 10 ng-mL ™"
TNF-a/IFN-y for 9 h. PBS (pH 7.4), FBS, DMEM, penicillin and
streptomycin were purchased from Gibco (Grand Island, NY,
USA). Recombinant human TNF-a and IFN-y were purchased
from R&D Systems (Minneapolis, MN, USA).

Mouse model of AD

The Balb/c mice were anaesthetized by isoflurane inhalation
(Ifran; HANA Pharm, Seoul, Korea) by using RC2 Rodent Cir-
cuit Controller (VETEQUIP, CA, USA). During anaesthesia,
dorsal skin was shaved with an electric clipper and hair re-
moval creams. Twenty-four hours later, the mice were sensi-
tized with 200 pL of 1% DNCB in an acetone : olive oil (3:1)
solution applied topically to the shaved dorsal skin, twice
over one week. Mice were then challenged with 200 pL of
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0.4% DNCB similarly applied, twice a week for 5 weeks (Chan
etal., 2013; Choietal., 2013). Two weeks after the first induc-
tion of skin inflammation, bee venom or melittin (100, 200
and 500 pg mixed with a placebo) was applied to the dorsal
skin five times per week for 4 weeks. The placebo used is a
pharmaceutically produced gel with no biological activity, a
mixture of carbomer, polyethylene glycol 400, trolamine,
and purified water (Dongsung Bio Pharm., Seoul, Korea).
The animal model of atopic dermatitis in this paper was based
on the ‘Guideline for the efficacy of herbal medicinal herb
medicine-Atopic dermatitis’ of South Korea Ministry of Food
and Drug Safety. The experimental protocol used in the pres-
ent study is depicted schematically in Figure 1A. At the end of
each treatment period, the mice were killed by CO, asphyxi-
ation and blood samples were collected by cardiac puncture.
Blood samples were allowed to clot for 1 h at room tempera-
ture before centrifuging for 20 min at 10770x g. The serum
thus obtained from the blood samples was stored at —70°C
for further analysis. Immediately after blood collection, the
dorsal skin was excised for further analysis. The experi-
menters were blinded to the treatments given to the animals
and to the histological analyses and data analyses.

Histological analysis

All skin tissue specimens were fixed in 10% formalin for 24 h
at room temperature. After fixation, sections, cut perpendic-
ular to the anterior-posterior axis of the dorsal skin, were
dehydrated in graded ethanol, cleared in xylene and embed-
ded in paraffin. The sections (4 pm) were mounted on glass
slides, rehydrated to distilled water and stained with
haematoxylin and eosin (H&E). As part of the histological as-
sessment, all slides were examined under a slide scanner
(3DHISTECH Panoramic MIDI, Budapest, Hungary). The
thickness of the epidermis and dermis was analysed with
iSolution DT software (IMT i-Solution, Burnaby, BC,
Canada).

Mast cell infiltration and degranulation

After mice were killed, the DNCB-treated site (1 x 1 cm) was
excised, fixed in formalin for 24 h and embedded in paraffin.
Deparaffinized skin sections were stained with Giemsa for
histological analysis. To measure the mast cell infiltration
and degranulation, each slide was counted from all fields
per section at 400x magnification. As part of the histological
assessment, all slides were examined under a slide scanner.
The granulation index per single mast cell was calculated by
dividing the number of degranulated mast cells by the total
number of mast cells.

ELISA

Levels of IgE (Bethyl Laboratories, Montgomery, TX, USA), IL-
4, IFN-y and thymic stromal lymphopoietin (TSLP;
R&D Systems) in mouse serum samples were measured
using-ELISA Kkits according to the manufacturer’s instruc-
tions. The absorbance at 450 nm was measured with an ELISA
reader (BMG Labtech, Ortenaukreis, Germany).

Preparation of splenocytes

The spleen was aseptically removed from each Balb/c mouse
and a single-cell suspension was prepared by forcing the
spleen through a 71 um stainless steel mesh. Red blood cells
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Figure 1

DNCB-induced AD-like symptoms in Balb/c mice. (A) Scheme of the experimental procedure. (B) Typical clinical features and (C) corresponding
histopathological analysis of mouse dorsal skin are shown. The typical mast cell infiltrations are indicated by arrows. Scale bar = 50 um.

(RBCs) were lysed using RBC lysis buffer (Qiagen, Hilden,
Germany), and the lysate was centrifuged at 1500x g for
10 min at 4°C. Splenocytes were suspended in RPMI 1640
(Invitrogen, Carlsbad, CA, USA) medium supplemented with
10% FBS, 100 U-mL™" penicillin and 100 mg-mL™" strepto-
mycin, and spleen cells (5.0 x 10° cells per well) were seeded
in plates for each group and incubated for 72 h. Supernatants
were harvested and measured for IgE using ELISA Kkits.

