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Receptor activator of nuclear factor kappa-B ligand (RANKL) induces differentiation and function of osteoclasts through triggering multiple
signaling cascades, including NF-kB, MAPK, and Ca2þ-dependent signals, which induce and activate critical transcription factor NFATc1.
Targeting these signaling cascades may serve as an effective therapy against osteoclast-related diseases. Here, by screening a panel of natural
plant extractswith known anti-inflammatory, anti-tumor, or anti-oxidant properties for possible anti-osteoclastogenic activitieswe identified
Eriodictyol. This flavanone potently suppressed RANKL-induced osteoclastogenesis and bone resorption in a dose-dependent manner
without detectable cytotoxicity, suppressing RANKL-inducedNF-kB,MAPK, andCa2þ signaling pathways. Eriodictyol also strongly inhibited
RANKL-induction of c-Fos levels (a critical component of AP-1 transcription factor required by osteoclasts) and subsequent activation of
NFATc1, concomitant with reduced expression of osteoclast specific genes including cathepsin K (Ctsk), V-ATPase-d2 subunit, and tartrate
resistant acid phosphatase (TRAcP/Acp5).Taken together, these data provideevidence that Eriodictyol could beuseful for the prevention and
treatment of osteolytic disorders associated with abnormally increased osteoclast formation and function.
J. Cell. Physiol. 231: 1983–1993, 2016. � 2016 Wiley Periodicals, Inc.

Bone is a dynamic and living organ, which continuously
undergoes the process of repair and renewal throughout life
(Teitelbaum, 2000). This process involves osteoblast activity
(bone formation) and osteoclast activity (bone resorption).

However, bone disorders, such as osteoporosis and Paget’s
disease of bone, are characterized by bone loss owing to the
excessive formation and production of osteoclasts (Manolagas
and Jilka, 1995; Kular et al., 2012).
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Osteoclasts are multinuclear cells that are derived from the
differentiation of monocyte/macrophage lineage
hematopoietic cells. The process of macrophage differentiation
into osteoclasts depends on two essential cytokines:
macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor kappa B (NF-kB) ligand (RANKL)
(Boyle et al., 2003). RANKL is a key cytokine for osteoclast
differentiation, function, and survival, and exerts its biological
effects through interacting with its receptor, Receptor
activator of NF-kB (RANK). The binding of RANKL to RANK
results in activation of MAPK, NF-kB, and Ca2þ signal
transduction pathways followed by stimulation of several
transcription factors, such as c-Fos and NFATc1, which are
indispensable for osteoclastogenesis (Baud’huin et al., 2007).
Osteoclast-specific gene expression is initiated by NFATc1 in
response to RANKL stimulation (Negishi-Koga and
Takayanagi, 2009). M-CSF is a key factor responsible for
inducing survival and proliferation of osteoclast precursors.
M-CSF can also modulate the levels of RANK in bone marrow
macrophage cells (BMMs) sensitizing them to RANKL
stimulation (Takayanagi, 2007). Thus, impairment of RANKL-
induced molecular and signaling pathways can be useful for the
treatment of osteoclast-related disease.

Eriodictyol, a flavonoid extracted from plants such as Citrus
limon, has a wide range of biomedical and pharmacological
effects, which include antioxidant (Lee et al., 2015) and anti-
inflammatory activities (Lee, 2011; Lee et al., 2013). However,
the cellular and molecular actions of Eriodictyol on RANKL-
induced osteoclast formation and function are not clear. In
order to assess the impact of Eriodictyol on RANKL-mediated
osteoclastogenesis, we investigated the effects and mechanism
of action of Eriodictyol in regulating formation and function of
osteoclasts. Our results demonstrate that Eriodictyol is
capable of inhibiting RANKL-induced osteoclastogenesis and
bone resorption through suppression of NFATc1 activation via
NF-kB, MAPK, and Ca2þ signaling pathways. Collectively, these
data suggest that Eriodictyol is a novel and potential candidate
for treatment of osteolytic bone diseases.

