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(−)-Epicatechin 3-O-β-D-allopyranoside
prevent ovariectomy-induced bone loss in
mice by suppressing RANKL-induced NF-κB
and NFATc-1 signaling pathways
Hung-Bo Hsiao1, Jin-Bin Wu2 and Wen-Chuan Lin2*

Abstract

Background: Davallia formosana Hayata is a herb that has been used in Chinese medicine to treat bone diseases,
including arthritis, bone fractures and osteoporosis. The rhizome of D. formosana H. has been found to be rich in
(−)-Epicatechin 3-O-β-D-allopyranoside (ECAP), which is considered to be the active component of the plant in
terms of its antiosteoporotic effect. This study investigated the molecular mechanism of the antiosteoporotic
property of ECAP isolated from the roots of D. formosana H. using both in vitro and in vivo models.

Methods: We studied the effects of ECAP on the signaling pathways of the receptor activator of nuclear factor-κB
ligand (RANKL)-stimulated osteoclastogenesis and ovariectomy-induced osteoporosis. In the in vitro study, the
inhibitory action of ECAP on RANKL-induced osteoclastogenesis and the expression of osteoclast-related marker
genes were investigated, and in the in vivo study, the effects of ECAP on bone were evaluated using ovariectomized
(OVX) mice orally-administered ECAP for 4 weeks.

Results: We demonstrated that ECAP dose-dependently inhibited RANKL- and nuclear factor of activated T-cells, and
cytoplasmic 1 (NFATc-1)-induced osteoclastogenesis by RAW 264.7 cells, and reduced the extent of bone resorption.
Furthermore, μCT images and TRAP staining showed that oral administration of ECAP to OVX mice prevented bone
loss. ECAP administration also exerted recovery effects on serum C-terminal telopeptide of type I collagen and osteocalcin
levels in OVX mice. In addition, we also found that MMP-9 expression was decreased in vivo and in vitro.

Conclusions: Overall, our findings suggested that ECAP suppresses RANKL-induced osteoclastogenesis through NF-κB
and NFATc-1 signaling pathways, and has the potential for use in osteoporosis treatment.
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Background
Disruption of the balance between bone resorption and
new bone formation may lead to metabolic bone diseases,
such as postmenopausal osteoporosis, autoimmune arth-
ritis, and Paget’s disease [1]. Excessive bone resorption
over bone formation results in total bone loss, thus lead-
ing to these diseases. Therefore, osteoclasts, the only bone
cells capable of resorbing bone efficiently, are useful

targets for the development of antiresorptive drugs for
bone resorption diseases. Of the cytokines critical for oste-
oclastogenesis, macrophage colony-stimulating factor (M-
CSF) and receptor activator of nuclear factor-κB ligand
(RANKL) have been shown to be essential for osteoclast
differentiation [2]. M-CSF is crucial factor for osteoclast
precursor proliferation and survival, and is also associated
with the process of induction of RANK expression in
osteoclast precursors [3]. RANKL, a tumor necrosis factor
(TNF) family cytokine, is able to stimulate the entire de-
velopment processes of osteoclasts [4].
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We previously demonstrated that Davallia formosana
Hayata extract (DFE) prevented bone loss in ovariecto-
mized (OVX) rats, and also inhibited the differentiation
of RAW 264.7 cells into osteoclasts [5]. Davallia formo-
sana Hayata is a Taiwanese herb used as a substitute for
the traditional Chinese herb Gu-Sui-Bu (Drynaria fortu-
nei). It has been shown that (−)-epicatechin 3-O-β-D-
allopyranoside (ECAP; Fig. 1) is the primary active
compound of Davallia formosana Hayata ([5]). Based on
the antiosteoclastogenesis-guided fractionation principle,
we therefore further isolated the active component,
ECAP, and validated its function in the RAW 264.7 cell
differential system [5]. Moreover, recent study also
showed that the ethanol extract of a fresh rhizome of D.
formosana inhibited osteoclast differentiation through
the inhibition of NF-κB activation [6]. Therefore, ECAP
has potential as a new drug for metabolic bone diseases.
The NF-κB signaling pathway is essential in osteoclast

formation, and there is already wide clinical application
of ECAP; therefore, we hypothesized that ECAP could
be a treatment option for osteoclast-related diseases. In
this study, we aimed to investigate the potential thera-
peutic benefits of ECAP for the treatment of osteoclast-
related diseases, and further examine the detailed
underlying molecular mechanisms mediating the effects
of ECAP on osteoclast formation and function.