Preparation of total and nuclear protein from
HaCaTcells

For total protein assays, cells were lysed in lysis reagent (Cell
Lytic™ M, Sigma-Aldrich, St. Louis, MO, USA), according to
the instruction manual. Nuclear and cytosolic protein were
collected using NE-PER nuclear and cytoplasmic extraction
reagent kits (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The protein
concentration of all samples was measured with the Bradford

day 14 day 21

assay (Bio-Rad Laboratories, Hercules, CA, USA), from the op-
tical density at 595 nm, using a spectrophotometer. .

Western blot analysis

The protein samples were separated on precast gradient poly-
acrylamide gels (Bolt™ 4-12% Bis-Tris Plus Gels, Thermo
Fisher Scientific) and transferred to nitrocellulose membranes
(GE Healthcare Life Science, Marlborough, MA, USA) by using
Bolt Mini Blot Module and Mini Gel Tank (Thermo Fisher Sci-
entific), according to the manufacturer’s recommendations.
The membrane was blocked in 5% BSA. The blocked
membrane was probed with a primary antibody and HRP-
conjugated secondary antibody. Following a repeat of the
wash step, the membrane was kept in enhanced chemilumi-
nescence detection reagents (Thermo Fisher Scientific) for
1 min. Signal intensity was measured with an image analyser
(ChemiDoc™ XRS+ system, Bio-Rad Laboratories). The pri-
mary antibodies used were anti-IL-1p (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), anti-IL-6 (Abcam, Cambridge,
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MA, USA), anti-IFN-y (Abcam), anti-GAPDH, anti- JAK2, anti-
phospho-JAK2, anti-STAT 1 and 3, anti-phospho-STAT1 and
3, anti-IKKa, anti-phospho-IKKe, anti-IkBa, anti-phospho-
IxBa, anti-NF-xB and anti-phospho-NF-«xB p65 were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
In addition, anti-Lamin B from Invitrogen was used.

Quantitative real-time PCR

Total mRNA was extracted from the dorsal skin and HaCaT
cells by the TRIzol reagent (Thermo Fisher Scientific),
according to the manufacturer’s recommendations. Reverse
transcription reaction was performed with AccuPower RT Pre-
mix and Oligo dT18 (Bioneer, Daejeon, Korea), according to
manufacturer’s instructions. Real-time PCR was performed
in a LightCycler nano System (Roche Applied Science, Mann-
heim, Germany) using a LightCycler DNA Master SYBR Green
I (Roche Applied Science). PCR mixtures contained 100 ng of
cDNA and 0.5 uM each of forward and reverse primers. The
samples were denatured at 95°C for 10 min, followed by 45
cycles of annealing and extension at 95°C for 20 s, 60°C for
20 s and 72°C for 20 s. Expression values were normalized to
GAPDH. Quantitative real-time PCR products were further
confirmed by melting curve analysis. The primer sequences
were as follows: IFN-y, forward, 5-TGG CAT AGA TGT GGA
AGA AAA GAG-3/, and reverse, 5'-TGC AGG ATT TTC ATG
TCA CCA T-3'; IL-4, forward, 5'-ACAGGAGAAGGGACGC
CAT-3', and reverse, 5-GAAGCCCTACAGACGAGCTCA-3;
CCL17, forward, 5-AGG GAC CAC ACA GAG AC-3’, and
reverse, 5'-CTC GAG CTG CGT GGA TGT GC-3’; CCL22,
forward, 5-ATG GCT CGC CTA CAG ACT GCA CTC-3’, and
reverse, 5-CAC GGC AGC AGA CGC TGT CTT CCA-3;
GAPDH, forward, 5-GGA GCC AAA AGG GTC ATC AT-3,
and reverse, 5'-GTG ATG GCA TGG ACT GTG GT-3'.

