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ABSTRACT

Keywords:

Bee venom Porphyromonas gingivalis (P. gingivalis) is one of the major periodontal pathogens leading to inflammation and

Periodontal diseases . . P . . .

Osteoclast . alveolar bone resorption. Bone resorption is induced by osteoclasts, which are multinucleated giant cells.
steoclastogenesis . . . . . .

Inﬂammatifn Osteoclastic bone resorption is mediated by enhanced receptor activator of nuclear factor-kappa B ligand

(RANKL) signaling. Therefore, the down-regulation of RANKL downstream signals is regarded as an effective
therapeutic target in the treatment of bone loss-associated disorders. The aim of this study was to evaluate
whether purified bee venom (BV) could attenuate P. gingivalis-induced inflammatory periodontitis and RANKL-
induced osteoclast differentiation. Inflammatory periodontitis induced by P. gingivalis increased alveolar bone
resorption and increased expression of TNF-a and IL-1f3, while BV treatment resulted in decreased bone loss and
pro-inflammatory cytokines. Similarly, RANKL-induced multinucleated osteoclast differentiation and osteoclast-
specific gene expression, such as nuclear factor of activated T cells 1 (NFATc1), cathepsin K, tartrate-resistant
acid phosphatase (TRAP), and integrin avf3 were significantly suppressed by treatment with BV. We show that
BV reduces P. gingivalis-induced inflammatory bone loss-related periodontitis in vivo and RANKL-induced os-
teoclast differentiation, activation, and function in vitro. These results suggest that BV exerts positive effects on
inflammatory periodontitis associated osteoclastogenesis.

1. Introduction

Periodontitis is a chronic disease of bacterial origin that destroys the
tissue supporting teeth, including resorption of periodontal ligaments
and alveolar bone. Periodontitis can cause not only tooth loss but also
systemic diseases, such as cardiovascular disease and rheumatoid ar-
thritis (Pizzo et al., 2010). Periodontitis is caused by the accumulation
of the anaerobic gram-negative, non-motile bacterium, Porphyromonas
gingivalis (P. gingivalis), which causes the destruction of periodontal
tissue in the subgingival biofilm (Haffajee and Socransky, 1994).

P. gingivalis is present at sites with periodontal disease and is one of
the most important pathogens associated with chronic periodontitis

(Bhattarai et al., 2017; Cutler et al., 1995). P. gingivalis expresses a
variety of virulence factors that contribute to survival in oral environ-
ments, such as lipopolysaccharides (LPS), fimbriae, hemagglutinins,
and gingipains (Holt et al., 1999). These virulence factors can induce
inflammatory responses to periodontal tissue and subsequent alveolar
bone resorption by stimulating host cells, such as gingival macrophages
and fibroblasts (Bhattarai et al., 2017; Holt et al., 1999). In addition,
periodontal infection is accompanied by an initial inflammatory re-
sponse that not only amplifies the host immune cells of the periodontal
tissue but also induces bone resorption associated with inflammatory
mediators, such as cytokines, chemokines and adhesion molecules
(Geissmann et al., 2010).

Abbreviations: ABC, alveolar bone crest; BV, bee venom; CCK, cell counting kit; CEJ, cemento-enamel junction; DC-STAMP, dendritic cell-specific transmembrane
protein; F-actin, filamentous actin; LPS, lipopolysaccharides; p-CT, micro-computed tomography; NFATc1, nuclear factor of activated T cells 1; P. gingivalis,
Porphyromonas gingvalis; RANKL, receptor activator of nuclear factor-kappa B; TRAP, tartrate-resistant acid phosphatase
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Bone resorption is induced by osteoclasts in patients with period-
ontitis (Cochran, 2008b). Osteoclasts are multinucleated giant cells
derived from monocytes/macrophage lineage cells. Receptor activator
of nuclear factor-kappa B ligand (RANKL) is a key regulator of osteo-
clast function and survival. It binds to RANK receptors on the surface of
osteoclast precursors and induces osteoclast differentiation by acti-
vating nuclear factor of activated T cells 1 (NFATcl), a transcription
factor essential for osteoclastogenesis (Boyce, 2013; Lacey et al., 1998;
Takayanagi et al., 2002). The activated NFATc1 regulates a variety of
genes essential for osteoclast differentiation and function, such as tar-
trate-resistant acid phosphatase (TRAP), cathepsin K, and dendritic cell-
specific transmembrane protein (DC-STAMP) (Li et al., 2006; Yagi et al.,
2005). Osteoclasts are known to secrete cathepsin K during bone re-
sorption, and cathepsin K is a lysosomal cysteine protease that acts as a
major enzyme in activating TRAP and degrading bone matrix proteins
(Fuller et al., 2008; Zenger et al., 2007). Some studies have shown that
osteoclasts are unable to resorb the bone mineral matrix in the state of
cathepsin K deficiency (An et al., 2016; Wilson et al., 2009). TRAP is a
phenotypic marker of osteoclast differentiation and exhibits bone re-
sorption activity in lysosomes that are highly expressed in osteoclasts
(Halleen et al., 1999). Matrix metalloproteinase (MMP)-9 secreted by
osteoclasts is a protease that causes bone resorption and destruction of
the collagen matrix. It is known that MMP-9 promotes osteoclast mi-
gration and is involved in the osteoclast bone resorption process
(Ishibashi et al., 2006). DC-STAMP plays an essential role in the fusion
of mononuclear osteoclasts (Zhang et al., 2014a).