Methods
ECAP preparation
Rhizomes of Davallia formosana H. were purchased from
a local market in Taichung, Taiwan. The plants were

identified in the Institute of Chinese Pharmaceutical Sci-
ences, China Medical University, where a plant specimen
was deposited (no. CMCP 1253). ECAP was isolated from
fresh whole plants of Davallia formosana H. [5]. The
identity and purity of ECAP (> 85%) was analyzed by
HPLC as described in a previous study [5].

Cell cultures
RAW 264.7 cells were cultured in α-MEM (Hyclone,
Logan, UT, USA) supplemented with 10% FBS, 100 U/ml
of penicillin, and 100 μg/ml of streptomycin. For osteo-
clast differentiation, RAW 264.7 cells, at 1 × 103, were
seeded in 24-well plates and treated human recombinant
soluble receptor for the activation of NF-κB (RANKL,
50 ng/ml; PeproTech EC, London, UK) for 5 days. The
culture medium was replaced every 3 days. 10, 50 and
100 μg/ml of ECAP were added to these cultures. After
3 days, the culture medium containing the relevant re-
agents (indicated above) was changed.
Osteoclast formation was measured using a TRAP

staining kit as previously described [7]. Briefly, adherent
cells were fixed with 10% formaldehyde in phosphate-
buffered saline (PBS) for 3 min and then stained with
naphthol AS-MX phosphate and tartrate solution for
1 h at 37 °C. Multinucleated TRAP-positive cells and
bone marrow cells was detected using an MTS assay
(CellTiter 96 Aqueous One Solution Cell Proliferation
assay, Promega Corporation, Madison, WI, USA). The
result was expressed in optical density units.

Bone resorption
RAW 264.7 cells were suspended in α-MEM contain-
ing 10% FBS and plated at 1 × 104 cells/well on
Osteoclast Activity Substrate plates (OCT USA, Inc.)
in the presence of 50 ng/ml of RANKL and incubated
for 24 h. Subsequently, ECAP (10–100 μg/ml) was
added to the cultures. Half of the medium was re-
placed with fresh medium every 2 days. After a 7-day
culture, the plates were washed in 6% sodium hypo-
chlorite solution to remove the cells. Images of
resorbed areas on the plates were captured using a
digital camera attached to an Olympus microscope
and were analyzed using an automated software ana-
lysis program (Image-Pro Plus Version 5.1; Media
Cybernetics, MD, USA).

RT-PCR analysis
RAW 264.7 cells were suspended in α-MEM containing
10% FBS in the presence of 50 ng/ml or RANKL and in-
cubated for 1 h. ECAP (10–100 μg/ml) was added to the
cultures. Mouse cathepsin K (CAK), MMP-9, carbonic
anhydrase II (CAII), TRAP of treatment with RANKL in
the absence or presence of ECAP (10–100 μg/ml), total
RNA was extracted using TRIzol reagent (Invitrogen,

Fig. 1 Structure of ECAP
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Carlsbad, CA, USA) according to the manufacturer’s in-
structions. The PCR primer sequences for mouse CAK,
MMP-9, CAII, TRAP, and GAPDH were as follows:
CAK, 5′-CTGCCCATAACCTGGAGG-3′ (sense) and
5′-GCCCTGGTTCTTGACTGG-3′ (antisense); MMP-9,
5′-GGTCTAGGCCCAGAGGTA-3′ (sense) and 5′-GGT
CGTAGGTCACGTAGC-3′ (antisense); CAII, 5′-CCCA
CCACTGGG GATACA-3′ (sense) and 5′- AGGGGTCC
TCC TTTCAGC-3′ (antisense); TRAP, 5′-GAACCGTGC
AGACGATGG-3′ (sense) and 5′-GGAAGTT CCAGCG
CTTGG-3′ (antisense); and GAPDH, 5′-CTTCATTGA
CC TCAACTACATGGTCTA-3′ (sense) and 5′-GAT
GACAAGCTTCCCATTCTCAG-3′ (antisense). The ex-
pected sizes of PCR products were 230 bp, 310 bp,
247 bp, 231 bp, and 99 bp for CAK, MMP-9, CAII, TRAP,
and GAPDH, respectively. All primer sets were designed
using NCBI Primer-BLAST.