Immunohistochemical staining

Paraffin-embedded tissue sections (4 pm thick) were
deparaffinized with xylene, dehydrated in gradually
diminishing concentrations of ethanol and treated with 3%
hydrogen peroxide in methanol for 10 min to block endoge-
nous peroxidase activity. The tissue sections were immersed
in 10 mM sodium citrate buffer (pH 6.0) for 5 min at 95°C.
The last step was repeated using a 10 mM sodium citrate solu-
tion (pH 6.0). The sections stayed in the same solution while
cooling for 20 min, and they were rinsed in PBS. The sections
were then incubated with a primary antibody (1:100 dilu-
tion) for 1 h at 37°C. The primary antibodies were as follows:
anti-TSLP, anti-CD3 and anti-CD4 (Abcam). The signal was
visualized using an Envision System (DAKO, CA, USA) for
30 min at 37°C. 3,3'-diaminobenzidine tetrahydrochloride
(DAB) was used as the coloring reagent, and haematoxylin
was used as the counter-stain. The slides were examined with
a slide scanner, Pannoramic MIDI, and analysed with
iSolution DT software.

Immunofluorescence staining and confocal
microscopy

The paraffin-embedded skin tissue sections were
deparaffinized with xylene and dehydrated in gradually de-
creasing concentrations of ethanol. The tissue sections were
then placed in a blocking serum (5% BSA in PBS) at room
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temperature for 1 h. A primary antibody (1:500 dilution)
was incubated at room temperature for 2 h, and a secondary
antibody incubation (1:200 dilution) was performed at
room temperature for 1 h. The antibodies included filaggrin
(Abcam) and a goat anti-rabbit secondary antibody conju-
gated with Alexa Fluor 488 (Thermo, MA, USA). Sections
were then counterstained with Hoechst 33342. The slides
were mounted using a VECTASHIELD Mounting Medium
(VECTOR Laboratories, Burlingame, CA, USA). Stained
slides were viewed under a confocal microscope system
(Nikon Al microscope equipped with a digital camera,
Nikon, Tokyo, Japan).

HaCaT cells were seeded at a density of 2.0 x 10° cells per
well in 2-well chamber slide (Eppendorf, Hamburg,
Germany). After 24 h, the medium was changed to a serum-
free medium containing the indicated concentration of bee
venom (1, 10 and 100 ng-ranl) or melittin (0.1, 0.5 and 1-
pg-mL™Y). After 2 h, the cells were co-treated with 10 ng-mL™"
TNF-a/IFN-y for 1 h. The treated cells were washed with PBS
and fixed with 4% paraformaldehyde for 20 min at room tem-
perature. Fixed cells were treated with 0.1% Triton X-100 in
PBS for 2 min to permeabilize. Following permeabilization,
the cells were blocked in PBS containing 5% BSA at room tem-
perature for 1 h. After blocking, the cells were incubated with
diluted primary antibody overnight at 4°C, and the reaction
with secondary antibody was performed at room temperature
for 2 h. The nuclei were stained with Hoechst 33342 solution
for 10 min at 37°C. Slides were mounted using fluorescence
mounting medium (DAKO). Specimens were examined and
photographed using a confocal microscope system. The anti-
bodies used are as follows: anti-phospho-STAT1, anti-
phospho-STAT3, anti-F-actin and anti-mouse-biotinylated,
and anti-rabbit-biotinylated secondary antibodies conju-
gated with Alexa Fluor 488 or Alexa Fluor 555.

Cell viability assays

The viability of HaCaT cells was assessed using cell counting
kit (CCK)-8 assays (Dojindo, Kumamoto, Japan). The HaCaT
cells were seeded in 96-well plate at 5.0 x 10* cells-mL ™" and
allowed to attach for 24 h. The medium was replaced with
serum-free media. Cells were treated with serum-free media
containing different concentrations of bee venom (1, 10
and 100 ng-mL™") and melittin (0.1, 0.5 and 1 pg-mL™") for
9, 12 and 24 h. After experimental treatment, 10 uL of WST-
8 solution (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt)
was added to each well, and the HaCaT cells were incubated
for an additional 2-4 h at 37°C. The absorbance values were
measured at 450 nm using a microplate reader.

Electrophoretic mobility shift assay (EMSA)

The Lightshift® Chemiluminescent EMSA Kit (Thermo) was
used for the EMSA assay, according to the manufacturer’s in-
structions. The image analyser (Chemidoc XRS+ system) was
used to detect the chemiluminescence of biotin-labelled
DNA. The NF-«B (5'-AGT TGA GGG GAC TTT CCC AGG C-3')
oligonucleotide probe was end-labelled with DIG-ddUTP.

Data and statistical analysis
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
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pharmacology (Curtis et al., 2018). All data are presented as
means * SEM. Statistical significance was tested using
GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA,
USA). Group means were compared by one-way ANOVA with
Tukey’s multiple comparison test. Tukey’s tests were run only
when F achieved P < 0.05 and there was no significant vari-
ance inhomogeneity. Differences with P < 0.05 were consid-
ered significant.