Structural reconstruction of the actin ring composed mainly of fi-
lamentous actin (F-actin) is a characteristic cytoskeletal structure of
functional osteoclasts. Bone resorption occurs only when the sealing
zone is formed by an actin ring structure (An et al., 2016). The sealing
zone, which is composed of F-actin, plays an important role in osteo-
clast adhesion to the bone surface through the expression of integrin av
and B3 (Véddndnen and Horton, 1995). Integrin avf3, membrane gly-
coproteins of heterodimers composed of a and [} subunits, are cell
surface receptors that regulate cell-cell and cell-matrix interactions.
This integrin-modulated signaling plays an important role in regulating
a variety of cellular functions, including bone resorption (Nakamura
et al., 2007b).

When the binding of RANKL and RANK on osteoclast precursor cells
occurs, it induces the activation of tumor necrosis factor receptor-as-
sociated factor 6 (TRAF6) (Kobayashi et al., 2001), NF-xB, and mitogen-
activated protein kinases (MAPKs), such as extracellular signal-regu-
lated kinase 1/2 (ERK 1/2), p38, and c-Jun N-terminal kinase (JNK)
(Hotokezaka et al., 2002; Matsuo et al., 2004). In addition, in-
flammatory cytokines, such as interleukin (IL)-6, IL-1f, and tumor ne-
crosis factor (TNF)-a, are involved in the pathogenesis of periodontal
disease (Zhou et al., 2005).

The treatment of periodontitis often involves mechanical proce-
dures and antibiotic administration. However, this lacks strategies that
directly address the immune aspects of the disease (Cochran, 2008a).
Therefore, this study suggests that a therapeutic approach is needed to
target specific factors related to periodontal disease.

Purified bee venom (BV) is a natural toxin produced by honeybees
(Apis mellifera L.). BV is composed of several active peptides, including
melittin, apamin, adolapin, mast cell-degranulating peptides, and en-
zymes (Habermann, 1972; Hider, 1988). BV has been used in treating
inflammatory diseases such as rheumatoid arthritis, skin diseases, and
back pain (Kwon et al., 2001, 2002; Stieger et al., 1978). The anticancer
properties of BV have also been demonstrated in hepatocellular carci-
noma cells, lung cancer cells, prostate cancer cells, and breast cancer
cells (Ip et al., 2008; Orsolic, 2012; Park et al., 2011). However, there
has not yet been a robust attempt to validate the therapeutic effects of
BV in periodontitis. For this reason, this study evaluated the anti-in-
flammatory and anti-periodontitis effect of BV as an alternative to
periodontitis treatment.

The current study established osteoclastogenic differentiation by
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RANKL treatment in a mouse monocyte/macrophage cell line in vitro
and a periodontal animal model induced by the administration of P.
gingivalis in mice in vivo. The effects of BV on osteoclastogenic differ-
entiation and function by RANKL were investigated. Furthermore, the
bone resorption after BV administration was evaluated in P. gingivalis-
induced periodontal disease animal model.

2. Materials and methods
2.1. Bee venom collection

The colonies of natural honeybees (Apis mellifera L.) used in the
present study were maintained at the National Institute of Agricultural
Science and Technology (Suwon, Korea). BV was collected using the
collecting device (Chung Jin Biotech Co., Ltd., Ansan, Korea) in a sterile
manner under strict laboratory conditions. In brief, the BV collector was
placed in the hive, and the bees were given enough electric shock to
cause them to sting a glass plate from which dried BV was later scraped
off. The collected BV was purified by the methods of Han et al. (2016).
In brief, the collected BV was diluted in cold water and then centrifuged
at 10,000 g for 5minat 4 °C to discard residues from the supernatant.
BV was lyophilized by freeze dryer and refrigerated at 4 °C for later use.
The BV used in the experiment was confirmed with size exclusion gel
chromatography (AKTA Explorer; GE Healthcare, Pittsburgh, PA, USA)
by dissolving in 0.1 M ammonium formate adjusted to pH 4.5. A Se-
phadex TM75 column (Amersham Biosciences, Piscataway, NJ, USA)
with further purification by a Source 15RPC ST column (GE Healthcare,
Little Chalfont, UK) with 0.1% trifluoracetic acid in 20% acetonitrile as
the eluent was used to confirm the presence of melittin, the major ac-
tive ingredient of BV.

