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ABSTRACT

Osteoclasts, derived from hemopoietic progenitors of the monocyte/macrophage lineage, have a unique
role in bone resorption, and are considered a potential therapeutic target in the treatment of such path-
ologic bone diseases as osteoporosis, rheumatoid arthritis, and periodontitis. In the present study, we
demonstrate that curcumol, one of the major components of the essential oil of Rhizoma Curcumae,
exhibits an inhibitory effect on receptor activator of nuclear factor kappaB ligand (RANKL)-induced
osteoclast differentiation with both bone marrow-derived macrophages and RAW264.7 cells in a dose-
dependent manner. In addition, RANKL-induced mRNA expression of osteoclast-specific genes, such as
tartrate-resistant acid phosphatase, calcitonin receptor, and cathepsin K, is prominently reduced in the
presence of curcumol. Furthermore, the molecular mechanism of action was investigated, and curcumol
inhibited osteoclastogenesis by specifically impairing RANKL-induced c-Jun N-terminal kinase (JNK)/
activator protein-1 (AP-1) signaling, which was further identified in rescue studies by means of anisomy-
cin, a JNK signaling-specific activator. Taken together, these findings suggest that curcumol suppresses
RANKL-induced osteoclast differentiation through the JNK/AP-1 signaling pathway, and may be useful

as a therapeutic treatment for bone resorption-associated diseases.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Osteoclast-induced bone resorption and osteoblast-mediated
bone formation together determine the balance of bone mass.
Disbalance in bone metabolism results in various bone-related
diseases, such as osteoporosis, rheumatoid arthritis, and periodon-
titis [1,2]. Osteoclasts are derived from monocyte/macrophage
lineage precursor cells, primarily sustained by macrophage colony-
stimulating factor (M-CSF) and receptor activator of nuclear factor
kappaB ligand (RANKL). More specifically, M-CSF guarantees cell
multiplication and survival during osteoclastogenesis, while RANKL
plays an essential role in osteoclast differentiation [3,4]. RANKL spe-
cifically binds to its receptor, RANK, and activates the nuclear factor
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kappaB (NF-kB) pathway and 3 major mitogen-activated protein
kinases (MAPKs), including c-Jun N-terminal kinase (JNK), extracel-
lular signal-regulated kinase (ERK), and p38 [5]. These signaling
pathways ultimately lead to induction and activation of transcrip-
tion factors involved in the expression of genes that characterize
osteoclasts. These transcription factors include nuclear factor of
activated T cells c1 (NFATc1) and activator protein-1 (AP-1) [5-7].
Impairment of these osteoclastic-related cascades might lead to
inhibition of osteoclast formation; for example, a RANKL-induced
JNK pathway might activate AP-1 transcriptional activity, which
plays a critical role in osteoclastogenesis, retarding JNK signaling
and resulting in severe disorders in osteoclast differentiation and
function [8].

Curcumol, a guaiane-type sesquiterpenoid hemiketal, is one of
the major components of the essential oil of Rhizoma Curcumae.
Recent pharmacologic studies have reported that curcumol has
antiproliferation [9], antihepatic fibrosis [10], antitumor [11],
antimicrobial [12], and anti-inflammatory [13] properties.
However, to the best of our knowledge, there is very little evidence
regarding the effect of curcumol on osteoclast function. In the
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present study, we tested the effect of curcumol on RANKL-induced
osteoclastogenesis using both primary osteoclast precursors and
RAW264.7 cell line. Curcumol significantly suppressed osteoclast
differentiation induced by RANKL.

2. Materials and methods
2.1. Media and reagents

Curcumol and anisomycin were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Alpha-MEM, fetal bovine serum (FBS), and
penicillin were purchased from Gibco BRL (Gaithersburg, MD,
USA). Soluble mouse recombinant M-CSF and RANKL were pur-
chased from R&D Systems (USA). Tartrate-resistant acid phospha-
tase (TRAP) staining solution and P-nitrophenyl phosphate were
purchased from Sigma-Aldrich. Primary antibodies targeting
B-actin, IxBa, phospho-JNK, JNK, and c-Fos were purchased from
Cell Signaling Technology (Danvers, MA, USA).