Materials

Bee venom was supplied by Chung Jin Biotech Co. (Ansan,
Korea) and melittin by Enzo Life Sciences (Farmingdale, NY,
USA)

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b).

Results

DNCB is capable of inducing AD-like skin
lesions in a mouse model

DNCB is known to induce AD-like skin lesions. When com-
pared with mice at day O, corresponding to the induction pe-
riod of skin inflammation, the DNCB-treated mice showed
significantly increased physical signs of AD, such as pruritus,
oedema, erythema, scarring and excoriation, during a 3 week
period (Figure 1B). Histopathological analysis confirmed that
DNCB induced mast cell accumulation and degranulation
(shown as arrows in the figure) in the samples of dorsal skin
(Figure 1C).

Bee venom and melittin alleviated
DNCB-induced inflammation and mast cells in
AD-like skin lesions in an animal model
AD-like skin lesions are characterized by epidermal and der-
mal thickening, the dermal infiltration of CD4" T cells and
the local expression of Th2 cytokines (Frohlich et al., 2009).
Therefore, we investigated the effects of bee venom (results
shown in Supporting Information) and of melittin (results
shown in Figures) on DNCB-induced AD-like symptoms and
responses using H&E staining. Bee venom or melittin treat-
ment significantly decreased the dorsal skin thickness, com-
pared with that of the DNCB group (Figure 2B, Supporting
Information Figure S1B). Histological analysis confirmed that
bee venom and melittin inhibited pathological changes in-
cluding the infiltration of inflammatory cells in skin lesions
(Figure 2A, Supporting Information Figure S1A). Mast cells
have been linked to the pathophysiology of allergic disorders,
including AD (Galli and Tsai, 2012). According to the evalua-
tion of mast cell infiltration and degranulation using Giemsa
staining, the mast cell infiltration and degranulation in skin
lesions was increased in the DNCB group, while the topical
application of bee venom or melittin resulted in a decrease
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of infiltration and degranulation of mast cells (Figure 3,
Supporting Information Figure S2).

Effects of bee venom and melittin on serum
levels of IFN-y, IL-4, IgE and TSLP in mice

AD is characterized by two distinct phases, the chronic and
acute phases, resulting in either Th1- or Th2-dominant in-
flammation (Kim et al., 2015). Th1-specific signature cyto-
kines IFN-y and TNF-a activate mononuclear phagocytes
including macrophages, which are implicated in organ-
specific autoimmunity by the infection of intracellular path-
ogens, such as bacteria and protozoa (Guo et al., 2009). In
contrast, IL-4 is associated with the Th2 response. Therefore,
this study investigated whether bee venom and melittin af-
fected the Th1l or Th2 responses in an AD-like model, in
Balb/c mice. The levels of IFN-y, IL-4, IgE and TSLP in the se-
rum increased in response to DNCB treatment, relative to
normal control mice. However, treatment with bee venom
or melittin markedly decreased the serum IFN-y, IL-4, IgE
and TSLP levels in DCNB-sensitized Balb/c mice (Figure 4A,
Supporting Information Figure S3A). The effect of melittin
on DNCB-induced IgE change in splenocytes was further in-
vestigated. The concentration of IgE in the spleen tissue of
the DNCB-treated group mice was increased, but this increase
was inhibited by melittin in both the 200 and 500 pg dose
groups (Figure 4B). Next, we examined whether bee venom
or melittin could regulate immune responses. Real-time PCR
was used to measure the gene expression of IFN-y and IL-4.
The mRNA expression levels of IFN-y and IL-4 in the skin of
the DNCB-treated group mice were increased, but this in-
crease was inhibited by bee venom or melittin in the 100
and 500 pg doses, respectively (Figure 4C, Supporting Infor-
mation Figure S3B).

Effects of bee venom and melittin on TSLP
expression, CD4* and CD3* Tcells in
DNCB-sensitized mice

TSLP expression plays an important role in regulating Th2
cell-mediated immunity and AD. In addition, environmental
stimuli trigger keratinocytes for the production of TSLP with
the subsequent activation of dendritic cells, epithelial cells
and mast cells, which results in Th2-type allergic immune re-
sponses (Lee et al., 2011). Treatment with bee venom or
melittin significantly inhibited the DNCB-induced expres-
sion of TSLP, suggesting that these agents have the potential
to regulate Th2 cell-mediated immunity in the epidermis. As
TSLP expression appeared to be distinctly localized in the ex-
tracellular and cytoplasmic domains of the epidermal layer,
they seem to be triggered by keratinocytes. The infiltration of
CD4" T cells and the up-regulation of Th2 cytokines are typical
features of AD lesions (Choi et al., 2013). We performed immu-
nohistochemical and histological analysis to examine whether
bee venom or melittin reduced the levels of CD4" and CD3*
T cells, respectively, in the dorsal skin. The levels of CD4* and
CD3" T cells in DNCB-induced AD lesions in mice were higher
than those in normal mice. Bee venom or melittin, however,
decreased the levels of CD4* and CD3"* (Figure 5A,B,
Supporting Information Figure S4A,B) T cells in the dorsal skin.
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Bee venom and melittin improve abnormal
epidermal differentiation

