Biochemical and Biophysical Research Communications 430 (2013) 951-956

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

Sanguinarine inhibits osteoclast formation and bone resorption via suppressing
RANKL-induced activation of NF-kB and ERK signaling pathways

Haowei Li*!, Zanjing Zhai !, Guangwang Liu®®, Tingting Tang?, Zhen Lin “¢, Minghao Zheng?¢,

An Qin *%*, Kerong Dai **

2Shanghai Key Laboratory of Orthopaedic Implants, Department of Orthopaedics, Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, PR China
b Department of Orthopaedic Surgery, The Central Hospital of Xuzhou, Affiliated Hospital of Medical Collage of Southeast University, PR China

¢ Division of Orthopaedic, Department of Surgery, Guangdong Academy of Medical Sciences, Guangdong General Hospital, Guangdong, PR China

d Centre for Orthopaedic Research, School of Surgery, The University of Western Australia, Perth, Australia

ARTICLE INFO ABSTRACT

Article history:
Received 15 November 2012
Available online 19 December 2012

Sanguinarine is a natural plant extract that has been supplemented in a number of gingival health prod-
ucts to suppress the growth of dental plaque. However, whether sanguinarine has any effect on teeth and
alveolar bone health is still unclear. In this study, we demonstrated for the first time that sanguinarine
could suppress osteoclastic bone resorption and osteoclast formation in a dose-dependent manner. San-

KeyW"'rdS" ) guinarine diminished the expression of osteoclast marker genes, including TRAP, cathepsin K, calcitonin
Sanguinarine receptor, DC-STAMP, V-ATPase d2, NFATc1 and c-fos. Further investigation revealed that sanguinarine
g;;eeoiiztrption attenuated RANKL-mediated IxkBo phosphorylation and degradation, leading to the impairment of
NF-kB NF-kB signaling pathway during osteoclast differentiation. In addition, sanguinarine also affected the
ERK ERK signaling pathway by inhibiting RANKL-induced ERK phosphorylation. Collectively, this study

suggested that sanguinarine has protective effects on teeth and alveolar bone health.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Multi-nucleated osteoclast that arises from the hematopoietic
stem cell monocyte/macrophage lineage is the principal contribu-
tor to teeth eruption and root bone resorption [1]. Excessive osteo-
clast formation and bone resorption are closely related with
diseases such as osteoporosis, periodontitis and tooth loss [2,3].
Current molecular findings have demonstrated that the receptor
activator of nuclear factor-xB ligand (RANKL) plays a key role in
osteoclast differentiation and activation [4-6]. The binding of
RANKL to its receptor RANK leads to a cascade of intracellular
events including: (1) recruitment of TRAFs; (2) activation of the
transcription factor nuclear factor-xB (NF-kB); and (3) activation
of the mitogen-activated protein kinases (MAPKs) pathways
including extracellular signal-regulated kinase 1/2 (ERK1/2), p38
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and c-Jun N-terminal kinase (JNK) [5,6]. Targeted blockage of these
signaling pathways might suppress osteoclast formation/function,
and thus have therapeutic value in treating osteoclast-related
diseases.

Sanguinarine is the active ingredient derived from the roots of
Sanguinaria Canadensis [7]. It is a FDA approved compound that
has been commonly used as a supplement for several gingival
health products to suppress the growth of dental plaque [8].
Several studies have demonstrated sanguinarine exhibited
anti-inflammatory, anti-tumor, anti-microbial, and anti-oxidant
properties [9-12]. Although it has been widely used, the effect of
sanguinarine on bone biology, such as the alveolar bone, is still
unclear. Therefore, this study aims to investigate whether the
supplement sanguinarine in gingival health products has any effect
on bone cells.