Gelatin zymography
The enzymatic activity of MMP-9 was determined
using gelatin zymography. Briefly, RAW 264.7 cells
were seeded and allowed to grow to confluence for
24 h, and then maintained in 1% FBS-supplemented
medium with different concentrations of ECAP (10, 50,
and 100 μg/ml) in the absence or presence of RANKL
(50 ng/ml). Subsequently, the culture medium was col-
lected and centrifuged at 14,000 rpm for 5 min at 4 °C
to remove cell debris. Protein content was measured
using the Bradford method. The culture medium was
mixed with 4× nonreducing sample buffer (4:1, v/v) and
subjected to electrophoresis in a 10% polyacrylamide
gel containing 0.1% (w/v) gelatin. The gel was washed
with washing buffer containing 3% Triton X-100 and
incubated at 37 °C for 16 h in 50 mM Tris (pH 7.5),
200 mM NaCl, 5 mM CaCl2, and 0.2% (w/v) NaN3. The
gel was stained with 0.2% (w/v) Coomassie Brilliant Blue
R-250 in 50% (v/v) methanol and 10% (v/v) acetic acid.

Western blotting
To determine the levels of protein expression in the
cytoplasm or the nucleus, we prepared extracts [7]
from RANKL-treated cells and fractionated them by
SDS-PAGE.
After electrophoresis, the proteins were electrotrans-

ferred to nitrocellulose membranes, blotted with each
Ab. By using the enhanced chemiluminescence detec-
tion system (Amersham Biosciences, Inc., Piscataway,
NJ, USA), specific bands were detected and the mem-
brane was exposed to an X-ray film. For densitometry
analysis, the OD was measured on the inverted digital
images using AlphaEase (Alpha Innotech Corporation,
San Leandro, CA, USA).

Animal experiments
Mice (18–20 g, ~7 weeks old) were ovariectomized
(OVX) and sham-operated (Sham). For the surgery, Fe-
male ICR mice were anesthetized with pentobarbital so-
dium. After 3 days of recovery from surgery, OVX mice
were randomly divided into 4 groups and orally treated
with H2O, ECAP (50 or 100 mg/kg/day), or alendronate
(2.5 mg/kg 3 times a week; Sigma–Aldrich) for 4 weeks.
The Sham group was orally treated with H2O as de-
scribed previously [7]. The experimental animals were
housed in an air-conditioned room at 22–25 °C under a
12-h light/dark cycle. All animals were treated in
accordance with the Institutional Animal Care and Use
Committee (IACUC) of China Medical University, and
the study protocol was approved by the ethics commit-
tee of the China Medical University, Taichung, Taiwan.
Serum osteocalcin (OCN) levels were measured using

clinical kits (Nordic Bioscience Diagnostics, Herlev
Hovedgade, Denmark). Serum C-terminal telopeptide
of type I collagen (CTx) levels were measured using a
mouse-specific ELISA assay kit according to the manu-
facturer’s protocols (Nordic Bioscience Diagnostics).
The trabecular bone microarchitecture of the distal

left femoral metaphysis was determined using a
microcomputed tomography (micro-CT) scanner (Sky-
Scan 1076, Kontizh, Belgium), with an isotropic reso-
lution of 18 μm in all 3 spatial dimensions. Briefly,
micro-CT analysis was performed using bone-related
parameters, including Trabecular bone volume (%),
number of trabeculae (No./mm), thickness of the tra-
beculae (μm), and separation of trabeculae (μm)
which are minimal set of variables that should be in-
vestigated for trabecular bone regions [7].
The left femur was removed, fixed with 4% neutral-

buffered paraformaldehyde in PBS (pH 7.4) for 48 h,
and decalcified in 10% ethylenediamine tetraacetic
acid solution (pH 7.4) at 4 °C for 4 weeks. After de-
calcification, each bone sample was examined by
histological analysis including hematoxylin and eosin
(H&E) and TRAP staining as previously described [7].
To study the ECAP-associated mechanisms on OVX-

induced osteoporosis in mice, total RNA of the right
tibiae was extracted for RT-PCR analysis. The expres-
sion levels of MMP-9 and TRAP were normalized to
those of GAPDH mRNA in the same tissue. PCR prod-
ucts were separated on a 2% agarose gel and recorded
on a Polaroid film, and the intensity of the band was
quantified using a densitometer. The mean ratio of each
group was calculated as the average for 8 mice.