2.2. Bacteria

P. gingivalis strain KCTC 5352 was grown anaerobically at 37 °C in
tryptic soy broth (MB Cell, Los Angeles, CA, USA) supplemented with
5ugml~ ' hemin, 2.5 ug ml~* menadione, 5% sheep's blood, and 1.5%
agar. The concentration of bacteria was standardized with a spectro-
photometer to an optical density of 1 at 600 nm, which corresponds to
10° colony forming units (CFU) of live P. gingivalis per ml. Then,
10° CFUml ™! of bacteria were suspended in 20 ul of phosphate buf-
fered saline (PBS) with 2% carboxymethylcellulose (CMC, Sigma-
Aldrich, St. Louis, MO, USA). We used an inoculation concentration of
10° CFUml ™! based on our preliminary data showing alveolar bone
loss following the bacterial invasion of the periodontium.

2.3. Murine model of alveolar bone loss

Six-week old male Balb/C mice (n = 30) were purchased from
Samtako (Osan, Korea) and housed at 55% humidity and 22 + 2°Cina
12-h light-dark cycle and allowed food and water ad libitum for 7 days.
The mice were randomly divided into 5 groups; normal control (NC
group), P. gingivalis injection (P. g group), and P. gingivalis with 1, 10,
100 ug BV per kg of bodyweight (BV1, BV10, and BV100 group). The
mice were put under brief isoflurane anesthesia, and 10° CFU P. gingi-
valis in 20 pl of PBS with 2% CMC was applied to the gingival margin
between the first and second maxillary molar sections. The mice in the
NC group received 20 pul of PBS with 2% CMC. The experimental period
for establishing P. gingivalis-induced periodontal animal models was 7
weeks. P. gingivalis was given twice a week for 3 weeks, and then for 4
weeks BV and P. gingivalis were administered once a week on different
days each. The mice were sacrificed by CO, asphyxiation, and their
maxillary specimens were excised for micro-CT and histomorphometry.
Isolated mice maxillary tissues were fixed in 3.7% formaldehyde for one
day, decalcified in 10% EDTA for 2 weeks, and embedded in paraffin.
Animal care and all experimental procedures were approved and con-
ducted in accordance with the guidelines of the Institutional Animal
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Care and Use Committee of the Catholic University of Daegu (Approval
number: DCIAFCR-170105-12-Y).

2.4. Cell culture and osteoclast differentiation

Mouse monocyte/macrophage RAW 264.7 cells were purchased
from American Type Culture Collection (Manassas, VA, USA). RAW
264.7 cells were grown in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics.
All cells were cultured in a humidified atmosphere containing 5% CO,
at 37 °C. To induce osteoclastogenesis, RAW 264.7 cells were seeded at
5 x 10* cells ml~! and cultured in DMEM for 24 h. The cells were then
treated with DMEM medium containing 100 ngml~' soluble RANKL
(PeproTech, Rocky Hill, NJ, USA) in the presence or absence of dif-
ferent concentrations of BV (1, 10, and 100 ng ml™Y) for 5 days. The
growth medium containing RANKL and BV was replaced on day 3.

2.5. Cell viability assay

The cell viability of RAW 264.7 was determined using the cell
counting kit (CCK)-8 assay (Dojindo, Kumamoto, Japan). The cells were
seeded in a 96-well plate at 5 x 107 cells per well and pre-incubated for
24 h. After pre-incubation, the cells were treated with various con-
centrations of BV for 5 d. After treatment, 10 pl 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 cells
were incubated for an additional 4 hat 37 °C. The cell viability values
were measured by absorbance at 450 nm using a microplate reader.

2.6. Western blot analysis

Protein samples were extracted from the cultured RAW 264.7 cells
with a lysis buffer (Cell Lytic™ M; Sigma-Aldrich). After incubation for
30 min on ice, the total extract was centrifuged at 12,000 rpm at 4 °C
for 10 min and the supernatant was collected. The protein concentra-
tion of the samples was measured using a Bradford assay (Bio-Rad
Laboratories, Hercules, CA, USA) at 595 nm, by using a spectro-
photometer. Protein samples were separated using precast gradient
polyacrylamide gels (Bolt™ 4-12% Bis-Tris Plus Gels; Thermo Fisher
Scientific, Waltham, MA, USA), transferred to nitrocellulose membrane
(GE Healthcare, Chicago, IL, USA). The membrane was blocked in 5%
bovine serum albumin. Membranes were probed with primary anti-
bodies and horseradish peroxidase-conjugated secondary antibody.
Signal intensity was measured with an image analyzer (ChemiDoc™
XRS +; Bio-Rad Laboratories) and quantified using Image Lab software
(Bio-Rad Laboratories). The protein expression values were normalized
to B-actin (Sigma-Aldrich) expression values. The primary antibodies
used were as follows: anti-NFATcl (BD Pharmingen, San Diego, CA,
USA), anti-integrin-av, anti-integrin-33, anti-ERK, anti-phospho-ERK,
anti-JNK, anti-phospho-JNK, anti-p38, anti-phospho-p38 (Cell
Signaling Technology, Danvers, MA, USA), anti-IL-8, anti-IL-1f, ca-
thepsin K (Santa Cruz Biotechnology, Dallas, TX, USA), anti-TNF-a
(Abcam, Cambridge, Cambridgeshire, UK), and anti-B-actin (Sigma-
Aldrich).