Materials and Methods
Materials

Alpha modified Minimal Essential Medium (a-MEM) and fetal
bovine serum (FBS) was purchased from Thermo Fisher
Scientific (Scoresby, Australia). Eriodictyol with a purity >95%
was purchased from the National Institute for Control of
Pharmaceutical and Biological Products (Beijing, China) and
prepared at a concentration of 100mM in Dimethyl sulfoxide
(DMSO). DMSO alone was used as vehicle in these assays and
shows no effect. Antibodies specific for NFATc1, IkBa, ERK,
JNK, p38, phosphorylated (p) ERK, p-p38, p-JNK, and b-actin
were obtained from Santa Cruz Biotechnology (San Jose, CA).
Vacuolar-type Hþ-ATPase V0 subunit d2 (V-ATPase d2) was
generated as previously described (Feng et al., 2009). The MTS
and luciferase assay system were obtained from Promega
(Sydney, Australia). Recombinant macrophage colony stimulating
factor (M-CSF) was obtained from R&D Systems (Minneapolis,
MN). Leucocyte acid phosphatase staining kits were obtained
from Sigma–Aldrich (Sydney, Australia). Recombinant GST-
rRANKL protein was expressed and purified as previously
described (Xu et al., 2000).

Cell culture

RAW264.7 cells (mouse macrophage cells) were obtained from
the American Type Culture Collection (Mannassas, VA) and
cultured ina-MEM supplemented with 10% FBS, 2mM L-glutamine,
100 units/mL penicillin, and 100 g/mL streptomycin (complete

medium). Bone marrow macrophage cells (BMMs) were isolated
from 6-week-old C57BL/6J mice by flushing the marrow from the
femur and tibia, and then culture in complete medium in the
presence of M-CSF (50 ng/mL).

Drug screening assay and osteoclastogenesis assay

Drug screening assays were conducted using BMMs isolated
as described above to evaluate RANKL-induced
osteoclastogenesis. BMMs were plated into 96-well culture plates
at a density of 6� 103 cells/well, and treated with complete
medium containing M-CSF and GST-rRANKL (50 ng/mL) in the
presence or absence of natural compounds (screening assay–
10mM) or varying concentrations of Eriodictyol. The cell culture
medium was changed every 2 days. After 5 days, cells were fixed
with 4% paraformaldehyde for 10min, washed three times with
PBS, and then stained for tartrate resistant acid phosphatase
(TRAcP) enzymatic activity using a leucocyte acid phosphatase
staining kit (Sigma–Aldrich, Sydney, Australia), following the
manufacturer’s procedures. TRAcP-positive multinucleated cells
(>3 nuclei) were counted as osteoclasts.

Cytotoxicity assays

BMMs were seeded into a 96-well plate at 6� 103 cell/well and left
overnight to adhere. The following day, the cells were incubated
with varying concentrations of Eriodictyol for 48 h. At the end of
the experiment, MTS solution (20mL/well) was added and
incubated with cells for 2 h. The absorbance at 490 nm was read
with a microplate reader (Thermo LabsystemMultiscan Spectrum,
Thermo labsystem, Chantilly, VA).

Hydroxyapatite resorption assay

To measure osteoclast activity, osteoclasts were first generated
from BMMs (1� 105 cells per well) cultured onto 6-well collagen-
coated plates and stimulated with 50 ng/mL GST-rRANKL and
M-CSF until mature osteoclasts were generated. Cells were
gently detached from the plate using cell dissociation solution
(Sigma–Aldrich, Sydney, Australia) and mature osteoclasts were
seeded into individual wells in hydroxyapatite-coated 96-well plates
(Corning, Inc., Corning, NY). Starting osteoclast number was the
same in each well. Mature osteoclasts were incubated in medium
containing GST-rRANKL and M-CSF with or without Eriodictyol at
the indicated concentration. After 48 h, half of the wells were
histochemically stained for TRAcP activity as above to assess
the number of multinucleated cells per well. The remaining wells
were bleached for 10min to remove the cells and allow
measurement of the resorbed areas, which were photographed
under standard light microscopy. ImageJ software (NIH, Bethesda,
MD) to quantify the percentage area of hydroxyapatite surface
resorbed by the osteoclasts.

Luciferase reporter assays

To investigate NF-kB and NFATc1 transcriptional activation,
RAW264.7 cells were stably transfected with either an
NF-kB-responsive luciferase construct (Wang et al., 2003) or
an NFATc1-responsive luciferase reporter construct (van der
Kraan et al., 2013). Transfected cells were cultured in 48-well
plates at a density of 1.5� 105 cells/well (NF-kB luciferase report
gene assay) or 5� 104 cells/well (NFATc1 luciferase report gene
assay), respectively, and pretreated with various concentrations of
Eriodictyol for 1 h. Following pre-treatment cells were
subsequently stimulated with GST-rRANKL (50 ng/mL) for 6 h
(NF-kB luciferase report gene assay) or 24 h (NFAT luciferase
reporter gene assay) and luciferase activity was detected using the
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luciferase reporter assay system according to the manufacturer’s
protocol (Promega, Sydney, Australia).