2.2. Cell viability assay

The antiproliferative effect of curcumol on bone marrow-
derived macrophages (BMMs) and RAW264.7 cells was assessed
using the Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kuma-
moto, Japan). Briefly, cells were pretreated with indicated doses of
curcumol for 48 h followed by addition of 10 pL CCK-8 solution to
each well. After 4-h incubation, absorbance was measured at
450 nm using a microplate reader. The effect of curcumol on cell
viability was expressed as percent cell viability, with vehicle-
treated control cells set at 100%.

2.3. Osteoclastogenesis and TRAP activity assay

Bone marrow cells were obtained from the femur and tibia of
4- to 6-week-old C57/BL6 mice. Bone marrow cells were cultured
in the presence of M-CSF (30 ng/mL) for 3-5days to generate
BMMs. To examine the effect of curcumol on osteoclast formation,
BMMs were treated with indicated doses of curcumol in the pres-
ence of M-CSF (30 ng/mL) and RANKL (100 ng/mL) in 96-well cul-
ture plates (Corning, MA, USA). Seven days later, cells were fixed
and stained with TRAP, and TRAP-positive cells with >3 nuclei
were counted as osteoclasts.

TRAP activity assay was carried out as previously described
[14]. Briefly, multinucleated osteoclasts were fixed with 4% forma-
lin for 30 min and 95% ethanol for 1 min followed by 100 mL
citrate buffer (50 mM; pH, 4.6) containing 10 mM sodium tartrate.
Then, 5 mM p-nitrophenyl phosphate was added to the dried cell-
containing wells. After 1-h incubation, the enzyme reaction
mixtures were transferred into new plates containing an equal
volume of 0.1 N NaOH. Absorbance was measured at 410 nm, and
TRAP activity was presented as a percentage of the control.

2.4. Real-time polymerase chain reaction analysis

Total RNA was extracted from BMMs by using the RNeasy Mini
Kit (Qiagen, Valencia, CA, USA). cDNA was synthesized from total
RNA using reverse transcriptase (TaKaRa Biotechnology, Otsu,
Japan), and amplified using polymerase chain reaction (PCR).
Real-time PCR was performed using the SYBR Premix Ex Tag kit
(TaKaRa Biotechnology) and the ABI 7500 Sequencing Detection
System (Applied Biosystems, Foster City, CA, USA). The detector
was programmed with the following PCR conditions: 40 cycles of
5-s denaturation at 95°C and 34-s amplification at 60°C. All
reactions were run in triplicate and were normalized to the house-
keeping gene B-actin. Primers for osteoclastogenic genes used in

this study were as follows: mouse B-actin: forward, 5'-tttgatgt-
cacgcacgatttcc-3’ and reverse, 5'-tgtgatggtgggaatgggtcag-3’; mouse
TRAP: forward, 5'-ctggagtgcacgatgccagcgaca-3’ and reverse, 5'-tccg
tctcggegatggaccaga-3'; mouse cathepsin K (CTSK): forward, 5'-cttcc
aatacgtgcagcaga-3’ and reverse, 5’-acgcaccaatatcttgcacc-3’; mouse
calcitonin receptor (CTR): forward, 5’-tttcaagaaccttagctg ccagag-3’
and reverse, 5'-tgtgatggtgggaatgggtcag-3’; mouse NFATc1: for-
ward, 5'-ccgttgcttccagaaaataaca-3’ and reverse, 5'-tgtg ggatgtgaact
cggaa-3'.