Statistical analysis
All results are expressed as mean ± SD. All experimen-
tal data were analyzed using one-way analysis of
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variance with Dunnett’s test. Results with P < 0.05 were
considered statistically significant.

Results
Effects of ECAP on osteoclastogenesis and activity in RAW
264.7 cells
Using a tetrazolium compound MTS assay, we found
that treatment of RAW 264.7 cells with ECAP (10–
100 μg/ml) for 3 days did not affect cell viability (data
not shown). In addition, ECAP exhibited a dose-
dependent effect on the inhibition of RANKL-induced
osteoclast differentiation in RAW 264.7 cells (Fig. 2a).
Moreover, ECAP reduced osteoclast formation by 93%,
50% (p < 0.05) and 71% (p < 0.05) at 10, 50, and
100 μg/ml, respectively.
We then studied bone resorption by mature osteo-

clasts. RAW 264.7 cells were seeded on bone slices and
the culture was stimulated with RANKL in the presence
or absence of ECAP. With the RANKL-stimulated cells,
many pits were formed on the bone slices (Fig. 2b), in-
dicating that the bone resorption activity of RANKL-
stimulated cells transformed the cells into functionally-
active osteoclasts. Compared with RANKL treatment
alone, ECAP treatment (10–100 μg/ml) significantly

reduced the number and area of resorption pits on the
bone slices. ECAP inhibited osteoclast resorption by
20% (10 μg/ml; p < 0.01), 24% (50 μg/ml; p < 0.01), and
67% (100 μg/ml; p < 0.01).

ECAP inhibited MMP-9 expression in RANKL-stimulated
RAW 264.7 cells
By performing RT-PCR, we examined the effects of
ECAP on the expressions of osteoclastogenesis-
associated genes. RT-PCR analysis of total RNA isolated
from RANKL-stimulated RAW 264.7 cells demon-
strated that RANKL stimulation significantly increased
the MMP-9 mRNA level (Fig. 3a). On the other hand,
in terms of the effects on osteoclastogenesis-related
genes, ECAP reduced the MMP-9 mRNA level in the
presence of RANKL, but did not alter the CAK and
CA II mRNA levels (Fig. 3a). As MMP-9 is consid-
ered essential for mediating the mobility of preosteo-
clasts and osteoclasts, we examined whether ECAP
could reduce RANKL-induced MMP-9 activation. The
results showed that ECAP inhibited the MMP-9 ex-
pression level in RANKL-stimulated RAW 264.7 cells
(Fig. 3b).

Fig. 2 Effects of ECAP on RANKL-induced osteoclastogenesis activity. a RAW 264.7 cells were cultured for 5 days in the presence of RANKL
(50 ng/ml) with the vehicle (H2O) or ECAP. Multinucleated osteoclasts were visualized by TRAP staining. TRAP-positive cells were photographed
under a light microscope. Multinucleated TRAP-positive cells with ≥3 nuclei were defined as osteoclasts. b RAW 264.7 cells were cultured on
Osteoclast Activity Substrate plates in the presence of RANKL (50 ng/ml) with the vehicle (H2O) or ECAP for 7 days. After a 7-day culture, adherent
cells were removed and photographed under a light microscope. Each value represents the mean ± SD. (n = 3). **P < 0.01 compared with
RANKL alone
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ECAP suppresses multiple pathways in RANKL-stimulated
RAW 264.7 cells
RAW 264.7 cells were treated with RANKL in the
presence or absence of ECAP for 120 min. According
to western blotting results, treatment with RANKL
for 60 min increased the cytoplasmic protein expression
levels of p-IκBα and p-p65 (Fig. 4a). The expression levels
of p-IκBα and p-p65 in the RANKL-stimulated RAW
264.7 cells (RANKL group) were increased to 162% and
212%, respectively; these levels were significantly greater
than those in the control group. Although ECAP treat-
ment did not affect the total IκBα protein expression, it
did however reduce the p-IκBα expression by 35%
(50μg/ml) and52% (100μg/ml), and reduced thep-p65 ex-
pression by 18% (10 μg/ml), 22% (50 μg/ml), and 55%
(100 μg/ml) (Fig. 4a). We then determined the expression
levels of p65 in the cytoplasm and the nucleus. The ex-
pression level of p65 in the nuclei of the cells of the
RANKL group was 142% of that in the nuclei of the cells
in the control group; in addition, ECAP pretreatment re-
duced the p65 expression by 20% (50 μg/ml) and 55%
(100 μg/ml) (Fig. 4a).
When RAW 264.7 cells were incubated with

RANKL with or without ECAP for 120 min, western
blotting analysis showed an increased NFATc-1 pro-
tein expression level in the cells treated with RANKL
for 24 h (Fig. 4b). The NFATc-1 protein level in the
RANKL group was 203% of that in the control group,
and ECAP pretreatment reduced the NFATc-1 protein
expression by 20% (50 μg/ml) and 43% (100 μg/ml).