2.7. Tartrate-resistant acid phosphatase (TRAP) staining

The osteoclast activity was detected by osteoclast marker protein
TRAP staining using Leukocyte Acid Phosphatase Assay kit (Sigma-
Aldrich). For osteoclast differentiation, the RAW 264.7 cells were
seeded in 6-well plates at a density of 3 x 10 cells ml™ 1. They were
then cultured in the presence of RANKL and different concentrations of
BV (1, 10 and 100 ng ml™!) for 5 days. The culture medium was re-
placed on day 3. After the completion of differentiation, the cells were
fixed and stained according to the manufacturer's instructions. Briefly,
cells were washed with PBS and fixed with 3.7% formaldehyde for
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10 min. After washing with PBS, cells were incubated with 0.1% (v/v)
Triton X-100 for 1 min. Cells were washed, and then incubated for 1 h at
37 °C in the dark with a mixture of solutions of Fast Garnet GBC, sodium
nitrite, naphthol AS-BI phosphoric acid, acetate, and tartrate from the
Leukocyte Acid Phosphatase Assay kit. The cells were washed with
distilled water, and TRAP-positive multinucleated cells containing three
or more nuclei were counted.

Tissues embedded in paraffin were cut into 4 pm thick sections. For
histological examination, the sections were stained with TRAP ac-
cording to the manufacturer's instructions. All slides were examined
under a Pannoramic MIDI slide scanner (3DHISTECH, Budapest,
Hungary).

2.8. Immunofluorescence analysis

RAW 264.7 cells were stimulated with RANKL (100 ng ml™Y) for 5
days to induce osteoclast differentiation in the presence or absence of
BV (1, 10, and 100ngml~1!). To detect acidic lysosomes, cells were
incubated for 30 min with 40 nM acidotropic probe LysoTracker Deep
Red (Life Technologies, Carlsbad, CA, USA). Cells were fixed with 3.7%
formaldehyde for 15 min and permeabilized with 0.1% Triton X-100 for
5 min. Following permeabilization, the cells were incubated for 20 min
with Alexa Fluor 488 phalloidin (Thermo Fisher Scientific) for double
staining of the F-actin rings. The nuclei were stained with Hoechst
33342 solution for 20 min. The slides were mounted using a fluores-
cence mounting medium (Dako, Santa Clara, CA, USA). Fluorescent
images were obtained with a confocal microscope system Al (Nikon,
Tokyo, Japan).

2.9. Micro-computed tomography (u-CT) analysis

Micro-CT imaging of mice maxillae was performed using Quantum
FX micro-CT (PerkinElmer, Massachusetts, USA). The X-ray source was
set at 90 kVp and 180 pA with a field of view of 5mm. After rotating
and adjusting the image using RadiAnt DICOM software, the distance
from the cemento-enamel junction (CEJ) to the alveolar bone crest
(ABC) was measured to assess bone resorption.

2.10. Histologic analysis

The maxillary specimens were fixed in 10% neutral buffered for-
malin for at least 24 h at room temperature and were subjected to 2
weeks decalcification in 10% EDTA. The maxillary specimens were
dissected, dehydrated, and embedded in paraffin. Thereafter, thin sec-
tions (4 pm) were mounted on glass slides and stained with hematoxylin
and eosin (H&E). All slides were examined under a Pannoramic’ MIDI
slide scanner (3DHISTECH).

2.11. Immunohistochemical analysis

The paraffin-embedded tissue sections on slides were depar-
affinized. The sections were then incubated with a primary antibody for
1 h at 37 °C. The primary antibodies were anti-TNF-a (Abcam) and anti-
IL-13 (Santa Cruz Biotechnology). The signal was visualized using an
Envision System (DAKO) for 30 minat 37 °C; 3,3’-diaminobenzidine
tetrahydrochloride was used as the coloring reagent, and hematoxylin
was used as the counter-stain. The slides were examined with a
Pannoramic’ MIDI slide scanner, and the integrated optical density was
analyzed with i-Solution DT software.

2.12. Statistical analysis

All data are presented as means * standard deviation (SD).
Statistical significance was tested by one-way analysis of variance with
a Tukey's multiple comparison test. Differences with p < 0.05 were
considered significant.
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Fig. 1. Effect of BV on alveolar bone loss and histological damage induced by P. gingivalis.

