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Curcumin Inhibits Osteoclastogenesis by
Decreasing Receptor Activator of Nuclear Factor-κB
Ligand (RANKL) in Bone Marrow Stromal Cells
Sora Oh, Tae-Wook Kyung, and Hye-Seon Choi*
Curcumin (diferuloylmethane), a pigment derived from
turmeric, has anti-oxidant and anti-inflammatory activities.
Accumulating evidence points to a biochemical link between increased oxidative stress and reduced bone density. Osteoclast formation was evaluated in co-cultures of
bone marrow stromal cells (BMSC) and whole bone marrow cells (BMC). Expression of receptor activator of nuclear factor-κB ligand (RANKL) was analyzed at the mRNA
and protein levels. Exposure to curcumin led to dosedependent suppression of osteoclastogenesis in the coculture system, and to reduced expression of RANKL in IL1α-stimulated BMSCs. Addition of RANKL abolished the
inhibition of osteoclastogenesis by curcumin, whereas the
addition of prostaglandin E2 (PGE2) did not. The decreased
osteoclastogenesis induced by curcumin may reduce
bone loss and be of potential benefit in preventing and/or
attenuating osteoporosis.

INTRODUCTION
Osteoclasts are multinucleated giant cells that originate from
hematopoietic stem cells of the macrophage/monocyte lineage.
The differentiation of macrophages into osteoclasts requires the
presence of bone marrow stromal cells (BMSC) (Yoon et al.,
2008) or osteoblast progeny. These accessory cells produce
essential factors for osteoclastogenesis. Osteoclastogenesis is
dependent upon exposure to receptor activator of nuclear factor-κB ligand (RANKL), a transmembrane glycoprotein expressed on the surface of stromal cells in bone (Suda et al.,
1999). Osteoclast precursor cells that express receptor of activator of nuclear factor-κB (RANK), a member of the tumor necrosis factor receptor (TNFR) superfamily, interact with BMSCs
and differentiate into mature osteoclasts upon stimulation by
RANKL. RANKL interacts with RANK, and leads to recruitment
of TNFR-associated factors (TRAF) (Wong et al., 1998). Sequential recruitment of TRAF6 and NF-κB inducing kinase by
RANK results in nuclear factor (NF)-κB activation, and recruitment of TRAF2 causes c-Jun N-terminal kinase activation,
which promotes osteoclastogenesis (Darnay et al., 1999; Lee
et al., 1997). Agents that suppress RANKL signaling reduce the

bone loss induced by elevated osteoclastogenesis. Parathyroid
hormone and prostaglandin E2 (PGE2) evoke an increase in
RANKL mRNA, and a decrease in osteoprotegerin (OPG)
mRNA in osteoblasts and BMSCs (Brandstrom et al., 1998;
Lee and Lorenzo, 1999; Suda et al., 1999).
Curcumin has anti-oxidative and anti-inflammatory activities. It
is derived from turmeric (`ìêÅìã~=äçåÖ~), and has been demonstrated to inhibit tumor cell growth. It inhibits transcription factors
such as NF-κB and AP-1, down-regulates cyclooxygenase-2,
nitric oxide synthase, matrix metalloproteinase-9, TNF, and
chemokines, which are considered to be pro-inflammatory molecules (Aggarwal et al., 2003). It also inhibits osteoclastogenesis
by blocking NF-κB activation in Raw 264.7 cells (Bharti et al.,
2004).
In the present study, we examined the effect of curcumin on
osteoclastogenesis and its potential target molecules in BMSCs.
We showed that curcumin prevents osteoclast formation by
decreasing the level of expression of RANKL induced by IL-1α
in BMSCs.