Effects of ECAP on bone loss and osteoclast activity in
OVX mice
The trabecular bone volume, trabecular number, and
trabecular thickness were lower in the OVX mice than
in the sham-operated mice (Table 1), and the OVX
mice also showed increased trabecular separation as
compared with the sham-operated mice. Treatment of
the OVX mice with ECAP (50 or 100 mg/kg/day) or
alendronate prevented ovariectomy-induced reduction
in the trabecular bone volume, trabecular number, and
trabecular thickness, and prohibited ovariectomy-
induced increased trabecular separation. The expres-
sion levels of the trabecular bone volume, trabecular
number, and trabecular thickness in the OVX mice
were 69.8%, 83%, and 87% respectively; these values
were lower than those in the sham-operated mice. The
expression level of trabecular separation in the OVX
mice was 147%, which was greater than that in the
sham-operated mice. Trabecular area (%), trabecular
number, trabecular thickness and trabecular separation
markedly improved in the ECAP-treated OVX mice as
compared with the ECAP vehicle-treated OVX mice.
ECAP pretreatment increased the trabecular area (%)
by 118% (50 mg/kg) and 119% (100 mg/kg), the tra-
becular number by 113% (50 mg/kg) and 113%
(100 mg/kg), and the trabecular thickness by 16%
(100 mg/kg), in addition to reducing trabecular separ-
ation by 80% (100 mg/kg) (Table 1).
These results were further supported by μCT images

and TRAP staining of decalcified bone sections. μCT

Fig. 3 Effects of ECAP on mRNA and protein expression of steoclastogenesis-related genes. a RAW 264.7 cells were cultured in the presence of RANKL
(50 ng/ml) with the vehicle (H2O) or ECAP. After 24 h, total RNA was then isolated using TRIzol reagent, and mRNA expression levels were evaluated
by RT-PCR. Glyceraldehyde- 3-phosphate dehydrogenase (GAPDH) was used as the internal control. b RAW 264.7 cells were cultured in the presence
of RANKL (50 ng/ml) with the vehicle (H2O) or ECAP. After 24 h, the culture medium was collected and analyzed by gelatin zymography. Each value
represents the mean ± SD. (n = 3). ## P < 0.01 compared with control; *P < 0.05, **P < 0.01 compared with RANKL alone
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images of the distal left femoral metaphysis revealed that
ECAP inhibited ovariectomy-induced bone loss (Fig. 5a).
Compared with the vehicle-treated OVX mice, the
ECAP-treated mice had a decreased number of TRAP-
positive multinucleated cells at the growth plates of the
left femur (Fig. 5b).

Serum C-terminal telopeptide of type I collagen (CTx) and
osteocalcin (OCN) levels
Ovariectomy caused significant increases in the serum
CTx and OCN levels in the OVX mice (Table 2).
Treatment with ECAP (50 or 100 mg/kg) or alendro-
nate suppressed the increases in serum CTx and

Fig. 4 Effects of ECAP on RANKL-induced NF-κB and NFATc1 activation. a RAW 264.7 cells were pre-incubated for 1 h with indicated concentrations of
ECAP and then activated for 1 h with RANKL (50 ng/ml). Cytoplasm fractions were obtained for the detection of phospho-IκBα, phospho-p65
and β-actin levels. Nuclear fractions were obtained for the detection of p65, p50 and PCNA levels. b RAW 264.7 cells were pre-incubated for
1 h with indicated concentrations of ECAP and then activated for 24 h with RANKL (50 ng/ml). The cell lysates were obtained for the detection of
NFATc1 levels. Each value represents the mean ± SD. (n = 3). ## P < 0.01 compared with control; *P < 0.05, **P < 0.01 compared with RANKL alone

Table 1 Effects of ECAP on the percentage of trabecular bone, number of trabeculae, thickness of the trabeculae and separation of
trabeculae of the distal femoral metaphysis in OVX mice by microtomography analysis