Filaggrin-related barrier disruption can be a primary cause of
AD (Elias and Schmuth, 2009). Th2 cytokines, such as IL-4,
IL-13 and IL-22, have been implicated in the down-regulation
of filaggrin expression in AD-induced lesions (Jung et al.,
2014). We investigated the therapeutic effects of bee venom
or melittin on the abnormal epidermal differentiation. The
apparent decrease in the filaggrin level shown as the expres-
sion of the epidermal differentiation marker using immuno-
fluorescence staining after DNCB stimulation was reversed
with bee venom or melittin treatment (Figure 5C, Supporting
Information Figure S4C).

Effects of bee venom and melittin on

pro-inflammatory chemokines and cytokines in
TNF-o/IFN-y-stimulated HaCa'T cells

To investigate the cytotoxicity of bee venom and melittin,
CCK-8 assay was performed to analyse the cell viability of
the HaCaT cell line. Cells were treated with bee venom or
melittin at different concentrations and assessed at different
time points. Keratinocytes were relatively stable with no
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significant change in viability up to 9 h. Cells treated with
100 ng-mL~" bee venom or 1 pg-mL~" melittin showed a sig-
nificant decrease in viability by approximately 10-15% at
24 h compared to no treatment (Figure 6A, Supporting Infor-
mation Figure S5A). These data suggest that both bee venom
and melittin exhibited no cytotoxicity to HaCaT cells up to
9 h. Accordingly, 9 h cell culture was used in subsequent
in vitro experiments. AD lesions are capable of producing
CCL17 and CCL22 through the activated keratinocytes
(Brandt and Sivaprasad, 2011). As such, a decrease in the pro-
duction of these two chemokines in keratinocytes may be an
effective target for AD treatment (Qi et al., 2009). Therefore,
we investigated the effects of bee venom or melittin on the
expression of TNF-o/IFN-y-induced pro-inflammatory
chemokines in HaCaT cells. TNF-o/IFN-y treatment signifi-
cantly induced the mRNA expression of CCL17 and CCL22,
which was then inhibited by bee venom or melittin treat-
ment (Figure 6C, Supporting Information Figure S5C). Con-
sistent with these findings, TNF-a/IFN-y treatment
significantly provoked the release of IL-1p, IL-6 and IFN-y
from HaCaT cells. However, bee venom or melittin treatment
significantly inhibited the secretion of pro-inflammatory cy-
tokines, induced by TNF-o/IFN-y (Figure 6B, Supporting
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Information Figure S5B). These results suggest that bee
venom or melittin can modulate the expression of
chemokines via the suppression of pro-inflammatory cyto-
kines in TNF-o/IFN-y-stimulated HaCaT cells.

Effects of bee venom and melittin on JAK/STAT
signal pathways in TNF-a/IFN-y-activated
HaCaTcells

The JAK/STAT pathway plays a critical role in the disruption
of the epidermis barrier function and can be a therapeutic tar-
get in AD (Amano et al.,, 2015). In addition, cytokine-
mediated activation of STAT proteins plays an essential role
in CD4" T cell differentiation and the regulation of immune
responses (O’Shea et al., 2011). We addressed the effects of
bee venom and melittin on JAK/STAT signalling. HaCaT cells
were incubated in the presence or absence of bee venom or
melittin for 2 h and then stimulated with TNF-o/IFN-y for
1 h. Cytosolic and nuclear fractions were evaluated for the ex-
pression of JAK2, STAT1 and STAT3 by Western blotting. The
phosphorylation of JAK2 and nuclear translocation of p-
STAT1 and p-STAT3 were markedly increased by TNF-o/IFN-

y treatment. However, treatment with bee venom or melittin
decreased the levels of p-JAK2 as well as the nuclear transloca-
tion of p-STAT1 and p-STAT3 (Figure 7A, Supporting Informa-
tion Figure S6A). The suppression of the phosphorylation of
JAK2, STAT1 and STAT3 following bee venom or melittin
treatment was further confirmed by immunofluorescent
staining. When cells were treated with bee venom (100-

ng-mLfl) or melittin (1 ug-mLfl), STAT1 and STAT3 were
predominantly localized in the cytoplasm, rather than in
the nucleus, suggesting a role of STAT1 and STAT3 as tran-
scriptional activators (Figure 7B, Supporting Information Fig-
ure S6B). The inhibition of these signalling pathways by bee
venom and melittin could be responsible for the decrease in
the production of pro-inflammatory chemokines and
cytokines.