Reverse transcription (RT)-PCR analysis of gene
expression

Total RNA was isolated from cells using Trizol reagent according
to the manufacturer’s protocol (ThermoFisher Scientific,
Scoresby Australia). The cDNA was synthesized using Moloney
murine leukemia virus reverse transcriptase with 1mg of RNA
template and oligo-dT primers. Polymerase chain reaction
amplification of specific sequences was performed using the
following cycle: 94°C for 5min, followed by 30 cycles of 94°C for
40 sec, 60°C for 40 sec, and 72°C for 40 sec, and a final extension
step of 5min at 72°C. Reaction products (8mL) were separated
using agarose gel electrophoresis and visualized on an Image-quant
LAS 4000 (GE Healthcare, Silverwater, Australia) and analyzed by
ImageJ software.

The following specific primers (based on the mouse sequences)
were used:

cathepsin K (Ctsk) (Forward: 50-GGGAGAAAAACCT-
GAAGC-30; Reverse: 50-ATTCTGGGGACTCAGAGC-30),

TRAcP (Acp5) (Forward: 50-TGTGGCCATCTTTATGCT-30;
Reverse: 50-GTCATTTCTTTGGGGCTT-30),

TABLE 1. The effect of natural compounds on RANKL-induced
osteoclastogenesis

Compounds name Origins
Inhibitory effect on RANKL-induced

Osteoclast number (IC50)

Eriodictyol Natural IC50� 5mM
Sinapine
thiocyanate

Natural IC50> 10mM or no effect

Jervine Natural IC50> 10mM or no effect
Veratramine Natural IC50> 10mM or no effect
Olaquindox Natural IC50> 10mM or no effect
Pedunculoside Natural IC50> 10mM or no effect
Barbaloin Natural IC50> 10mM or no effect
Orcinolglucosid Natural IC50> 10mM or no effect
Betulin Natural IC50> 10mM or no effect
Germacrone Natural IC50> 10mM or no effect
Paeoniflorin Natural IC50> 10mM or no effect
Albiflorin Natural IC50> 10mM or no effect
Alpinetin Natural IC50> 10mM or no effect
Calycosin Natural IC50> 10mM or no effect
Tectorigenin Natural IC50> 10mM or no effect
Matrine Natural IC50> 10mM or no effect
Arbutin Natural IC50> 10mM or no effect
Hyodeoxycholic
acid

Natural IC50> 10mM or no effect

Ethyl ferulate Natural IC50> 10mM or no effect
L-Rhamnose Natural IC50> 10mM or no effect
Ligustrazine
hydrochloride

Natural IC50> 10mM or no effect

Fig. 1. Eriodictyol suppresses RANKL-induced osteoclastogenesis. A: Structure of Eriodictyol. B: Representative images of RANKL-induced
osteoclastogenesis in the presence of indicated concentrations of Eriodictyol (Mag¼ 20�; scale bar, 100mm). C: Low power image of TRAcP
staining showing the dose dependent effect of Eriodictyol treatment. D: Quantification of the effect of Eriodictyol treatment on the number of
TRAcP-positive multinucleated cells (nuclei> 3) (n¼ 3). E: Survival of BMMs in the presence of Eriodictyol as assessed by MTS cell viability
assay (n¼ 3). “�” means RANKL untreated; “þ” means RANKL treated. �P< 0.05, ��P< 0.01, ���P< 0.001 relative to RANKL-stimulated
controls.
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V-ATPase-d2 (Forward: 5’-GTGAGACCTTGGAAGACCTGA
A-30; Reverse: 50-GAG AAA TGT GCT CAGGGGCT-30),

GAPDH (Forward: 50-ACCACAGTCCATGCCATCAC-30; Re-
verse: 50-TCCACCACCCTGTTGCTGTA-30).

Western blotting

BMM cells were cultured in 6 well plates and stimulated with
100 ng/mL GST-rRANKL for the stated times. Cells were lysed in
radioimmunoprecipitation (RIPA) lysis buffer, and proteins were
resolved by SDS-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride (PVDF) membranes (GE
Healthcare, Silverwater, Australia). Themembranes were blocked
in 5% skim milk for 1 h, and then probed with various specific
primary antibodies with gentle shaking overnight. Membranes
were washed and subsequently incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies. Antibody
reactivity was then detected with enhanced chemiluminesence
(ECL) reagent (Amersham Pharmacia Biotech, Piscataway, NJ),
visualized on an Image-quant LAS 4000 (GE Healthcare,
Silverwater, Australia) and analyzed by ImageJ software.