Drugs Doses
(mg/kg)

Trabecular bone
volume (%)

Number of
trabeculae (No./mm)

Thickness of the
trabeculae (μm)

Separation of
trabeculae (μm)

Sham 0 29.5 ± 1.9 2.8 ± 0.3 91.8 ± 2.9 212.0 ± 30.4

OVX + Vehicle 0 20.6 ± 1.6## 2.3 ± 0.2## 80.1 ± 3.9## 312.2 ± 25.6##

OVX + ECAP 50 24.3 ± 2.2* 2.6 ± 0.2* 84.4 ± 4.1 275.5 ± 15.4

OVX + ECAP 100 24.5 ± 0.8** 2.6 ± 0.1* 85.4 ± 1.8* 250.6 ± 25.8**

OVX + Alendronate 2.5 26.2 ± 2.0** 2.7 ± 0.2** 86.8 ± 4.3** 227.2 ± 34.1**

##P < 0.01 compared with shame group; *P < 0.05, **P < 0.01 compared with OVX + Vehicle group
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OCN levels in the OVX mice. The expression levels
of CTx and OCN in the OVX mice were 246% and
126%, respectively; these levels were higher than those
in the sham-operated mice. ECAP pretreatment reduced
the CTx level by 85% (50 mg/kg) and 81% (100 mg/kg)
and the OCN level by 88% (50 mg/kg) and 88%
(100 mg/kg).

RT-PCR analysis of tibial mRNA expression in OVX mice
The fragments shown in Fig. 6 reflect pooled data for 8
samples. RT-PCR analysis of the tibial samples shown
in Fig. 6 demonstrated that the expressions of MMP-9
and TRAP were 250% (p < 0.01) and 167% (p < 0.05)
higher in the OVX mice than in the sham-operated
mice. ECAP treatment led to 37% (50 mg/kg) and 42%
(100 mg/kg, p < 0.01) decreases in MMP-9 expression
and 64% (50 mg/kg, p < 0.01) and 60% (100 mg/kg,
p < 0.01) decreases in TRAP expression. Alendronate
treatment led to a 37% (p < 0.01) decrease in MMP-9
expression and a 50% (p < 0.01) decrease in TRAP
expression.

Discussion
Bone metabolism is regulated by a balance between
new bone formation by osteoblasts and old bone re-
sorption by osteoclasts. Excessive RANKL signaling

causes enhanced osteoclast formation and bone re-
sorption. Downregulating RANKL expression or its
downstream signals may be a valuable approach for
the treatment of pathological bone loss. In this study,
we report for the first time the antiosteoclastogenic
activity of ECAP, the primary active compound of D.

Fig. 5 ECAP inhibits osteoporosis in OVX mice. a The distal left femoral metaphysis was scanned using a micro-CT after 4 weeks in OVX mice.
b The left femora were fixed, decalcified, embedded, and sectioned. Sections were stained with TRAP after 4 weeks in OVX mice

Table 2 Effects of ECAP on plasma CTx and Osteocalcin
contentrations in OVX mice

Drugs Doses (mg/kg) CTx(ng/ml) Osteocalcin (ng/ml)

Sham 0 5.6 ± 1.2 27.9 ± 1.1

OVX + Vehicle 0 13.8 ± 1.1## 35.4 ± 1.3##

OVX + ECAP 50 11.8 ± 1.0* 31.3 ± 2.0**

OVX + ECAP 100 11.3 ± 1.1** 31.4 ± 1.4**

OVX + Alendronate 2.5 8.9 ± 1.6** 30.7 ± 1.3**

##P < 0.01 compared with shame group; *P < 0.05, **P < 0.01 compared with
OVX + Vehicle group

Fig. 6 The expression of MMP-9 and TRAP RT-PCR on the
metaphysis of the right tibiae in OVX mice. a Fragments of MMP-9,
TRAP and GAPDH were amplified by RT-PCR. b The expression
levels of MMP-9 and TRAP mRNA were measured and quantified
densitometrically after 4 weeks in OVX mice. Each value represents the
mean ± SD. (n = 8). ## P < 0.01 compared with shame group;
*P < 0.05, **P < 0.01 compared with OVX + Vehicle group
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formosana H., a Taiwanese herb that has often been
used as a substitute for the traditional Chinese herb
Gu-Sui-Bu (D. fortunei). We demonstrated that ECAP
effectively suppressed RANKL-induced osteoclast dif-
ferentiation and formation in vitro. At the molecular
level, ECAP suppressed RANKL-induced expression
of NF-κB, and NFATc1 expression was dramatically
downregulated. Finally, ECAP inhibited the expres-
sions of mature osteoclast-related marker genes such
as MMP-9 and TRAP. Therefore, we demonstrated
that ECAP also attenuated ovariectomy-induced oste-
oclastogenesis and prevented bone loss in vivo.
Osteoclasts, unique large multinucleated cells, play an