2. Materials and methods
2.1. Media and reagents

RAW264.7 cells were obtained from the American Type Culture
Collection (Rockville, MD). Alpha modification of eagles medium
(ax-MEM) and fetal bovine serum (FBS) were purchased from
Gibco-BRL (Sydney, Australia). Sanguinarine was purchased from
Herbest (Baoji, Shannxi China) and was dissolved in Dimethyl
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sulfoxide (DMSO). The Prime Script RT reagent Kit and SYBR®
Premix Ex Taq™ II was obtained from TaKaRa Biotechnology
(Otsu, Shiga, Japan). The luciferase assay system was obtained
from Promega (Sydney, Australia). Soluble human recombinant
macrophage-colony stimulating factor (M-CSF) and bacteria-
derived recombinant mouse RANKL were supplied by R&D (R&D
Systems, Minneapolis, MN). Specific antibodies against B-actin,
phospho-ERK1/2, ERK1/2, phospho-IkBa and IkBa were purchased
from Cell Signaling (Danvers, MA). The Diagnostic Acid
Phosphatase kit for tartrate-resistant acid phosphatase (TRAP)
staining solution were obtained from Sigma Chemical, the reagent
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), Tris, glycine, NaCl, SDS, and other regents were obtained
from Sigma (St. Louis, MO, USA).

2.2. Cell culture

Primary mouse bone marrow monocyte/macrophage (BMM)
cells were isolated from the long bones of 5-week-old C57BL/6
mice and cultured in complete o-MEM medium (o-MEM contain-
ing 10% heat inactivated FBS, 2 mM r-glutamine, 100 U/ml penicil-
lin/streptomycin and 30 ng/ml M-CSF). RAW264.7 cells were
cultured in o-MEM containing 10% FBS, 2 mM L-glutamine,
100 U/ml penicillin/streptomycin. The cell cultures were main-
tained at 37 °C in a humid environment with 5% CO,.

2.3. Bone resorption assay

BMM cells (2.4 x 10* cells/cm?) were seeded onto bovine bone
slices with complete «-MEM medium. The BMM cells were stimu-
lated with RANKL (100 ng/ml), M-CSF (30 ng/ml) and sanguinarine
(0, 2.5 or 5 uM) until the formation of osteoclast-like (OCL) cells.
Then, the OCL cells were removed from bone slices by mechanical
agitation and sonication. The resorption pits were visualized under
a scanning electron microscope (SEM, FEI Quanta 250). The per-
centage of resorbed bone surface area was quantified using the Im-
age ] software (National Institutes of Health).

2.4. In vitro osteoclastogenesis assay

The BMM cells were seeded onto a 96-well plate at a density of
8 x 103 cells/well supplied with complete o.-MEM medium, RANKL
(100 ng/ml) and sanguinarine at varying concentrations (0, 2.5, 5
or 10 uM). The culture medium was replaced every 2 days until
the formation of osteoclasts at day 7. The cells were fixed with
4% paraformaldehyde for 20 min and stained for TRAP using the
Diagnostic Acid Phosphatase kit. TRAP positive cells with more
than 3 nuclei were counted as OCL cells.

2.5. Cytotoxicity assays

The effect of sanguinarine on the viability of BMM cells was
determined by MTT assay. The BMM cells were plated in the 96-
well plates at the density of 1 x 10° cells/well, and cultured in
complete -MEM medium and different doses of sanguinarine (0,
2.5, 5, 10, 20 or 40 uM) for 48 h. MTT assay was then performed
according to the manufacturer’s instruction. The half-maximal
inhibitory concentration (ICso) value was calculated by GraphPad
Prism program version 5.0c (San Diego, CA, USA).

2.6. RNA extraction and quantitative real-time PCR

Quantitative real-time PCR was used to examine the effect of
sanguinarine on the gene expression profiles during osteclastogen-
esis. RANKL induced osteclastogenesis from mouse BMM cells was
administrated with either different doses of sanguinarine (0, 2.5 or

5 uM) for 5 days or 5 M sanguinarine for 0-4 days. Total RNA was
extracted using the Qiagen Rneasy Mini kit (Qiagen, Victoria, Aus-
tralia). Single-stranded cDNA was synthesized from 2 pg of total
RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA).
Subsequently, real-time PCR was performed on an ABI 7500
Sequencing Detection System using the SYBR® Premix Ex Taq™
11 Briefly, 12.5 pl of SYBR® Premix Ex Taq™ II, 8.5 ul ddH,0, 2 pl
cDNA and 1 pl of each primer were mixed to make up a total vol-
ume of 25 pl for each PCR. Cycling condition was 95°C 5s and
60°C 34 s for 40 cycles with specific primers for cathepsin K
(CTSK), calcitonin receptor (CTR), TRAP, dendritic cell-specific
transmembrane protein (DC-STAMP), V-ATPase d2, c-fos and
NFATc1 [13-17]. Beta-actin was included as housekeeping gene.
The primer sequences were listed in Suppl. Table I. The compara-
tive 2722<T method was used to calculate the relative expression
levels of each gene as previously described [18].