3. Results
3.1. BV attenuates P. gingivalis-induced bone resorption

Alveolar bone resorption was analyzed by forming a 3-dimensional
(3D) structure using a highly sensitive and accurate micro-CT scanner
to investigate and evaluate bone loss in animal model. The 3D re-
construction of the maxilla represents the palatal surface of the alveolar
bone and the length of bone loss from the CEJ to the ABC parameters
represents the difference between groups by marking three spots.
Micro-CT analysis demonstrated that the alveolar bone process distance
was greater in the P. gingivalis group relative to NC group (Fig. 1A),
indicating that P. gingivalis led to higher bone loss. The administration
of high dose of BV significantly decreased the distance of alveolar bone
process. H&E staining analysis demonstrated that P. gingivalis induced
the occurrence of osteolytic lesions in the periodontal tissue, whereas
osteolytic lesions were alleviated with BV treatment (Fig. 1B). These
results show that P. gingivalis has the ability to cause periodontal tissue
disruption and that BV is a potent mediator to prevent P. gingivalis-
mediated periodontal disease progression.

(A) A representative micro-CT image of the maxilla of each group.
The distance between the cemento-enamel junction (CEJ) and the al-
veolar bone crest (ABC) was measured. Data are expressed mean *+ SD.
One-way ANOVA was used to determine statistical significance.
*p < 0.05 compared to the NC group; 'p < 0.05 compared to the P. g
group. (B) Maxilla sections were stained using hematoxylin and eosin
(H&E). Histological examinations were performed at

400 x magnification. NC: normal control; P. g: P. gingivalis; BV: 1, 10,
and 100 pg kg ~! BV with P. gingivalis.

3.2. BV attenuates osteoclast formation and induction of pro-inflammatory
cytokines in the inflamed region of mice with periodontitis

Osteoclasts are the only cells with bone resorption process in vivo.
This study evaluated the formation of osteoclasts in gingival tissue. The
formation of TRAP-positive multinucleated osteoclast cells increased in
the P. gingivalis-infected group. On the other hand, treatment with BV
reduced the formation of TRAP-positive multinucleated osteoclasts
(Fig. 2A).

To determine the effect of BV on the expression of pro-inflammatory
cytokines that influence bone resorptio, such as TNF-a and IL-1f, the
gingival tissue sections were stained with TNF-a and IL-1f antibodies.
The expression of TNF-a and IL-13 was increased in P. gingivalis-in-
fected mice, while their expression was decreased by BV (Fig. 2B).
These data suggest that BV can inhibit P. gingivalis-induced bone loss
and the expression of pro-inflammatory cytokines in vivo.

(A) Tartrate-resistant acid phosphatase (TRAP) staining was per-
formed to measure cells such as multinucleated osteoclasts on the al-
veolar bone surface. (B) Representative immunohistochemical analysis
using TNF-a and IL-1B antibodies shows that BV decreased the ex-
pression of pro-inflammatory cytokines (in brown color) in periodontal
tissues. Histological examinations were performed at 400 X magnifi-
cation. Results are expressed as means + SD. *p < 0.05 compared to
the NC group; p < 0.05 compared to the P. g group. NC: normal
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Fig. 2. Effect of BV on multinucleated osteoclast formation and pro-inflammatory cytokines by P. gingivalis in periodontal tissues.

control; P. g: P. gingivalis; BV: 100 ugkg ! BV with P. gingivalis.

3.3. BV shows no cytotoxic effect in RAW 264.7 cells

We first determined the toxicity of BV in RAW 264.7 cells. The
treatment of RAW 264.7 cells with 1, 5, 10, 50, and 100 ng ml~?! of BV
for 5 days did not affect cell viability (Fig. 3A). Therefore, the following
experiments were performed using BV concentrations of 1, 10, and
100ngml 1.

(A) Cellular toxicity of BV was assessed using the CCK-8 method.
The optical density was measured at 450 nm. (B) Whole cell lysates
were subjected to SDS-PAGE and Western blotting with specific anti-
bodies against NFATc1, integrin av, integrin 33, cathepsin K, TNF-a, IL-
1B and IL-8. (C-E) The graph represents the bands normalized to f-
actin. All gels were run under identical experimental conditions. The
results are expressed as means * SD of three independent experiments.
One-way ANOVA was used to determine statistical significance.
*p < 0.05 compared to the NC group; p < 0.05 compared to the
RANKL group. NC: normal control; RANKL: 100 ng ml~* RANKL only;
BV: 1, 5, 10, 50, and 100 ng ml~! BV with RANKL.