important role in bone homeostasis, as they have the
capacity to enhance bone resorption [8]. Increased
RANKL signaling causes enhanced osteoclast formation
and bone resorption. In general, two essential steps con-
tribute to osteoclastogenesis: 1) commencing progenitor
cells to osteoclast precursors, which involves activating
osteoclast marker genes such as TRAP; and 2) forming
multinucleated osteoclasts by merging the TRAP-
positive mononuclear cells. In this study, we used a
homogeneous, murine macrophage RAW 264.7 cell line
to assess the direct effects of ECAP on RANKL-induced
osteoclastogenesis. However, as this system did not
contain any osteoblasts/bone marrow stromal cells or
cytokine-like M-CSF, we were able to focus on RANKL
signaling in preosteoclast cells. We previously demon-
strated that D. formosana H. extract (DFE) reduced bone
loss in OVX rats [5]. In this study, we isolated ECAP,
the primary active compound of D. formosana H., and
further demonstrated that ECAP suppressed RANKL-
stimulated osteoclastogenesis in RAW 264.7 cells. In
addition, the bone resorption assay results revealed
that ECAP inhibited the bone resorption activity of
mature osteoclasts. We then examined the effects of
ECAP on mRNA expressions of osteoclastogenesis-
related genes (MMP-9, CAK, and CAII), and observed
that ECAP reduced RANKL-induced MMP-9 mRNA
expression, but did not affect CAK or CAII mRNA ex-
pressions. These results suggested that the inhibitory
effect of ECAP on osteoclastogenesis is attributable
not only to its inhibitory effect on osteoclast differenti-
ation, but also to the bone resorption activity of mature
osteoclasts.
Gaining a greater understanding of the cellular and

molecular mechanisms by which ECAP inhibits osteo-
clast differentiation might provide valuable information
for the treatment of osteolysis. Several transcription fac-
tors, including PU.1, microphthalmia-associated tran-
scription factor, NF-κB, c-Fos, and NFATc-1, have been
shown to play a role in osteoclast differentiation from its
precursors [8], whereas NF-κB, c-Fos, and NFATc1 func-
tion downstream of RANKL signaling for osteoclast

differentiation. The RANKL receptor, RANK, lacks in-
trinsic enzymatic activity in its intracellular domain and
activates NF-κB and MAPKs, including JNK and p38, in
RANKL-induced osteoclastogenesis [9, 10]. In the ca-
nonical NF-κB pathway, RANK ligation activates the in-
hibitor of the IκB kinase (IKK) complex, which
phosphorylates NF-κB-associated IκBα, resulting in its
ubiquitination and proteosomal degradation [11].
NFATc1 is an NFAT family member that is activated by
the Ca2+/calmodulin-regulated phosphatase calcineurin
[12]. In osteoclast precursors, calcium signaling activates
the existing NFATc1, and an AP-1 complex containing
c-Fos may cooperate with NFATc-1 to trigger NFATc-1
amplification. Upon activation, NFATc-1 proteins are de-
phosphorylated by calcineurin and then translocated
from the cytoplasm to the nucleus, where they regulate
transcription of osteoclast-specific genes such as TRAP,
CAK, and MMP-9 at the terminal differentiation stage
of osteoclasts [13, 14]. Previous studies have shown that
RANKL-induced activation of the NF-κB pathway plays
a pivotal role in osteoclastogenesis [15, 16]. In addition,
genetic and pharmacological study findings have under-
scored the importance of the NF-κB pathway in osteo-
clastogenesis [17–20]. In this study, we demonstrated
that ECAP suppressed RANKL-induced activation of the
NF-κB pathway, as demonstrated by the inhibition of
phosphorylation and degradation of IκBα, inhibition of
phosphorylation and nuclear translocation, and DNA-
binding activity of NF-κB. In addition, studies have
shown that NFATc1 is a master regulator in osteoclasto-
genesis [21, 22]. Furthermore, NF-κB and AP-1 can bind
to the NFATc1 promoter and regulate NFATc1 expres-
sion, and NF-κB is also known to initially induce
NFATc-1 expression at the early stage. Our data showed
that ECAP inhibited osteoclastogenesis at the early
stage, suppressed NF-κB activation, and inhibited
NFATc-1 expression. Thus, our results strongly sug-
gested that ECAP inhibits osteoclastogenesis by altering
NF-κB activation. This finding is consistent with the
observation that NF-κB downregulation reduces NFATc-1
expression [16, 23, 24].
Bone homeostasis is a delicate process that relies on