2.5. Western blot analysis

Cells were lysed with a buffer containing 20 mM Tris-HCl,
150 mM NaCl, 1% Triton X-100, protease-inhibitor cocktail
(Sigma-Aldrich), and phosphatase-inhibitor cocktail (Sigma-
Aldrich). The lysate was centrifuged at 12,000 rcf for 10 min, and
the protein in the supernatant was collected. Protein concentrations
were measured through BCA assay. Fifty micrograms of each protein
lysate was resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis using 8-10% gels, and then proteins were trans-
ferred to polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA). The membranes were blocked with 5% nonfat milk in
TBST, and then immunostained with anti-phospho-JNK (1:1000),
anti-phospho-ERK (1:1000), anti-phospho-p38 (1:1000), anti-JNK
(1:1000), anti-ERK (1:1000), anti-p38 (1:1000), anti-IkBo
(1:1000), anti-c-Fos (1:1000), and anti-B-actin (1:4000) followed
by secondary horseradish peroxidese-conjugated antibody
(1:5000). Antibody reactivity was detected by exposure in an Odys-
sey infrared imaging system (LI-COR).

2.6. Luciferase reporter gene activity assay

The effect of curcumol on RANKL-induced NF-kB activation was
measured using RAW264.7 cells that had been stably transfected
with an NF-xB luciferase reporter construct, as previously
described [15,16]. Briefly, cells were seeded into 48-well plates
and maintained in cell culture media for 24 h. Then, cells were pre-
treated with or without indicated concentrations of curcumol for
1 h followed by addition of RANKL (100 ng/mL) for 8 h. Luciferase
activity was measured using the Promega Luciferase Assay System
(Promega, Madison, WI, USA), and normalized to that of the vehicle
control. Similarly, the effect of curcumol on RANKL-induced
AP-1-dependent luciferase reporter assays was determined as
described previously [17,18].

2.7. Osteoclastogenesis rescue assay

For rescue assay, BMMs were plated triply in 96-well plates at a
density of 6 x 10° cells/well followed by stimulation of M-CSF
(30 ng/mL), RANKL (100 ng/mL), and curcumol (160 ptM), with or
without indicated doses of anisomycin, a specific JNK activator
[19,20], for 5 days. Cells were fixed and stained with TRAP, and
TRAP-positive cells with >3 nuclei were counted as osteoclasts.
TRAP activity assay was carried out as previously described [14].
Absorbance was measured at 410 nm, and TRAP activity was
presented as a percentage of the control.

2.8. Statistical analysis

All quantitative data are presented as mean £ SD (n > 3). Two-
group comparisons were performed with Student’s t tests, while
multiple-group comparisons were performed by one-way analysis
of variance followed by Tukey’s post hoc test, using SPSS statistical
package version 12 (SPSS Inc.). P values of <0.05 were considered
significant.
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3. Results
3.1. Effect of curcumol on cell viability

Both BMMs and RAW264.7 cells were treated with various
concentrations of curcumol for 48 h, and cell viability was assessed
with the CCK-8 assay kit. Curcumol had no cytotoxic effects on
either cell at concentrations less than 160 uM, compared with
the control treatment (Fig. 1B and C). In order to exclude the
cytotoxic effects, in the following study, curcumol concentrations
less than 160 pM were adopted for further analysis.

3.2. Effect of curcumol on osteoclast differentiation in RANKL-
stimulated BMMs and RAW264.7 cells

To determine the effect of curcumol on osteoclast differentia-
tion, we treated primary BMMs with various concentrations of
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curcumol in the presence of RANKL and M-CSF. Mature TRAP-
positive multinucleated osteoclasts were seen in the control group.
However, curcumol greatly retarded osteoclast differentiation in a
dose-dependent manner (Fig. 1D and E). The inhibitory effect also
was observed on RAW264.7 cells (Fig. 1D and E). Meanwhile, TRAP
activity, a marker enzyme of osteoclasts, also was significantly
reduced in the presence of curcumol (Figs. 1F). These data suggest
that curcumol effectively suppresses both number of osteoclasts
and TRAP activity, and that curcumol may be a potent inhibitor
of osteoclastogenesis.