Measurement of intracellular Ca2þ oscillation

Ca2þ oscillations were investigated using the calcium binding dye
Fluo4-AM according to the manufacturer’s method (Molecular
probes, Thermo Fisher Scientific, Scoresby, Australia). Briefly,
BMMs were seeded into a 48-well plate at a concentration of
1� 104 cells/well. The following day, the medium was replaced
with complete medium containing 10mM Eriodictyol
supplemented with GST-rRANKL and M-CSF for 24 h. Cells were
then washed in Assay buffer (HANKS balanced salt solution
supplemented with 1mM probenecid and 1% FBS) and then
incubated with 4mM Fluo4 staining solution (Fluo4-AM dissolved

in 20% pluronic-F127 (w/v) in DMSO diluted in Assay buffer, for
45min at 37°C. Cells were washed once in Assay buffer and
incubated at room temperature for 20min followed by a further
two washes in Assay buffer and visualization of fluorescence using
an inverted fluorescent microscope (Nikon, Tokyo, Japan) at an
excitation wavelength of 488 nm. Images were captured every
2 sec for 3min and calcium flux analyzed using Nikon Basic
Research Software. Cells that showedmore than one calcium peak
within the observed time frame were considered to be oscillating,
with the oscillation intensity calculated as the difference between
the maximum and minimum of fluorescence intensities within the
oscillating cell area.

Statistical analysis

All experimental data are presented as the mean� SEM and
statistical significance determined by Student’s t-test. All the
experiments were repeated at least three times with results
presented as the average of triplicate experiments or the data from
a representative experiment that was repeated at least three
times. A P-value< 0.05 was considered statistically significant.

Results
Eriodictyol inhibits osteoclastogenesis

To identify compounds that have the potential to inhibit
osteoclastogenesis our preliminary screen assessed 20 natural
compounds at a standardized concentration of 10mM for their
ability to inhibit RANKL-stimulated osteoclast formation from
mouse BMM (Table 1 and Supplementary Fig. S1). From this
screen we identified that Eriodictyol (Fig. 1A) exerted a strong
inhibitory effect on RANKL-induced osteoclast formation. We
further investigated the dose dependency of the effect of

Fig. 2. Eriodictyol inhibits RANKL-induced hydroxyapatite resorption. A: Representative images of hydroxyapatite resorption (left) with
corresponding TRAcP stained osteoclasts (right). White arrow indicated TRAcP-positive multinucleated cells, black arrow indicated
mononuclear cells (Mag¼ 4�; scale bar, 500mm). B: Quantification of the number of TRAcP positive cells (nuclei> 3) (n¼ 3). C: The
percentage area of hydroxyapatite resorption per osteoclast (n¼ 3). �P< 0.05, ��P< 0.01, ���P< 0.001 relative to RANKL-stimulated controls.
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Eriodictyol on osteoclast formation using BMMs cultures
stimulated with RANKL and M-CSF. Increasing doses of
Eriodictyol exhibited a dose-dependent inhibition on the
number of TRAcP positive osteoclasts formed (Fig. 1B–D).
Both the size and number of osteoclasts were significantly
suppressed as the concentration of Eriodictyol increased from
2.5 to 10mM. The inhibitory concentration (IC50) of
Eriodictyol for osteoclastogenesis was approximately 5mM
(Fig. 1D).We next performed a cell viability assay to determine
whether the inhibitory effect of Eriodictyol on osteoclast
formation was due to cytotoxic effects. Our results showed
that Eriodictyol concentrations ranging from 0.25 to 10mM
were not cytotoxic to BMMs (Fig. 1E). Collectively, these
results indicate that Eriodictyol inhibits RANKL-induced
osteoclastogenesis in a dose-dependent manner without
causing cell cytotoxicity.

Eriodictyol inhibits osteoclastic resorption

To investigate the effect of Eriodictyol on resorption bymature
osteoclasts, a hydroxyapatite resorption assay was used.
We observed a large amount of hydroxyapatite resorption in
the presence of RANKL alone; however, treatment with
Eriodictyol caused a visible reduction in resorption area
(Fig. 2A). Consistent with the lack of cytotoxicity observed in

BMM,mature osteoclast numberwas not affected by treatment
with Eriodictyol (Fig. 2B). However, resorption area per
osteoclast was significantly reduced at 5 or 10mM Eriodictyol
(Fig. 2C), with almost complete inhibition of hydroxyapatite
resorption in cultures treated with 10mM Eriodictyol. Taken
together, these data show that Eriodictyol suppresses
osteoclastic resorption without affecting the survival of mature
osteoclasts.