Effects of bee venom and melittin on NF-xB
pathways in TNF-a/IFN-y-stimulated HaCaT
cells

TNF-a/IFN-y induces the production of chemokines and cyto-
kines in keratinocytes by activating NF-xB (Ju et al., 2009).
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The NF-«B signalling pathway contributes to the production
of CCL17 and CCL22 in TNF-a/IFN-y-stimulated HaCaT cells
(Qi ef al.,, 2012). Accordingly, we focused our analysis on
IKK, IxB and NF-kB in TNF-o/IFN-y-stimulated HaCaT cells,
as shown in Figure 7C, Supporting Information Figure S6C,
TNF-a/IFN-y treatment significantly increased the phosphor-
ylation of cytosolic IkB, and NF-xB and nuclear p-NF-xB. How-
ever, bee venom or melittin treatment decreased the
phosphorylation levels of IkB, and NF-«B in a dose-dependent
manner. To further evaluate the effects of bee venom and
melittin on NF-xB DNA-binding activity in HaCaT cells, nu-
clear extracts were analysed by EMSA (Figure 7D, Supporting
Information Figure S6D). TNF-0/IFN-y increased the NF-xB
DNA-binding activity in HaCaT cells. In contrast, this in-
creased binding activity was markedly reduced after
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treatment with bee venom and melittin. These results suggest
that the inhibition, by bee venom and melittin, of the pro-
duction of chemokines CCL17 and CCL22 induced by TNEF-
a/IFN-y, was mediated by the suppression of both NF-«kB and
STAT1 and STATS3 activation.

Discussion

AD is the most common allergic inflammatory skin disease
(Sugiura et al., 2003). Interactions of genetic, environmental
and immunological factors result in the initiation and prog-
ress of AD (Novak and Bieber, 2005). Although many possible
mechanisms of AD have been researched and proposed, its
aetiology remains unclear (Lee et al., 2010). In addition,
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despite the many studies on biological and pharmacological
activities of bee venom and melittin, the therapeutic effects
of these two substances against AD-related mechanisms re-
main unknown. We found that bee venom and melittin pos-
sessed potent anti-atopic activities, as shown by
improvements in the DNCB-induced AD-like skin lesions in
a mouse model. In vitro studies using TNF-o/IFN-y-stimulated
human keratinocytes revealed that bee venom and melittin

inhibited the increased expression of two chemokines,
CCL17 and CCL22, and pro-inflammatory cytokines, includ-
ing IL-18, IL-6 and IFN-y, through the blockade of the NF-«xB
and STAT signalling pathways. As a result, this study demon-
strated that bee venom and melittin have immunomodula-
tory activity, and such activity was associated with the
regulation of Th cell differentiation, thereby ameliorating
the inflammatory skin lesions caused by AD.
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The Th cells are important components of the regulation
of the immune response to intracellular and extracellular
pathogens, through activating macrophages and cytotoxic T
cells, releasing T-cell cytokines, and B-cell antibody class
switching (Hahn and Erb, 1999). Mature Th cells are also
known as CD4" T cells because they express the CD4 glyco-
protein on their surface (Finlayson, 2012). These CD4" T cells
play a key rolein eliciting and maintaining AD inflammation.
The differentiation of CD4" T cells leads to the generation of
Th1 cells that secrete IFN-y, Th2 cells that secrete 1L-4, IL-5
and IL-13, or Th17 cells that secrete IL-17 and IL-22. There-
fore, modulating T cell-elicited immune responses is a prom-
ising therapeutic approach for AD (Biedermann et al., 2015).
In this study, we observed that DNCB induced the expression
of IFN-y and IL-4 via the activation of CD4" T cells. However,
bee venom and melittin significantly suppressed both IFN-y
and IL-4 production by CD4" T cells.