3.3. Effect of curcumol on expression of osteoclastic marker gene
expression

To further examine the role of curcumol in osteoclast
differentiation, we detected its effect on osteoclast-specific gene
expression during osteoclastogenesis. Osteoclast-specific genes,
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Fig. 1. (A) Structure of curcumol. (B) Viability of curcumol-treated bone marrow-derived macrophages (BMMs). (C) Viability of curcumol-treated RAW264.7 cell line. (D)
BMMs were treated with various concentrations of curcumol followed by macrophage colony-stimulating factor (30 ng/mL) and RANKL (50 ng/mL) stimulation for 5 days.
Then, cells were fixed with 4% PFA and subjected to tartrate-resistant acid phosphatase (TRAP) staining. RAW264.7 cells were treated with various concentrations of curcumol
followed by RANKL (50 ng/mL) stimulation for 5 days. Then, cells were fixed with 4% PFA and subjected to TRAP staining. (E) TRAP-positive multinuclear cells were counted.
(F) TRAP activity was quantitatively measured. All experiments were carried out at least 3 times, and significance was determined by Student-Newman-Keuls tests (*P < 0.05,

*P<0.01).
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including TRAP, CTR, and CTSK, were significantly upregulated with
RANKL stimulation. However, this trend was suppressed by addition
of curcumol persistently (Fig. 2A). Moreover, curcumol suppressed
osteoclastic marker expression in a dose-dependent manner
(Fig. 2B). Taken together, these data further support the hypothesis
that curcumol is a potent inhibitor of osteoclastogenesis.

3.4. Effect of curcumol on RANKL-induced JNK/AP-1 signaling

Previous researchers have found that MAPK (p38, ERK1/2, and
JNK) signaling plays a critical role in osteoclast differentiation
[8,21]. In order to demonstrate the underlying molecular mecha-
nism of curcumol’s inhibitory effect on osteoclast differentiation,
RANKL-induced signaling pathways were investigated. JNK is a
member of the MAPK family, and can be activated by a RANKL/
RANK combination [22]. In this study, JNK phosphorylation was
increased under RANKL stimulation, relative to a control group.
However, JNK phosphorylation was greatly impaired after treat-
ment with curcumol (Fig. 3A). Quantitative analysis confirmed
these observations (Fig. 3C). Furthermore, levels of c-Fos, proteins
downstream of JNK, also were reduced dramatically by curcumol
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treatment (Fig. 3B). These results suggest that curcumol inhibits
JNK phosphorylation during osteoclast differentiation.
Furthermore, by using AP-1 luciferase reporter gene assays, we
also examined whether curcumol suppresses AP-1 activity.
Activation of AP-1 transcriptional activity sharply increased when
exposed to RANKL. However, curcumol suppressed AP-1 luciferase
activity in a dose-dependent manner (Fig. 3D), suggesting that
curcumol can inhibit RANKL-induced activation of JNK/AP-1.