3.4. BV inhibits RANKL-induced osteoclast-specific gene expression

Next, we examined in more detail the effect of BV on osteoclast-
associated gene expression induced by RANKL in RAW 264.7 cells.
RANKL-induced osteoclastogenesis is related to changes in the expres-
sion of osteoclast-specific genes. RANKL-stimulated expression of
NFATc]1, integrin av, integrin B3, and cathepsin K genes was up-regu-
lated in RAW 264.7 cells compared to the expression in normal control.
We confirmed the inhibitory activity of BV (100ngml~') on the
RANKL-induced expression of these genes (Fig. 3B-F). It was found that
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BV is able to negatively modulate the expression of genes involved in
RANKL-induced osteoclastogenesis.

3.5. BV inhibits RANKL-induced pro-inflammatory cytokines

Pro-inflammatory cytokines such as TNF-a and IL-1 stimulate os-
teoclast differentiation and activation, resulting in bone resorption
(Boyce, 2013; Taguchi et al., 2015). To further evaluate the mechanism
underlying BV involvement in the regulation of cytokine secretion
during osteoclastogenesis, the current study analyzed the expression of
TNF-a and IL-1P in RAW 264.7 cells following RANKL stimulation. As
shown in Fig. 3B, the level of TNF-a and IL-1f in the RAW 264.7 cells
increased in response to RANKL relative to normal control. However,
treatment with BV effectively decreased TNF-a and IL-1{ levels in the
monocyte/macrophage cell line.

3.6. BV inhibits RANKL-induced osteoclastogenic differentiation

The mouse monocyte/macrophage cell line RAW 264.7 has been
shown to differentiate into osteoclasts upon exposure to RANKL (Boyce,
2013). The effect of BV on RANKL-induced osteoclast differentiation of
RAW 264.7 cells was evaluated using TRAP staining, as TRAP is a well-
known histochemical marker enzyme. Cells were incubated with BV in
the presence of RANKL (100 ng ml1~ 1) for 5 days. In the absence of BV,
RAW 264.7 cells differentiated into TRAP-positive multinucleated os-
teoclasts, while BV (1, 10, and 100 ng ml™ 1) reduced the formation and
number of TRAP-positive multinucleated osteoclasts in a dose-depen-
dent manner (Fig. 4).

RAW 264.7 cells were cultured with an indicated concentration of
BV in the presence of RANKL for 5 days. BV suppresses RANKL-induced
osteoclast differentiation in a dose-dependent manner. The number of
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Fig. 3. Effect of BV on the expression of RANKL-induced osteoclastogenic markers and pro-inflammatory cytokines.

TRAP-positive cells containing more than three nuclei was counted at
200 x magnification, and the results expressed as the number of cells
field of vision. Data are represented as means + SEM of three in-
dependent experiments. One-way ANOVA was used to determine sta-
tistical significance. *p < 0.05 compared to the NC group; p < 0.05
compared to the RANKL group. NC: normal control; RANKL:

100ng ml~! RANKL only; BV: 1, 10, and 100 ng ml ! BV with RANKL.

3.7. BV attenuates F-actin ring formation and osteoclast resorptive activity

Actin ring formation following the rearrangement of the cytoske-
leton is a characteristic of highly activated osteoclasts (Boyle et al.,
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Fig. 4. Effect of BV on RANKL-induced osteoclastogenesis in RAW 264.7 cells.
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BV1

BV10
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Fig. 5. Effect of BV on RANKL-induced actin ring formation and osteoclast resorptive activity in RAW 264.7 cells.

2003), and cathepsin K in osteoclasts is a lysosomal cysteine protease
that plays an essential role in bone resorption (Turk et al., 2012). The
effect of BV on the actin ring formation and osteoclast resorptive ac-
tivity in RANKL-stimulated RAW 264.7 cells was investigated. The
greenish staining of phalloidin resulted in notable increase in the for-
mation of actin rings in RANKL-treated cells relative to normal controls.
Similarly, the reddish staining of LysoTracker showed that the cathe-
psin K expression of lysosomal cysteine protease was markedly in-
creased in RANKL-treated cells compared with normal control (Fig. 5).
In contrast, the size and number of actin rings decreased in BV-treated
cells compared with RANKL only cells. The expression of lysosomal
cysteine protease also decreased with BV treatment in a dose-dependent
manner. These findings suggest that BV inhibits osteoclastogenesis in-
volved in bone loss by decreasing the formation of actin rings involved
in bone resorption and of cathepsin K involved in bone matrix de-
gradation.

RAW 264.7 cells were cultured with an indicated concentration of
BV in the presence of 100 ng ml ™! RANKL for 5 days. For the staining of
the actin ring and lysosomes, green Alexa Fluor 488-phalloidin and red
fluorescent LysoTracker were used in differentiated cells, respectively.
The nuclei were labeled with Hoechst 33342 (blue). Images are re-
presentative of at least three to five experiments. NC: normal control;
RANKL: 100 ng ml~! RANKL only; BV: 1, 10, and 100 ng ml~! BV with
RANKL.