Numerous studies have suggested that the cytokine TSLP
acts as a master switch that triggers both the initiation and
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maintenance of AD (Ziegleretal., 2013). Apart from this, TSLP
can act directly on naive CD4" T cells to promote cell prolifer-
ation and Th2 differentiation (Yao et al., 2013). TSLP is
expressed in the epidermis after mechanical stimulation and
plays a principal role in the activation of Th2 cytokine-
secreting invariant natural killer cells and serum IgE, which
are increased in AD skin (Wu et al., 2010). IgE production is
associated with a predominant Th2 cellular response. Our
study showed that TSLP and IgE were increased in DNCB-
induced AD-like mice, and bee venom and melittin decreased
TSLP and IgE production. The inhibitory effects of bee venom
and melittin on the expression of TSLP were confirmed by im-
munohistochemical staining. In addition, several types of
immune cells are activated by TSLP, including NK cells, den-
dritic cells, T cells, B cells, basophils, eosinophils and mast
cells, which promote allergic inflammation (Ziegler et al.,
2013). In allergic inflammation, IgE is synthesized by B cells
and induces the activation of mast cells, leading to the secre-
tion of Th2 cytokines and histamine (Kim et al., 2012). In this
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study, we could observe the infiltration and degranulation
of mast cells in DNCB-induced AD-like skin lesions. The
topical application of bee venom and melittin to mice di-
minished DNCB-induced mast cell infiltration and
degranulation.

As Th1 and Th2 cell differentiation and their functions as
well as keratinocyte activation are critical to AD develop-
ment, an ideal therapeutic approach to AD may be treatment
with inhibitors that modulate T cell and keratinocyte activa-
tion and thus ameliorate AD symptoms. Keratinocytes play
a critical role in atopic skin inflammation (Giustizieri et al.,
2001). Many studies have shown that the chemokines
CCL17 and CCL22 play critical roles in the migration of lym-
phocytes to the skin. Therefore, a decrease in the release of
these chemokines in keratinocytes may be an effective target
for the treatment of inflammatory skin diseases (Hatano et al.,
2013). In this study, bee venom and melittin suppressed TNF-
o/IFN-y-induced expression of CCL17, CCL22, IL-1p and IL-6

in HaCaT cells. The modulation of AD-associated chemokines
and cytokines may provide therapeutic efficacy.

In addition, NF-kB is a crucial factor in the immune-
inflammatory responses involved in various skin diseases, in-
cluding AD (Andrés et al., 2013). The activation of the NF-xB
pathway leads to the transcription of numerous genes, in-
cluding cytokines, chemokines and growth factors that are
involved in the initiation of the inflammatory response
(Perera et al., 2012). The molecular mechanisms of bee
venom and melittin on AD-related NF-xB and STAT path-
ways have not yet been fully delineated. Our findings show
that bee venom and melittin inhibited the TNF-o/IFN-y-
stimulated phosphorylation of NF-«B. In fact, the down-
regulation of this transcriptional factor may be the cause of
the decrease of the cytokines measured in skin samples, as
their transcription is dependent on NF-xB activation. The
role of JAK/STAT signalling in AD was further evaluated in
the present study.
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JAK/STAT signalling pathways are key transcriptional
mechanisms that are essential for a variety of cell functions,
and they are activated by several cytokines (Amano et al.,
2015). Cytokine-mediated activation of STAT proteins plays
an essential role in CD4" T cell differentiation and the regula-
tion of immune responses (O’Shea et al., 2011). For example,
STAT1 is induced by IFN-y, IL-6 and EGF, whereas STAT2 is in-
duced by IFN-0, STAT3 by EGF and IL-6, and STAT4 by IL-12
(Shietal., 2011). STAT3 is a major player in cutaneous inflam-
matory diseases, as well as in normal keratinocyte function.
The increased phosphorylation of STAT3 has been observed
in skin lesions where pro-inflammatory cytokines are in-
volved (Andrés et al., 2013). Both bee venom and melittin
prevented TNF-a/IFN-y-stimulated phosphorylation of JAK2
and the nuclear translocation of p-STAT1 and p-STAT3. NF-«
B and JAK/STAT signalling pathways are involved in the regu-
lation of CCL17 and CCL22 release in HaCaT cells. Thus, our
results suggest that suppressed activation of NF-xB and
JAK/STAT signalling pathways by bee venom and melittin
might decrease the production of chemokines and cytokines
in keratinocytes and thus mitigate AD.