MATERIALS AND METHODS

=
Reagents
Anti-RANKL neutralizing antibody (Ab), biotinylated anti-RANKL
Ab, recombinant RANKL, and recombinant mouse macrophagecolony stimulating factor (M-CSF) were obtained from R & D
Systems, Inc. (USA). Acid phosphatase kits, Tri reagent, and
curcumin were from Sigma Chemical Co. (USA).
=
Animals and cells
Mouse stromal cells were isolated by the method of Tropel et al.
(2004). Bone marrow was isolated from 4-week-old C57BL/6J
mice by flushing their femurs and tibias with α-MEM, 50 μg/ml
ascorbic acid, 10% fetal bovine serum (FBS), and penicillin/streptomycin. All mice were housed in the specific pathogenfree animal facility of the Immunomodulation Research Center.
Animal experimentation protocols were approved by the Institutional Animal Care and Use Committee of the University of
Ulsan, Immunomodulation Research Center. The cells were
washed and plated at 2.5 × 105 cells/cm2. After 3 day, nonadherent cells were removed by several washes, and adherent
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cells further cultured in complete medium for 4 d. The adherent
cells were retrieved by trypsinization and immuno-depleted
using biotinylated antibody against CD11b (eBioscience, USA)
and streptavidin-coated microbeads (Miltenyl Biotech Inc, USA),
according to the manufacturer’s instructions. The CD11bnegative cells were subsequently seeded on fibronectin-coated
Petri-dishes in complete medium supplemented with fibroblast
growth factor (10 ng/ml) (R & D Inc., USA). Fibroblastoid cells
were cultured in complete medium without growth factor and
used as primary bone marrow stromal cells (BMSC).
=
Assay of=áå=îáíêç osteoclastogenesis
Bone marrow cells were isolated from 4-week-old C57BL/6J
mice as described (Shin et al., 2006a; 2006b) the bone ends
were cut, and the marrow cavities were flushed out from one
end of the bones with α-MEM using a sterile 21-gauge needle.
Single cells were obtained from the resulting bone marrow
suspension. These were washed twice and re-suspended in αMEM containing 10% FBS, the suspension was incubated with
M-CSF (20 ng/ml) overnight, and non-adherent bone marrow
cells (BMC) were collected. BMSCs (104 cells) and BMCs (2 ×
105 cells) were co-cultured for 7 d with α-MEM containing 10%
FBS and IL-1α (10 ng/ml) in 48-well plates. The cells were fixed
in 10% formalin for 10 min, and stained for tartrate-resistant
acid phosphatase (TRAP) as described (Shin et al., 2006a;
2006b). TRAP+ multinucleated cells (MNC) containing three or
more nuclei were scored.
=
Isolation of RNA and RT-PCR
Expression of cyclooxygenase (COX)-2, OPG, RANKL, and
GAPDH mRNA was assessed by RT-PCR. RNA was isolated
from primary murine BMSCs using TRI reagent. The total RNA
was used for cDNA synthesis by reverse transcriptase with a
cDNA synthesis kit (Invitrogen, USA). The cDNAs were amplified by PCR for 30 cycles (RANKL), 26 cycles (OPG, COX-2),
and 25 cycles (GAPDH), with the following specific PCR primers: mouse RANKL, 5′-CAGCACTCACTGCTTTTATAGAATCC-3′ (forward) and 5′-AGCTGAAGATAGTCTGTAGGTACGC-3′ (reverse); mouse OPG, 5′-ATGCAACACATGACAACGTG-3′ (forward) and 5′-GGAACCTCATGGTCTTCCTC-3′ (reverse); mouse COX-2, 5′-TCAGCCAGGCAGCAAATCCTTG3′ (forward) and 5′-TAGTCTCTCCTATGAGTATGAGTC-3′
(reverse); and mouse GAPDH, 5′-ACCACAGTCCATGCCATCAC-3′ (forward) and 5′-TCCACCACCCTGTTGCTGTA-3′
(reverse). Each cycle consisted of 30 s of denaturation at 94°C,
30 s of annealing at 60°C, and 30 s of extension at 72°C.
GAPDH was used as an internal control. The sizes of the PCR
products for mouse RANKL, OPG, COX-2, and GAPDH were
464, 534, 943, and 452 bp, respectively.
=
Statistical analysis
All values are expressed as means ± SEM. Between-group
differences were assessed by the unpaired t test, and differences among three or more groups were assessed by ANOVA
with post hoc analysis by Dunnett’s multiple comparison test. m
values of less than 0.05 were considered statistically significant.

RESULTS
Curcumin inhibits osteoclast formation by bone marrow
stromal cells (BMSC) in response to IL-1α
Curcumin inhibits osteoclast formation by whole bone marrow
cells (Fig. 1A). Since it inhibits osteoclastogenesis in osteoclast
precursors (Bharti et al., 2004), we asked whether it inhibits
osteoclastogenesis by acting on BMSCs, using co-cultures of
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Fig. 1. Curcumin inhibits osteoclast formation in co-cultures treated
with IL-1α. (A) Whole bone marrow cells were cultured in the presence of M-CSF (20 ng/ml) and RANKL (40 ng/ml) together with
curcumin (C0; 0 μM, C0.5; 0.5 μM, C2; 2 μM). After 6 days, cells
+
were fixed and stained for TRAP, and the number of TRAP MNC
a
per well was scored. Significantly different from untreated control.
(B) Primary BMSCs and BMCs were co-cultured in the presence of
IL-1α (10 ng/ml) together with curcumin (C0; 0 μM, C0.5; 0.5 μM,
C2; 2 μM, C4; 4 μM). After 7 days, cells were fixed and stained for
a
TRAP. Significantly different from untreated control. (C) Representative photomicrographs of TRAP-stained co-cultures induced by IL1α with or without curcumin (4 μM). Magnification × 100.