3.8. BV suppresses RANKL-induced MAPKs signaling pathways

RANKL activates TRAF6 via RANK (Kobayashi et al., 2001) and
subsequently triggers the activation of a series of MAPKs including Akt,
ERK 1/2, p38, and JNK, that play an important role in early osteoclast
differentiation (Matsumoto et al., 2000). To obtain greater insight into
the molecular mechanisms by which BV inhibits osteoclastogenesis, the
phosphorylation of Akt, ERK 1/2, p38, and JNK in RANKL-stimulated
RAW 264.7 cells was examined using Western blotting. As shown in
Fig. 6, RANKL treatment increased the phosphorylation of Akt, ERK 1/
2, p38, and JNK. However, BV treatment (particularly the 100 ng ml~*
dose) decreased the phosphorylation levels of Akt, ERK 1/2, p38, and
JNK (Fig. 6).

RAW 264.7 cells were pre-treated with the indicated concentrations
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Fig. 6. Effect of BV on RANKL-induced MAPK signaling activity in RAW
264.7 cells.

of BV (1, 10, and 100ngml™ ") for 2h, and then stimulated with
100 ng ml~ ! RANKL for 10 min. Total protein extracts were analyzed by
Western blotting using antibodies against phospho-Akt, total-Akt
phospho-ERK, total-ERK, phospho-JNK, total-JNK, phospho-p38, and
total-p38. NC: normal control; RANKL: 100 ng ml ™~ ! RANKL only; BV: 1,
10, and 100 ng ml ™! BV with RANKL.

4. Discussion

BV is a natural toxin produced by honey bees and plays a major role
in the defense of bee habitats (An et al., 2015; Orsolic, 2012; Son et al.,
2007). As a traditional alternative medicine approach, BV has been
used for centuries as an analgesic to reduce pain and as an anti-in-
flammatory agent for several inflammatory diseases (Billingham et al.,
1973; Kim et al., 2015; Lee et al., 2015). Interestingly, BV has been
reported to enhance the inflammatory response at relatively high con-
centrations (=2.5ugml™ 1) (Dombrowski et al., 2012), while exhibiting
anti-inflammatory  effects at relatively low concentrations
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(=100ng ml™Y) (Kim et al., 2015; Lee et al., 2011). These results show
that the anti-inflammatory effect of BV occurs at relatively low con-
centrations. Therefore, relatively low concentrations of BV were used in
this study. In a previous study, Kim et al. reported that BV inhibits pro-
inflammatory cytokines in P. gingivalis LPS-induced keratinocytes (Kim
et al., 2016b). However, the mechanism of BV in attenuating bone loss
and osteoclastogenesis of periodontal disease has not been clarified.

P. gingivalis is one causative bacteria of periodontal disease (Cutler
et al., 1995). It is commonly found in periodontal pockets of patients
with chronic periodontitis (Bougas et al., 2013) and causes an in-
flammatory reaction that invades the gingival tissue and leads to al-
veolar bone destruction (Garlet, 2010; Liu et al., 2010a). The P. gingi-
valis infection model has been widely used to study immune-mediated
gingival bone resorption (Han et al., 2013). Several studies have re-
ported that clinically infected periodontal tissues are associated with an
increase in the number of P. gingivalis bacteria and increased RANKL
levels (Sakellari et al., 2008; Wara-aswapati et al., 2007). Therefore, we
demonstrated the effect of BV on alveolar bone loss using P. gingivalis-
induced periodontitis mouse model and the effect of BV on RANKL-
induced osteoclastogenesis in vitro.

In this study, micro-CT analysis showed that alveolar bone loss was
higher in the periodontitis mouse model and that it decreased in the
mice treated with BV. Similar to other animal studies (Li and Amar,
2007; Zhang et al., 2014b), the histologic analysis showed the expres-
sion of pro-inflammatory cytokines, increased osteoclast formation, and
bone loss by P. gingivalis infection. On the other hand, osteoclast for-
mation and alveolar bone loss caused by P. gingivalis were inhibited
after BV-treatment. In addition, several studies have reported that in-
flammatory mediators of the host infected with P. gingivalis are asso-
ciated with gingival tissue destruction and alveolar bone loss, while
anti-inflammatory mediators inhibit and attenuate disease progression
(Garlet, 2010; Han et al., 2013; Liu et al., 2010b). These studies suggest
that pro-inflammatory cytokines may play an important role in the P.
gingivalis-induced alveolar bone loss. In this study, the up-regulation of
pro-inflammatory cytokines such as TNF-a and IL-1f3, which contribute
to alveolar bone loss was shown to be down-regulated after BV treat-
ment. Therefore, these results suggest that BV has a beneficial effect on
alveolar bone loss in vivo.