Eriodictyol suppresses RANKL-induced NF-kB and
MAPK pathways

To further elucidate the molecular mechanism by which
treatment with Eriodictyol results in suppression of
osteoclastogenesis, we investigated the effect of Eriodictyol on
the RANKL-induced signaling pathways, NF-kB, MAPK.
Activation of NF-kB, as assessed by luciferase assay, was greatly
reduced, with a significant reduction in NF-kB activity at
concentrations greater than 2.5mM (Fig. 3A). To determine
how Eriodictyol was impacting NF-kB activity we examined the
protein levels of inhibitor of NF-kB (IkB)-a using western-blot.
BMM were pre-treated with 10mM Eriodictyol and then
stimulated with RANKL and RANKL induced IkB-a
degradationwas analysed. As shown in Figure 3B, pretreatment
with Eriodictyol failed to inhibit the degradation of IkB-a.

Fig. 3. Eriodictyol attenuates RANKL induced NF-kB activity, but has little effect on IkB-a. A: Luciferase activity in RANKL stimulated
RAW264.7 cells transfected with an NF-kB luciferase construct. Transfected cells were pre-treated with indicated concentrations of
Eriodictyol and subsequently stimulated with GST-rRANKL (50ng/mL) (n¼ 3). “�” means RANKL untreated; “þ” means RANKL treated.
�P< 0.05, ��P< 0.01, ���P< 0.001 relative to RANKL-stimulated controls. B: Protein lysates from BMMs pre-treated with Eriodictyol (10mM),
followed by stimulation with GST-rRANKL (50ng/mL) for indicated times. Western-blot was probed for IkB-a and b-actin, the amount of
IkB-a was normalized to b-actin and expressed as a ratio.
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Interestingly, we found that the phosphorylation of ERK1/2,
JNK1/2, and p38 were strongly inhibited by pre-treatment with
Eriodictyol, compared to untreated RANKL-induced only cells
(Fig. 4A). Taken together, these findings indicate that
Eriodictyol exerts an inhibitory effect on RANKL-induced
activation of NF-kB and MAPK signaling pathways.

Eriodictyol inhibits RANKL-induced Ca2þ oscillations

RANKL stimulation results in the activation of Ca2þ signal
transduction pathways, which initiate Ca2þ oscillations that
result in stabilization and nuclear translocation of NFATc1
transcription factor. To determine the effect of Eriodictyol on
RANKL-induced Ca2þ signaling, intracellular Ca2þ oscillations
were observed in RANKL stimulated BMMs. As expected,
treatment with RANKL induced Ca2þ oscillations whereas no
Ca2þ flux was observed in the RANKL-untreated group
(Fig. 5A, B). Treatment with Eriodictyol significantly attenuated
the observed RANKL induced Ca2þ oscillations (Fig. 5C, D).
These results suggest that Eriodictyol abrogates the Ca2þ

signaling pathway mediated by RANKL.

Eriodictyol represses NFATc1 and c-fos activation, and
associated downstream protein expression

As Ca2þ oscillations are critical for activation of NFATc1, we
utilized an NFATc1 luciferase reporter gene construct in
RAW264.7 cells to investigate the effect of Eriodictyol on
RANKL-induced NFATc1 activity. Pre-treatment with
Eriodictyol resulted in a dose-dependent impairment of
NFATc1 activation (Fig. 6A). Consistent with the inhibition of
NFATc1 activation observed in the RAW264.7 cells, the
increase in protein levels of NFATc1 observed in RANKL-
stimulated BMM was notably blocked by Eriodictyol treatment
on days 3 and 5 of culture (Fig. 6B). In confirmation of the

observed reductions in NFATc1 activity, expression of the
NFATc1 regulated V-ATPase subunit d2 was also suppressed
by Eriodictyol (Fig. 6B).

RANKL binding to cognate receptor RANK also results in
activation of the transcription factor AP-1, via induction of the
protein expression of critical component c-Fos. Western blot
analysis of c-Fos protein expression showed that c-Fos was
maximally induced on days 3 and 5 following RANKL
stimulation of BMM (Fig. 6B). Treatment with Eriodictyol
strongly blocked the expression of c-Fos relative to the
RANKL-treated group. Collectively, these data demonstrate
that Eriodictyol blocks the activation of NFATc1 and its
downstream target V-ATPase-d2 via regulation of
RANKL-induced NF-kB, MAPK, and Ca2þ pathways.