2.7. NF-kB luciferase reporter gene assays

To investigate whether sanguinarine could affect the NF-xB sig-
naling pathway during osteoclast differentiation, the RAW264.7
cells that had been stably transfected with a NF-kB luciferase repor-
ter construct (p-NF-kB-TA-Luc) were used to determine the NF-xB
activation as previously described [19]. Briefly, the cells were plated
on a 24-well plate at a density of 1 x 10° cells/well and pretreated
with sanguinarine (0-20 pM) for 1 h, followed by RANKL stimula-
tion for a further 8 h before cell harvest. The luciferase activity
was measured using the Promega Luciferase Assay System.

2.8. Western blot analysis

After pretreatment of vehicle or sanguinarine for 2h, the
RAW?264.7 cells were stimulated with RANKL for 0, 5, 10, 20, 30 or
60 min. The cells were then washed in 1x PBS twice and lysed in
ice-cold lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Nonidet
P-40, 0.1% SDS, 1% sodium deoxycholate) supplemented with PMSF
(Shen Neng Bo Cai Corp., China). The lysates were incubated on ice
for 30 min and centrifuged at 12,000 rpm for 10 min to precipitate
the debris. The protein concentrations were determined using the
BCA protein assay kit (Thermo Scientific, Rockford). Equal amount
of the protein lysates were separated using a 10% SDS-PAGE and
electroblotted onto PVDF membranes (Roche). The membranes
were then blocked with 5% (wt/vol) skim milk solution for 1 h and
probed with the primary antibodies (B-actin, 1:1000; phospho-
ERK1/2, 1:1000; ERK1/2, 1:1000; phospho-IkBa, 1:1000; and IxBa,
1:1000) at room temperature for 4 h. The membranes were then
incubated with horseradish peroxidase-conjugated secondary anti-
bodies (1:5000) for 1 h. After that, the antibody reactivity was visu-
alized by exposure in an Odyssey infrared imaging system (Li-COR).

2.9. Statistical analyses

Statistically significant differences between groups were deter-
mined by Student’s t-test using the SPSS 13.0 software (SPSS Inc.,
USA). P values less than 0.05 were considered statistically significant.

3. Results
3.1. Sanguinarine attenuates osteoclastic bone resorption

Firstly, we examined the direct effect of sanguinarine on osteo-
clastic bone resorption in vitro. As revealed by SEM, osteoclasts
without sanguinarine treatment actively resorbed the bone sur-
face. In contrast, more than 50% of the bone resorption activity
was effectively inhibited by sanguinarine at 2.5 pM, with almost
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Fig. 1. Sanguinarine (S.G.) attenuates osteoclastic bone resorption in vitro. Equal number of BMM cells were seeded onto bovine bone slices and allowed to adhere to the
surface before the addition of M-CSF (30 ng/ml), RANKL (100 ng/ml) and sanguinarine at varying doses (0, 2.5 and 5 uM) for 7 days. (A) Representative S.E.M. images of bone
resorption pits are shown. (B) The total areas of resorption pits were measured using image J, and are presented graphically. Similar results were obtained from at least 3
independent experiments (**p<0.01).
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Fig. 2. Sanguinarine inhibits RANKL-induced osteoclast formation. (A) BMM cells were cultured in complete o-MEM medium supplemented with RANKL (100 ng/ml) and the
indicated concentrations of sanguinarine. After 7 days, the cells were fixed with 4% paraformaldehyde and subjected to TRAP staining (left). The number of TRAP-positive,
multinucleated (>3 nucleus) osteoclasts was counted as osteoclast-like (OCL) cells (right). (B) BMM cells were cultured in complete o-MEM medium and the indicated
concentrations of sanguinarine for 48 h. The cell viability relative to control was measured using MTT reagent (left). The Inhibition Rate of BMM cells was calculated using
GraphPad Prism software (right), and the half-maximal inhibitory concentration (ICsg) was 25.42 pM (*p<0.05; **p<0.01).
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Fig. 3. Sanguinarine suppresses RANKL-induced gene expression. BMM cells were cultured with M-CSF (30 ng/ml), RANKL (100 ng/ml) and the indicated concentrations of
sanguinarine for 5 days or with M-CSF (30 ng/ml), RANKL (100 ng/ml) and 5 uM sanguinarine for 0, 1, 2, 3 or 4 days. RANKL-inducible gene expression was analyzed by real-

time PCR. RNA levels were normalized relative to the expression of B-actin (*p<0.05; **p<0.01).

completely blockade of bone resorption attained at higher concen- 3.2. Sanguinarine inhibits RANKL-induced osteoclast formation

trations (>5 puM) (Fig. 1). This result clearly demonstrated that
the administration of sanguinarine reduced bone resorption

in vitro.