RANKL, a key regulator of mature osteoclast function and survival,
induces osteoclast differentiation by binding to the receptor RANK on
the surface of osteoclast precursors (Lacey et al., 1998; Takayanagi
et al., 2002). The role of osteoclasts in periodontal disease is known to
cause alveolar bone destruction (Cochran, 2008a; Hajishengallis,
2014). Therefore, RANKL was used to induce osteoclastogenic differ-
entiation in this study. Furthermore, RANK-RANKL binding induces the
activation of MAPKs (ERK 1/2, p38, and JNK), leading to osteoclast-
specific gene expression such as integrin av, integrin 33, and cathepsin
K (Kong et al., 2015). Downstream of RANKL signaling, MAPKs have
been implicated as major regulators of various cellular responses, in-
cluding cell proliferation, differentiation and apoptosis (Kim et al.,
2013; Sui et al., 2014). MAPKs also play a pivotal role in the devel-
opment of osteoclasts and have been considered potential molecular
targets in inflammatory bone diseases, such as periodontal disease
(Thummuri et al., 2015). In the current study, pre-treatment with BV
was observed to reduce the phosphorylation of Akt, ERK1/2, p38, and
JNK by RANKL. Based on these results, it is suggested that BV treatment
could target the Akt, ERK 1/2, p38, and JNK cascades. Furthermore,
several studies have shown that NFATc1 is an important transcription
factor for RANKL-mediated osteoclast differentiation, fusion, and acti-
vation (Choi et al., 2010; Zhao et al., 2010). NFATc1, which acts as a
downstream effector of RANKL, is known to regulate gene expression
involved in osteoclast differentiation and function, such as TRAP, ca-
thepsin K, integrin av, and integrin 3 (Kim et al., 2014, 2016a). We
adopted RANKL-induced osteoclastogenic differentiation platform from
RAW 264.7 cells to analyze molecular mechanisms. BV affects not only
the expression of NFATcl but also downstream gene expression. The
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expression of pro-inflammatory cytokines was also inhibited by BV in
vitro. These results suggest that BV could inhibit osteoclastogenesis.

It is important that the sealing zone of the periodontal tissue forms
before mature osteoclasts are attached to the extracellular bone matrix
for the purpose of bone destruction (Cremasco et al., 2012). The sealing
zone, which is composed mainly of F-actin, plays an important role in
the adhesion of osteoclasts to the bone surface through the expression
of integrin av and 33 (Cremasco et al., 2012; Nakamura et al., 2007a).
The bone resorption function of osteoclasts is regulated by the lyso-
somal cysteine protease cathepsin K (Turk et al., 2012). Several studies
have reported that the inhibition of integrin av, 33, and F-actin ring
formation results in the inhibition of osteoclast function (Baek et al.,
2015; Mau et al., 2016). We investigated the effects of expressions of
integrin av and 3, the formation of the F-actin ring, and bone re-
sorption to determine the role of BV in RANKL-induced osteoclasto-
genesis. As expected, BV inhibited integrin av and integrin 33, F-actin
ring formation, and lysosomal cysteine protease in a dose-dependent
manner. Therefore, BV was effective in inhibiting the formation of os-
teoclasts and the activity of cathepsin K. This study also investigated
osteoclastogenesis through TRAP staining in RAW 264.7 cells. TRAP
staining showed that RANKL-induced osteoclastogenesis decreased
after BV treatment in a dose-dependent manner. Therefore, BV has been
shown to be effective in inhibiting osteoclastogenic differentiation and
bone resorption capability. These results suggest that BV could prevent
diseases associated with bone loss, such as periodontal disease.

5. Conclusions

BV attenuates alveolar bone loss in model of periodontal disease
induced by P. gingivalis in vivo and inhibits osteoclastogenic differ-
entiation induced by RANKL in vitro. P. gingivalis invades the period-
ontal tissue and causes an increase in osteoclast formation. The in-
creased osteoclast formation by P. gingivalis has been shown to be
inhibited by BV treatment. In addition, the expression of increased pro-
inflammatory cytokines by P. gingivalis infection in periodontal tissue
has been shown to be reduced through BV treatment. These results
suggest that BV might have a protective effect against periodontal
disease. Based on the results of the periodontal disease model, we de-
termined the effect of BV on osteoclastogenic differentiation induced by
RANKL in vitro. The expression of MAPKs and NFATcl activated by
RANK-RANKL binding affects a variety of cellular responses, including
cell proliferation and differentiation. Furthermore, MAPKs and NFATc1
increased the expression of various osteoclast-specific genes, such as
cathepsin K, integrin av, and integrin (3. However, the activation of
MAPKs and NFATc1 were inhibited by BV treatment. This study showed
that the expression of various osteoclast-specific genes was significantly
decreased through the inhibition of NFATc1 and MAPK signaling. The
results show that BV can attenuate alveolar bone destruction by direct
inhibition of RANKL-stimulated osteoclast differentiation, activation,
and function. Therefore, this study suggests the potential for BV to
prevent osteoclast-related diseases such as periodontal disease.
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