primary BMSCs and BMCs. Treatment with IL-1α for 7 d stimulated TRAP+ osteoclast formation in the co-cultures, and curcumin reduced this osteoclast formation in a dose-dependent
manner (Figs. 1B and 1C). Since total cell numbers were similar in the presence and absence of curcumin, the inhibitory
effect was not due to cytotoxicity (data not shown).
=
Curcumin reduces the expression of RANKL in response
to IL-1α in BMSCs
IL-1α increases osteoclastogenesis by regulating the expression of RANKL and OPG in BMSCs (Ozaki et al., 2000). We
therefore examined the effect of curcumin on levels of RANKL
and OPG mRNA in BMSCs. As shown in Fig. 2A, IL-1α increased the expression of RANKL from 3 h, and curcumin inhibited this effect. We also examined the level of RANKL in 72
h cultures of BMSCs by ELISAs (Fig. 2B). The BMSCs se-
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Fig. 2. Curcumin blocks the induction of
RANKL by IL-1α in BMSCs. (A) Primary
BMSCs were cultured with or without
curcumin (4 μM) for 3, 20, or 48 h. Total
RNA was isolated and subjected to RTPCR analysis for RANKL and OPG. (B)
Primary BMSCs were cultured with or
B
E
without curcumin (C4; 4 μM) for 72 h.
Secreted RANKL was measured by
ELISA. (C) Primary BMSCs and BMCs
were co-cultured in the presence of IL1α (10 ng/ml) along with curcumin (C0;
0 μM, C2; 2 μM, C4; 4 μM) or RANKL
(R, 10 ng/ml). After 7 days, cells were
fixed and stained for TRAP, and the
C
+
number of TRAP MNC per well was
a
scored. Significantly different from untreated control; no significant differences
between the RANKL-treated groups. (D)
Primary BMSCs were cultured with or
without curcumin (4 μM) for 3 h or 20 h.
Total RNA was isolated and subjected to
RT-PCR analysis for COX-2. (E) Primary BMSCs and BMCs were cocultured in the presence of IL-1α (10
ng/ml) with or without curcumin (C4; 4
+
μM), NS398 (NS; 1 μM), or PGE2 (100 nM). After 7 days, cells were fixed and stained for TRAP, and the number of TRAP MNC per well was
a
scored. Significantly different from untreated control.

creted RANKL upon IL-1α induction, and secretion was signifycantly decreased by treatment with curcumin. IL-1α also reduced OPG mRNA after 20 h, and curcumin slightly inhibited
the effect of IL-1α. (Fig. 2A). Since these results suggested that
the inhibitory effect of curcumin on IL-1α-induced osteoclastogenesis was caused by inhibition of RANKL expression,
we tested whether exogenously added RANKL opposed the
inhibitory effect of curcumin. We found that it indeed both accelerated IL-1α-induced osteoclastogenesis and abolished the
inhibitory effect of curcumin in co-cultures (Fig. 2C).
Since PGE2 increases RANKL (Suda et al., 1999), we tested
whether PGE2, a possible factor enhancing osteoclastogenesis,
was involved in the response of BMSCs to curcumin. As shown
in Fig. 2D, IL-1α stimulated the expression of COX-2 mRNA, but
curcumin had no effect on this. The addition of NS398, a selective inhibitor of COX-2, to co-cultures reduced the number of
TRAP+ MNCs, but the inhibitory effect of curcumin was not reversed by NS398, confirming that the effect of curcumin is not
related to COX-2 (Fig. 2E). Next we examined the effect of PGE2
on osteoclast formation in co-cultures. As shown in Fig. 2E, exogenously added PGE2 increased osteoclastogenesis, and curcumin reduced its effect. All these results suggest that the inhibitory action of curcumin is not due to production of PGE2.