To assess whether the effect of sanguinarine on osteoclastic
bone resorption is due to the inhibition of RANKL-induced
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osteoclast differentiation, osteoclastogenesis was assessed by TRAP
staining. In the control group, the BMM cells differentiated into
characteristic TRAP positive multinucleated OCL cells (Fig. 2A).
However, in the sanguinarine treated groups, the number of TRAP
positive OCL cells was significantly decreased in a dose dependent
manner. Approximately 50% osteoclast formation was suppressed
by sanguinarine at 5 uM (Fig. 2A).

To exclude the possibility that the decrease in OCL cell number
was due to the cytotoxicity effect of sanguinarine, MTT assay was
preformed. The ICsy value of sanguinarine was at 25.42 uM. We
found that sanguinarine might partially suppress the proliferation
of BMM cells only at high concentrations (>10 pM). However, san-
guinarine at either 2.5 or 5 uM did not affect the proliferation of
BMM cells (Fig. 2B). The result suggested that sanguinarine at low-
er dose could impair osteoclast formation without causing cell
death.

3.3. Sanguinarine suppresses RANKL-induced gene expression

To further elucidate the role of sanguinarine on osteoclast dif-
ferentiation, we examined its effect on the expression of the osteo-
clastic marker genes during osteoclastogenesis. As shown, the
osteoclastic markers, including TRAP, CTSK, CTR, DC-STAMP and
V-ATPase d2, were significantly upregulated upon RANKL treat-
ment at day 7. The expression levels of transcription factors c-fos
and NFATc1 reached their peaks at the mid-phrase of osteoclast
differentiation (Fig. 3A). However, the up-regulation of osteoclastic
marker genes (TRAP, CTSK, CTR, DC-STAMP and V-ATPase d2) was
attenuated by the addition of sanguinarine (5 ptM, Fig. 3A). Upreg-
ulation of c-fos and NFATc1 expression was also diminished by
sanguinarine treatment. Consistent with the inhibitory effect on
osteoclast formation, sanguinarine also suppressed the upregula-
tion of these osteoclastic marker genes in a dose dependent (0,
2.5 and 5 pM) manner (Fig. 3B). Taken together, sanguinarine al-
tered the gene expression profile during osteoclast differentiation.

3.4. Sanguinarine suppresses RANKL-induced activation of NF-kB and
ERK signaling pathways

In order to elucidate the underlying mechanism of the inhibi-
tory effect of sanguinarine on osteoclast formation and function,
we examined whether sanguinarine could suppress RANKL-
induced NF-kB activation. As shown in Fig. 4A, NF-xB was activated
by RANKL. In contrast, the activation of NF-xB was partially re-
duced by sanguinarine in a dose dependent manner. The results
suggested that sanguinarine might participate in the regulation
of the RANKL-activated NF-kB signaling pathway, and thus con-
tribute to the inhibition of osteoclast formation (Fig. 4A). This find-
ing was further supported by Western blot analysis of IkBoa
phosphorylation and degradation. In the control cells, IkBo phos-
phorylation and degradation were initiated by RANKL stimulation
(Fig. 4B, left). When the cells were pretreated with sanguinarine
(5 pM), the RANKL-induced IkBo phosphorylation and degradation
were both significantly suppressed (Fig. 4B, right). These data
firmly suggested that sanguinarine suppressed RANKL-induced
NF-kB signaling pathway by inhibiting IkBo phosphorylation and
degradation.

To further explore the signaling pathways mediated by sanguin-
arine during osteoclastogenesis, we examined the effect of san-
guinarine on RANKL-induced ERK1/2 phosphorylation. As shown,
the phosphorylation of ERK1/2 reached its peak within 20 min of
RANKL stimulation (Fig. 4B, left). However, pretreatment with
sanguinarine significantly decreased the phosphorylation of
ERK1/2 (Fig. 4B, right). Collectively, these data suggested that
sanguinarine also inhibited ERK1/2 signaling pathway during
osteoclastogenesis.