Eriodictyol inhibits RANKL-induced gene expression

Activation of NF-kB and NFATc1 results in the up-regulation
of osteoclast marker gene expression. Based on the inhibitory
effect of Eriodictyol on those pathways we investigated the
effect of Eriodictyol (5 and 10mM) on osteoclastic gene
expression. As shown in Figure 7, the expression of osteoclast
marker genes (Ctsk, TRAcP, and V-ATPase-d2) was reduced
dose dependently following treatment with Eriodictyol,
suggesting that Eriodictyol attenuates osteoclast-specific gene
expression.

Discussion

In adult skeleton bone remodeling is constantly active through
coordinated balance between osteoclast-induced bone
resorption and osteoblast-induced bone formation. When the
balance is perturbed bone diseases such as osteoporosis are
developed; these osteolytic diseases are associated with
excessive osteoclastic activity (Boyle et al., 2003).

Fig. 4. Eriodictyol suppresses RANKL-induced phosphorylation of ERK, JNK, and P38. A: Protein lysates from BMMs pre-treated with
Eriodictyol (10mM), followed by stimulation with GST-rRANKL (50ng/mL) for indicated times. Western-blot was probed with p-ERK, ERK, p-
JNK, JNK, p-P38, and P38 specific antibodies and the ratio of phosphorylated proteins relative to unphosphorylated proteins was determined.
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Osteoclasts are formed by differentiation and fusion of
macrophage precursors cells (Shinohara and Takayanagi,
2007). There are several cytokines that are critical for
osteoclast differentiation, such as M-CSF, interleukin-1,
transforming growth factor-b, and RANKL. Of these factors,
RANKL, in concert with its receptor RANK, has been
identified as a key factor regulating both osteoclast formation in
the presence of M-CSF, and inducing osteoclast activity (Lacey
et al., 1998; Kong et al., 1999). As a critical regulator of both
osteoclast formation and function, RANKL is an attractive
target for treatment of osteolytic diseases.

Current therapies focus on inhibiting the resorptive function
of osteoclasts. Several treatments are clinically available
targeting bone disorders, including estrogen replacement
therapy, bisphosphonates, and raloxifene. However, these
treatments have some concerning side effects, including
increased risk of breast cancer, gastrointestinal distress, and
thromboembolism (Rodan and Martin, 2000; Rachner et al.,
2011; Lippuner, 2012). Considering these concerns, it is
important to search for alternative approaches for the
treatment of excessive osteoclastic activity. Interestingly, due
to the triggers of inflammation, cancer, and oxidative stress in
the risk of bone loss, remarkable progress has been made in
developing potent osteoclast inhibitor to inhibit those triggers
(Abu-Amer, 2009; Wauquier et al., 2009). Of note, natural
products exhibit a promising alternative treatment for bone
diseases (Putnam et al., 2007). Recently, natural compounds
like mangiferin, phloretin, and naringin, extracted from natural

plants, have been demonstrated to possess inhibitory effects on
osteoclastic activity and may serve as potential therapies to
treat skeletal diseases (Ang et al., 2011a,b; Kim et al., 2012).
Therefore, we selected 20 compounds from commercial
libraries for further study, based on their anti-inflammatory,
anti-tumor or anti-oxidant benefits. For instance, germacrone
inhibits human hepatoma cells growth via regulation of G2/M
cell cycle and apoptosis (Liu et al., 2013); alpinetin exerts
suppression effects on production of NO and PGE 2 in
lipopolysaccharides induced RAW264.7 cells (Lee et al., 2012);
matrine prevents oxidative damage associated with the
translocation of Nrf2 (Zhang et al., 2013). Through screening
the effect of natural compounds on osteoclast formation, we
observed that Eriodictyol significantly suppressed RANKL-
induced osteoclastogenesis in a dose-dependent manner, with
further work detailed in this manuscript showing the key
mechanisms by which Eriodictyol exerts this action.

Mature osteoclasts express a variety of specialized proteins
that play essential roles in the degradation of bone matrix, in
particular, osteoclasts deficient in V-ATPase-d2 or Ctsk,
exhibit dysfunctional bone resorption resulting in
osteopetrosis (Gowen et al., 1999; Li et al., 1999). In the
present study, we found that Eriodictyol abrogated the
resorption of a hydroxyapatite substrate by mature osteoclasts
as well as the expression of V-ATPase-d2 and Ctsk genes.