DISCUSSION
We found that curcumin, a diferuloylmethane from turmeric,
inhibited osteoclast differentiation by whole bone marrow cells.
Curcumin has been reported to suppress osteoclastogenesis
by an action on osteoclast precursors (Bharti et al., 2004), and
to act on mature osteoclasts to inhibit apoptosis (Ozaki et al.,
2000). We focused on the inhibitory effect of curcumin on osteoclastogenesis in BMSCs, using co-cultures of BMCs and
BMSCs. Our findings highlight the inhibitory effect of curcumin
on osteoclast formation that results from decreasing the level of

RANKL in primary BMSCs. Curcumin inhibited sustained
RANKL expression without affecting OPG levels in primary
BMSCs, and exogenous RANKL reversed the inhibitory effect
of curcumin on osteoclast formation in co-cultures. RANKL is
widely expressed, especially on osteoblasts and bone stroma
(Yasuda et al., 1998). RANKL knockout mice lack osteoclasts,
but have normal myeloid progenitor cells that can differentiate
into functionally active osteoclasts when co-cultured with normal osteoblasts/stromal cells (Kong et al., 1999), supporting the
evidence for expression of RANKL in osteoblasts and bone
stroma. Expression of RANKL is highly inducible, and appears
to be regulated by osteotropic factors; moreover, combined
treatment of hematopoietic cells with M-CSF and the soluble
form of RANKL induced osteoclast differentiation áå= îáíêç (Yasuda et al., 1998). Osteotropic factors include glucocorticoid, 1,
25-(OH)2D3, IL-1, and PGE2, and almost all bone resorbing
factors also stimulate expression of RANKL. IL-1 promotes the
differentiation of osteoclast precursors into osteoclasts by increasing RANKL upon IL-1 receptor stimulation of osteoblasts/
stromal cells. It either enhances the expression of RANKL directly or exerts its effect via PGE2 (Suda et al., 2004). IL-1 also
stimulates COX-2 activity (Uchida, 2008), and COX-2 is the
major enzyme regulating PGE2 synthesis in response to bone
resorbing factors (Tai et al., 1997). We showed above that
curcumin inhibits the direct enhancement of RANKL by IL-1α.
However, it did not affect PGE2 synthesis, since it did not affect
COX-2 expression and thus the level of PGE2. In addition, neither PGE2 nor NS 398 reversed or attenuated the inhibitory
activity of curcumin. These findings suggest that curcumin inhibits IL-1α-induced osteoclast formation in co-cultures by inhibiting the expression of RANKL in BMSCs.
Curcumin is a low molecular weight polyphenol. It possesses
anti-inflammatory activity, and affects a number of proteins associated with signal transduction pathways, although its receptor
has not been clearly identified. However, several studies have
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pointed to possible receptors. Thus, curcumin activates the pregnane X receptor, a transcription factor that is activated by structurally diverse xenobiotics via their lipophilic regions that fit into
the large ligand binding site of the pregnane X receptor (Kluth et
al., 2007). In addition, Nishiumi et al. (2007) demonstrated that
curcumin is able to bind to a cytosolic aryl hydrocarbon receptor.
Furthermore curcumin competes with LPS for binding to myeloid
differentiation protein-2 (MD-2), an LPS-binding component of the
MD-2/TLR4 complex (Gradisar et al., 2007).
Although we have not examined the antioxidant activity of
curcumin, it has been reported to be a potent inhibitor of enzymes that generate reactive oxygen species (ROS) (Lin,
2007), and ROS stimulate osteoclast differentiation and bone
resorption áå=îáîç and áå=îáíêç (Fraser et al., 1996; Lean et al.,
2003). Although little is known about the mechanisms involved
in these processes, many investigations have focused on the
effect of ROS on osteoclasts. ROS not only inhibits osteoblast
differentiation (Mody et al., 2001), but also stimulates RANKL
production via cAMP response element binding protein in primary BMSCs and osteoblasts (Bai et al., 2005). Our finding that
curcumin reduces expression of RANKL and inhibits osteoclastogenesis by acting on BMSCs could be explained by the activity of curcumin as a ROS scavenger. Up-regulation of RANKL
induced by estrogen deficiency in humans results in increased
bone resorption (Eghbali-Fatourechi et al., 2003). Moreover,
OVX mice have reduced levels of thiol antioxidants, and antioxidants inhibit OVX-induced bone loss (Lean et al., 2003),
suggesting that RANKL could be targeted in approaches to
reduce bone loss. Since curcumin is widespread in the human
diet, and has been proved to be pharmacologically safe in a
phase I clinical trial (Cheng et al., 2001), our findings suggest
that it might be of use in preventing bone loss.
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