In summary, this study demonstrated the ameliorating ef-
fects of bee venom and melittin on the DNCB-induced AD-
like skin lesions of Balb/c mice and TNF-o/IFN-y-stimulated
human keratinocyte HaCaT cells. Both bee venom and
melittin reduced inflammatory symptoms in AD-like skin le-
sions by suppressing the production of Th1/Th2-associated
and pro-inflammatory cytokines with a subsequent decrease
of CD4" T cells, mast cell infiltration and the release of serum
IgE. In addition, bee venom and melittin improved the ab-
normal epidermal differentiation by restoring filaggrin ex-
pression. Bee venom and melittin prevented the production
of chemokines, most likely through the inhibition of NF-«B,
STAT1 and STAT3 transcriptional activity in TNF-a/IFN-y-
stimulated keratinocytes. In conclusion, these results suggest
that bee venom and melittin would be suitable for
epicutaneous application, as topical administration is often
applicable for the treatment of AD.
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Figure S1 Effects of BV on DNCB-induced changes in (A) epi-
dermal hyperplasia and a heavy dermal cell infiltration and
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(B) epidermal thickness and dermal thickness (n = 5). Scale
bar = 100 um. *P < 0.05 vs. NC; “P < 0.05 vs. DNCB;
*P < 0.05 vs. Pla; NC: normal control; DNCB: DNCB-sensi-
tized and challenged; Pla: placebo; BV100: BV 100 pg;
BV200: BV 200 pg; BV500: BV 500 pg.

Figure S2 Effects of BV on DNCB-induced changes in mast
cell infiltration and degranulation. The representative mast
cells were indicated by arrows (A). (B) The number of mast
cells and degranulated mast cells were counted from all fields
per section (n = 5). Scale bar = 50 pm. The enlarged frames
scale bar = 20 pm. *P < 0.05 vs. NC; *P < 0.05 vs. DNCB;
*P < 0.05 vs. Pla; NC: normal control; DNCB: DNCB-sensi-
tized and challenged; Pla: placebo; BV100: BV 100 pg;
BV200: BV 200 pg; BV500: BV 500 pg.

Figure S3 Effects of BV on DNCB-induced changes in the se-
rum levels of IFN-y, IL-4, IgE, and TSLP, which were deter-
mined by ELISA kits (n = 5) (A). (B) Real-time PCR analyses
show that BV treatment inhibited the mRNA levels of IFN-y
and IL-4 (n = 5). *P < 0.05 vs. NC; "P < 0.05 vs. DNCB;
*P < 0.05 vs. Pla; NC: normal control; DNCB: DNCB-sensi-
tized and challenged; Pla: placebo; BV100: BV 100 pg;
BV200: BV 200 pg; BV500: BV 500 pg.

Figure S4 Effects of BV on TSLP expression, CD4" and CD3"
T cells in DNCB-sensitized mice. (A) Histological images and
(B) graphs indicating the relative percentage of TSLP expres-
sion and CD4" and CD 3* immunopositive cells of the dorsal
skin sections (n = 5). (C) Effects of BV on abnormal epidermal
differentiation. Immunofluorescence staining of sections of
skin with antibody specific for filaggrin shows the expression
of epidermal differentiation markers as labelled with FITC,
green. Cells were counterstained with Hoechst 33342 (blue).
Scale bar = 100 um. *P < 0.05 vs. NC; *P < 0.05 vs. DNCB;
*P < 0.05 vs. Pla; NC: normal control; DNCB: DNCB-sensi-
tized and challenged; Pla: placebo; BV100: BV 100 ng.
Figure S5 Cytotoxic effects of (A) BV on HaCaT cells. Cell vi-
ability was determined by CCK-8 assay (n = 5). Effects of BV
on the chemokine expressions of cytokines (B) and
chemokines (n = 5) (C) in HaCaT cells that were stimulated
by TNF-0/IFN-y. T + I: TNF-0/IFN-y-stimulated; *P < 0.05 vs.
no treatment. *P < 0.05 vs. TNF-o/IFN-y alone.

Figure S6 Effects of BV on activation of the (A) JAK2, STAT1,
and STAT3 signalling pathway in TNF-o/IFN-y-stimulated
HaCaT cells. (B) Immunofluorescence staining for p-STAT1
and p-STAT3 (labelled with Alexa Fluor 555, red), and F-actin
(labelled with Alexa Fluor 488, green). Cells were counter-
stained with Hoechst 33342 (blue). Effects of BV on
activation of the (C) NF-«B signalling pathway in TNF-
a/TFN-y-stimulated HaCaT cells. (D) NF-k<B DNA binding
activity in the nuclear extract was measured by EMSA.
Representative images from each group. Scale bar = 50 pm.
NC: normal control; T + I: TNF-o/IFN-y-stimulated; Mell:
TNF-a/IFN-y-stimulated +100 ng/mL BV.
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