Dissecting themechanism of action of an osteoclast inhibitor
such Eriodictyol offers valuable information about the
molecular targets of its actions. Eriodictyol suppresses many of

Fig. 5. Eriodictyol blocks RANKL-induced Ca2þ oscillation. BMMs were stimulated with GST-rRANKL (50ng/mL) for 24h and then calcium
flux was assessed using Fluo4 calcium indicator. A: Representative calcium fluctuations within three cells treated with RANKL only. B:
Representative calcium fluctuations within three cells treated with M-CSF only (negative control). C: Representative calcium fluctuations
within three cells treated with RANKL and Eriodictyol (10mM). D: Average change in intensity per cell. Calcium fluctuations were analysed
across multiple cells for each condition and maximum peak intensity minus baseline intensity was calculated (n> 16 individual cells/well, three
wells/treatment) (n¼ 3). “�” means RANKL untreated; “þ” means RANKL treated. ��P< 0.01 relative to RANKL-stimulated controls.
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the critical pathways in osteoclast precursors, which explains
its potency, but it is not clear at this stage what its main
molecular target is in osteoclast precursors. RANK
engagement by RANKL leads to recruitment of TRAF6,
resulting in subsequent activation of IKK, which phosphorylates
and degrades IkB-a to release the activated form of NF-kB.
This is followed by translocation of NF-kB to the nucleus and
subsequent activation of osteoclastogenesis gene
transcription either directly or by inducing production of other
transcription factors required for osteoclast formation and
function (DiDonato et al., 1997). Deletion of p50 and p52
subunits of NF-kB in mice results in osteopetrosis,
demonstrating that NF-kB acts as a significant regulator in the
generation of osteoclasts (Boyce et al., 1999) and osteolytic
bone conditions (Xu et al., 2009). In this study, Eriodictyol
suppressed the activity of NF-kB, although Eriodictyol failed to
prevent the degradation of IkB-a, perhaps indicating effects on
NF-kB downstream of IkB. Since, several other pathways
investigated here, including AP-1 and NFATc1 depend upon
NF-kB activity, this may indicate that blockade of NF-kB is a

primary action of Eriodictyol. This compound has
previously been found to suppress inflammatory responses
(e.g., lipopolysaccharide-elicited responses) that depend on
NF-kB (Lee, 2011). It is important to note; however, that
RANKL signaling also activates supporting signaling pathways
that are also required for successful osteoclast formation,
notably MAPK and Caþ-dependent pathways, which are not
NF-kB dependent. This might indicate multiple molecular
targets of Eriodictyol or effects upstream of NF-kB and
MAPKs, perhaps involving TRAF6 or RANK.

The MAPK pathways play a crucial role in the modulation of
osteoclast differentiation. Three MAPK pathways are relevant
to osteoclast formation, namely ERK1/2, JNK, and p38, which
are all activated by the binding of RANKL to RANK (Kobayashi
et al., 2001). Inhibition of ERK activity affects both osteoclast
survival and formation (Hotokezaka et al., 2002;Nakamura et al.,
2003). Dominant-negative JNK abrogates RANKL-stimulated
osteoclastogenesis, while activation of p38 exerts many effects
on osteoclast differentiation but not on osteoclast function
(Matsumoto et al., 2000; Li et al., 2002; Ikeda et al., 2004). In our

Fig. 6. Eriodictyol abrogates RANKL-induced c-Fos and NFATc1 protein expression. A: Luciferase activity in RANKL stimulated RAW264.7
cells transfected with an NFAT luciferase construct. Transfected cells were pre-treated with indicated concentrations of Eriodictyol, and
subsequently stimulated with GST-rRANKL (50ng/mL) (n¼ 3). “�” means RANKL untreated; “þ” means RANKL treated. �P< 0.05,
��P< 0.01, ���P< 0.001 relative to RANKL-stimulated controls. B: Cell lysates from BMMs pre-treated with Eriodictyol (10mM) and then
stimulated with GST-rRANKL (50ng/mL) for the indicated times. Western-blot was probed with c-Fos, NFATc1, VATPase-d2, and b-actin
specific antibodies. Protein levels are expressed as the ratio relative to b-actin.
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study, Eriodictyol inhibited RANKL-induced phosphorylation of
ERK, JNK, and p38, implying that all of these pathways are
affected and suggesting several ways that osteoclast formation is
reduced by Eriodictyol.