3.5. Effect of curcumol on RANKL-induced NFATc1 expression

NFATCc1 is a well-known master regulator of osteoclastogenesis
and osteoclast function [23]. The MAPK (JNK)/AP-1 pathway is a
main activator that can regulate the NFATc1 promoter and NFATc1
expression [17,24]. To determine whether curcumol regulates
expression of NFATc1 by inhibiting the JNK/AP-1 signaling
pathway, we examined expression of NFATc1 at the mRNA level.
NFATc1 was increased when cells were exposed to RANKL.
However, curcumol abrogated the RANKL-induced increase in
NFATc1 at the mRNA level in a dose-dependent manner (Fig. 3E),
suggesting that curcumol can suppress RANKL-induced NFATc1
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Fig. 2. (A) Bone marrow-derived macrophages (BMMs) were cultured with macrophage colony-stimulating factor (M-CSF) (30 ng/mL) and RANKL (50 ng/mL), with or
without curcumol (160 uM), for 0, 1, 2, and 3 days. Osteoclast-specific gene expression (tartrate-resistant acid phosphatase [TRAP], calcitonin receptor [CTR], and cathepsin K
[CTSK]) was analyzed by real-time polymerase chain reaction (PCR), and results were normalized to expression of B-actin. (B) BMMs were cultured with M-CSF (30 ng/mL)
and RANKL (50 ng/mL), with indicated concentrations of curcumol, for 5 days. Osteoclast-specific gene expression (TRAP, CTR, and CTSK) was analyzed by real-time PCR, and
results were normalized to expression of B-actin. All experiments were performed at least 3 times (*P < 0.05, **P < 0.01).
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Fig. 3. (A) Bone marrow-derived macrophages (BMMs) were seeded at 5 x 10° cells/well in 6-well plates and pretreated with or without curcumol (160 uM) for 4 h prior to
RANKL stimulation (50 ng/mL) for 10 min. Cells were lysed for Western blotting with specific antibodies against phospho-JNK and JNK. (B) BMMs were seeded at
5 x 10° cells/well in 6-well plates and pretreated with or without curcumol (160 pM) for 4 h prior to RANKL stimulation (50 ng/mL) for 24 h. Cells were lysed for Western
blotting with specific antibodies against c-Fos and actin. (C) Fold changes in phospho-JNK and c-Fos protein levels were normalized to expression of actin. (D) Stably
transfected RAW264.7 cells with an AP-1 luciferase reporter construct were seeded in 48-well plates and maintained in cell culture media for 24 h. Then, cells were
pretreated with or without indicated concentrations of curcumol for 1 h followed by addition of RANKL (50 ng/mL) for 24 h. AP-1 luciferase activity was measured. (E) BMMs
were cultured with macrophage colony-stimulating factor (M-CSF) (30 ng/mL) and RANKL (50 ng/mL), with or without curcumol (160 uM), for 0, 1, 2, and 3 days. Nuclear
factor of activated T cells c1 (NFATc1) expression was analyzed by real-time polymerase chain reaction (PCR), and results were normalized to expression of B-actin. (F) BMMs
were cultured with M-CSF (30 ng/mL) and RANKL (50 ng/mL), with indicated concentrations of curcumol, for 3 days. NFATc1 expression was analyzed by real-time PCR, and
results were normalized to expression of p-actin. (G) BMMs were seeded at 5 x 10° cells/well in 6-well plates and pretreated with or without curcumol (160 pM) for 4 h prior
to RANKL stimulation (50 ng/mL) for 10 min. Cells were lysed for Western blotting with specific antibodies against IkBo and actin. (H) Stably transfected RAW264.7 cells with
a nuclear factor kappaB (NF-kB) luciferase reporter construct were seeded in 48-well plates and maintained in cell culture media for 24 h. Then, cells were pretreated with or
without indicated concentrations of curcumol for 1 h followed by addition of RANKL (50 ng/mL) for 8 h. NF-kB luciferase activity was measured. All experiments were
performed at least 3 times (*P < 0.05, **P < 0.01).
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expression. To further confirm that curcumol inhibits NFATc1 experimental period (Fig. 3F). Taken together, our results indicate
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that curcumol suppressed NFATc1 expression throughout the osteoclastogenesis.



M. Yu et al./Biochemical and Biophysical Research Communications 447 (2014) 364-370 369

A
RANKL + + + +
Curcumol - + + +
Anisomycin - -
SE) O‘J}";?gﬂf
..; o \:\\ ?“a’f"y‘;‘—g Z’. v‘ ':g‘s)‘fgw '
B 400 C s 15
32 £
Z S 3009 o
=m *% k] 1.0+ *%k
& g 200+ é *%
£ : -
§'§ 100- g
Zg o
0 E 0.0-
RANKL + + + + RANKL + + + +
Curcumol - + + + Curcumo! - + + +
Anisomycin - - ing/mL  3ng/mL Anisomycin - - ing/mL  3ng/mL

Fig. 4. (A) Bone marrow-derived macrophages (BMMs) were stimulated with macrophage colony-stimulating factor (30 ng/mL), receptor activator of nuclear factor kappaB
ligand (50 ng/mL), and curcumol (160 uM), with or without indicated concentrations of anisomycin. Then, cells were subjected to tartrate-resistant acid phosphatase (TRAP)
staining. (B) TRAP-positive multinuclear cells were counted. (C) TRAP activity was quantitatively measured. All experiments were carried out at least 3 times, and significance

was determined by Student-Newman-Keuls tests (*P < 0.05, **P < 0.01).