A 1400+

é 12004

% 10004

g, =

‘g .

g‘ﬁﬂﬂ'

2 4001

<3

“ 2004

RANKL o + + + + +

SGEM) 0 0 25 5 10 20
B 0 5 1020 30 60 0 5 1020 30 60 (min)
p-lkBa| e - e - - — - - 2 o, ey
[kBa p— L ———

p-ERK — —
—— N — —

T— — N — — —
— — N W — — —

ERK

B-actin ’- e --d- -

RANKL RANKL+8.G.

Fig. 4. Sanguinarine inhibits RANKL induced NF-«B activation and ERK1/2 phos-
phorylation. (A) RAW264.7 cells that had been stably transfected with a NF-xB
luciferase reporter construct were pretreated with the indicated concentrations of
sanguinarine for 1 h and then incubated in the absence or presence of RANKL for
8 h. The luciferase activity was determined by using the Promega Luciferase Assay
System. (B) RAW264.7 cells were pretreated with vehicle or sanguinarine for 2 h
followed by RANKL stimulation (100 ng/ml) for the indicated times. Then cells were
lysed in lysis buffer, and lysates were analyzed by Western blotting with the
indicated antibodies (**p<0.01).

4. Discussion

Sanguinarine is recognized as a quaternary ammonium salt
from the family of benzylisoquinoline alkaloids. It is an extract
from a number of plants, such as Sanguinaria Canadensis (blood-
root) and Mexican prickly poppy Argemone Mexicana [20]. This
natural extract was firstly identified as a toxin that could be used
to kill animal cells via its regulation on the Na*-K*-ATPase trans-
membrane protein [21]. A number of in vitro and in vivo studies
have demonstrated that sanguinarine could cause targeted apopto-
sis in human cancer cells and thus might be used for cancer treat-
ment [22-24]. Other studies suggested that sanguinarine has an
anti-proliferative and apoptotic response for cancer cells versus
normal cells [25]. Particularly, sanguinarine was widely used as a
supplement in a number of gingival health products to suppress
the growth of dental plaque, with its effect on alveolar bone biol-
ogy remaining unknown [8]. In this study, we have verified for
the first time that sanguinarine inhibited osteoclast differentiation
and bone resorption, suggesting an additional protective effect of
sanguinarine on teeth and alveolar bone health.

In addition, we revealed the molecular mechanisms of sanguin-
arine on osteoclasts are through suppressing RANKL-induced
NF-kB and ERK signaling pathways. The RANKL-induced signaling
pathways, including NF-xB, ERK, JNK and p38, are essential for
osteoclast differentiation and survival [26,27]. NF-xB is a nuclear
transcription factor that is ubiquitously present in all cell types.
In the resting cells, NF-xB proteins are in the cytoplasm in associ-
ation with a number of inhibitory IkB proteins including IkBoa,
IxBB, and IkBe [28], among which IkBa is the most abundant.
NF-kB signaling has been shown to play an indispensable role in
osteoclastogenesis [29]. NF-B p50~/~ and p52~/~ knockout mice
show serious osteopetrosis because of the failure of osteoclast
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formation [30,31]. Therefore, the inhibition of NF-xB activation
would play a key role in the inhibition of osteoclast formation
and osteolytic bone conditions [27]. In this study, we demon-
strated that sanguinarine reduced the RANKL-induced NF-kB activ-
ity by preventing the IkBa phosphorylation and degradation
(Fig. 4), contributing to the inhibition of RANKL-induced osteoclast
differentiation.

Interestingly, the levels of ERK1/2 phosphorylation were found
to be reduced in the sanguinarine treated cells, suggesting that
sanguinarine might disrupt osteoclast differentiation through mul-
tiple targets. Further investigations are important to identify the
direct target of sanguinarine on this pathway.

In summary, sanguinarine supplemented in gingival health
products is capable of inhibiting osteoclast formation and function,
indicating additional therapeutic benefits of sanguinarine for oral
health. In addition, this study also clearly revealed the molecular
mechanisms of sanguinarine on osteoclasts are via impairing
NF-xB and ERK signaling pathways in vitro. However, further clin-
ical investigation of sanguinarine on oral health is still required.
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