RANKL treatment of BMMs also activates c-Fos, a
component of the AP-1 transcription factor complex involved

in osteoclast and macrophage differentiation. Mice with
mutations in c-Fos exhibit severe osteopetrotic diseases, due
to reduced numbers of mature osteoclasts (Grigoriadis et al.,
1994). In this study, we found that Eriodictyol strongly reduced
the protein level of c-Fos, consistent with its inhibition of
MAPK, and NF-kB pathways.

Fig. 7. Eriodictyol reduces RANKL-induced gene expression in BMMs. Relative levels of RANKL-induced gene expression in BMM cells
treated with complete medium containing M-CSF and GST-rRANKL (50ng/mL) in the presence or absence of indicated concentrations of
Eriodictyol. Gene expression was normalized to GAPDH; (A) Ctsk (B) V-ATPase-d2, (C) TRAcP (n¼ 3). “�” means RANKL untreated; “þ”
means RANKL treated. �P< 0.05, ��P< 0.01, ���P< 0.001 relative to RANKL unstimulated controls. #P< 0.05, ##P< 0.01, ###P< 0.001 relative
to RANKL-stimulated controls.
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Along with inhibition of NF-kB, MAPKs, and c-Fos by
Eriodictyol, we further examined its impact on NFATc1, a
transcription factor that is indispensable for osteoclast
formation. NFATc1 is amember of theNFAT family of proteins
(NFATc1, NFATc2, NFATc3, NFATc4, and NFATc5).
Importantly, NFATc1 is a master regulator of
osteoclastogenesis, and can be spatio-temporally induced and
activated by RANKL-stimulated signaling pathways (Shinohara
and Takayanagi, 2007; Nakashima et al., 2012). NFATc1 can
auto-regulate itself through binding motifs in promoter regions
of its own gene and that of other NFAT family members (which
bind a similar motif). It is notable that the NFATc1 promoter
region can also recruit other transcription factors (NF-kB,
NFATc2, and c-Fos) to amplify NFATc1 expression and
downstream transcriptional processes (Asagiri et al., 2005;
Aliprantis et al., 2008). Interestingly, ERK/MAPK, JNK/MAPK,
and p38/MAPK also trigger induction of c-Fos and NFATc1
(Takayanagi et al., 2002; Ikeda et al., 2004; Monje et al., 2005;
Huang et al., 2006). After activation of NFATc1, downstream
osteoclastic genes are elicited, such as Ctsk, V-ATPase d2, and
TRAcP (Balkan et al., 2009; Feng et al., 2009). Our study
demonstrated that Eriodictyol inhibited the protein level of
NFATc1 with associated down-regulation of osteoclast-
specific genes. From the combined suppression of osteoclastic
genes (Ctsk, V-ATPase-d2, and TRAcP) and suppression of
NF-kB activity, MAPKs, and c-Fos level by Eriodictyol, it was
inferred that Eriodictyol attenuated the process of RANKL
signaling (NF-kB and MAPK pathway), followed by suppression
of the induction of c-Fos, finally, down-regulation of NFATc1.
In addition to the above observations with NF-kB and MAPK,
NFATc1 is also sensitive to the release of intracellular Ca2þ

during osteoclast differentiation. RANKL-induced Ca2þ

oscillation activates the auto-amplification loop of NFATc1
required for osteoclastogenesis (Takayanagi et al., 2002;
Negishi-Koga and Takayanagi, 2009). We found that
Eriodictyol could inhibit the intensity of Ca2þ oscillation in
response to RANKL, congruent with the pivotal role of
Calcium signaling-induced stimulation of NFATc1 (Takayanagi
et al., 2002; Koga et al., 2004).

In summary, we observed that Eriodictyol prevented
RANKL-induced osteoclast formation and function through
inhibiting NFATc1 activity and RANKL-induced NF-kB, MAPK,
and Ca2þ signaling. Our study highlighted that the regulation of
the transcription factorNFATc1 is amaster switch in the course
of RANKL-induced osteoclastogenesis. Our findings thus
provide a cellular and molecular mechanism for the inhibitory
effect of Eriodictyiol on RANKL-induced osteoclastogenesis.
Future studies are required to elucidate the effect of Eriodictyol
on osteoblast function and the metabolism of Eriodictyol in
vitro/vivo to confirm its suitability as a potential treatment
against osteolytic bone diseases. Thus, Eriodictyol could offer a
promising therapeutic strategy against osteoporosis and other
osteoclast-related diseases.
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