3.6. Curcumol did not affect NF-kB, p38, or ERK activation

We next used Western blotting and luciferase assays to investi-
gate additional signaling pathways (NF-kB, ERK, and p38) that are
closely associated with osteoclast differentiation. RAW264.7 cells
were treated with RANKL in the presence or absence of curcumol.
Then, NF-xB, ERK, and p38 signaling pathways were examined
using specific antibodies. As seen in Fig. 3G, curcumol had no effect
on NF-kB; this was further confirmed by luciferase reporter assay
(Fig. 3H). In addition, curcumol had no effect on ERK or p38
signaling pathways (data not shown).

3.7. Anisomycin rescued curcumol-treated impaired osteoclastogenesis

As described above, osteoclast formation was potently inhibited
by curcumol, which may be due to reduced JNK phosphorylation.
To confirm these observations, following treatment with curcumol,
BMM cells were treated with anisomycin, which has been reported
to strongly activate JNK cascades. As expected, osteoclast forma-
tion was inhibited in cells treated with curcumol only. However,
in cells also treated with anisomycin, impaired osteoclastogenesis
was rescued and mature osteoclasts were observed (Fig. 4).

4. Discussion

Excessive bone resorption plays a critical role in pathologic
bone diseases [25]. Thus, suppressing osteoclast formation should
be a potential treatment for osteoclast-related disorders. In our
present research, we examined the effect of curcumol on osteoclast
differentiation from both BMMs and RAW264.7 cells. Osteoclasts
are generated under the activation of RANKL [26,27]. Our research

shows that curcumol can retard RANKL-induced osteoclast forma-
tion from both precursor cells and cell line without cytotoxicity.
Osteoclasts are derived from monocyte/macrophage lineages
[28]. Mature osteoclasts are characterized by morphologic conver-
sion into large multinucleated cells, as well as expression of
specific phenotypic markers, including TRAP, CTSK, and CTR
[29-32]. Our present study revealed that curcumol inhibits
RANKL-induced osteoclast maker gene expression in a dose-
dependent manner. Many studies have revealed that MAPKs
(JNK, ERK, and p38) can be activated by RANKL stimulation, and
are associated with osteoclastogenesis [5,8]. Specifically, domi-
nant-negative JNK prevents RANKL-induced osteoclastogenesis
[17], while p38 is important in the early stages of osteoclast
generation because it regulates the microphthalmia-associated
transcription factor [33]. Meanwhile, inhibition of ERK has been
shown to decrease osteoclast formation [34]. To be more specific,
previous research has demonstrated the importance of JNK signal-
ing in osteoclastogenesis, and RANKL is the main activator in stim-
ulating JNK [35]. Activated JNK subsequently phosphorylates
downstream factors, including c-Fos and c-Jun. These 2 factors
combine to form heterodimers of AP-1, which is an essential trans-
lation factor during osteoclast formation [36,37]. In our study, JNK
phosphorylation and c-Fos expression were dramatically inhibited.
AP-1 transcriptional activity was significantly suppressed in the
presence of curcumol. Additionally, to further verify that curcu-
mol’s inhibitory effect on osteoclastogenesis was due to JNK sup-
pression, anisomycin, an activator of JNK, was used to treat BMM
cells following treatment with curcumol. Just as we hypothesized,
impaired osteoclastogenesis was rescued. In addition, since NF-kB,
ERK, and p38 are also osteoclastogenesis-related signaling path-
ways, we further detected the effect of curcumol on these related
signaling pathways. Our results indicate that NF-xB, ERK, and
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p38 pathways are not involved in the antiosteoclastogenic effect of
curcumol.

In summary, the present study demonstrated that curcumol
inhibits osteoclastogenesis from primary macrophages and cell
line in vitro. Curcumol also reduces RANKL-induced expression of
osteoclastic marker genes. In addition, curcumol attenuated
attenuates RANKL-induced JNK/AP-1 activation. Although addi-
tional experiments are needed to confirm the efficacy of curcumol
in treating disease conditions in vivo, our results indicate that
curcumol has potential as a therapy for disorders associated with
bone loss.
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