an adequate balance between bone resorption by osteo-
clasts and bone formation by osteoblasts [25]. In our
previous study, we showed that DFE administration can
prevent osteoporosis in OVX rats [5]. ECAP is the main
active compound of D. formosana, and the amount of
ECAP in DFE was found to be 3.2%. Bisphosphonate
therapies are a class of drug used in prevention and cure
of bone diseases like osteoporosis and associated with
increased risk of cancer or osteonecrosis, respectively. In
the present study, we aimed to evaluate the effect of
ECAP in terms of a potential treatment for postmeno-
pausal osteoporosis; therefore, we used an OVX mouse
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model to observe bone formation and bone resorption.
We demonstrated that ECAP at 2 doses (50 or 100 mg/
kg/day) could ameliorate OVX-induced bone loss in the
mouse model. Quantitative microcomputed tomography
analysis of the trabecular bone microarchitecture
showed that ovariectomy caused a marked decrease in
the trabecular bone volume per tissue volume, trabecu-
lar thickness, and trabecular number, and increased the
trabecular separation. Oral administration of ECAP sig-
nificantly attenuated RANKL-induced changes in the
trabecular area (%) and the trabecular number. We then
investigated changes in serum CTx and OCN levels,
which are used as markers of bone resorption, and bone
formation, respectively [26]. ECAP markedly inhibited
ovariectomy-induced increases in serum CTx and OCN
levels, therefore exerting a protective effect against bone
destruction by suppressing bone resorption through the
inhibition of osteoclast differentiation. Our results

clearly showed that ECAP attenuates RANKL-induced
osteoclast differentiation and bone destruction in vivo.
TRAP activity is a marker often used for identifying os-
teoclasts [27], and MMP-9 is required for osteoclast
migration and resorption [28]. In this study, ECAP ad-
ministration inhibited the mRNA expressions of femoral
TRAP and MMP-9 (Fig. 7).

Conclusion
In summary, our results showed that ECAP has antios-
teoclastogenic potential by altering NF-κB and NFAcT-1
activation. In addition, ECAP suppresses the bone re-
sorption activity of mature osteoclasts by regulating the
expression of osteoclast resorption-related genes. More-
over, ECAP decreases ovariectomy-induced osteoporosis
in mice. Thus, our results strongly suggested that
ECAP warrants evaluation as a potential treatment
for osteoporosis.

Fig. 7 Proposed intracellular actions of ECAP to suppress RANKL-induced osteoclastogenesis in RAW264.7 cells. ECAP, (−)-Epicatechin 3-O-β-D-allo-
pyranoside; CAII, carbonic anhydrase II; MMP-9, matrix metalloproteinase-9; CAK, cathepsin K; TRAP, tartrate-resistant acid phosphatase; NFATc1,
nuclear factor of activated T cells c1; RANKL, receptor activator of nuclear factor kB (NF-kB) ligand

Hsiao et al. BMC Complementary and Alternative Medicine  (2017) 17:245 Page 9 of 10



Abbreviations
CTx: C-Terminal telopeptide of type I collagen; ECAP: (−)-Epicatechin 3-O-β-D-
allopyranoside; M-CSF: Macrophage colony-stimulating factor; MMP-9: Matrix
metalloproteinase-9; NFATc-1: Nuclear factor of activated T-cells, cytoplasmic
1; OCN: Osteocalcin; OVX: Ovariectomized; RANKL: Receptor activator of
nuclear factor-κB ligand; TRAP: Tartrate-resistant acid phosphatase

Acknowledgements
This study was supported by grants from the Chinese Medicine Research
Center, China Medical University (the Ministry of Education, the Aim for the
Top University Plan).

Funding
Chinese Medicine Research Center, China Medical University (the Ministry of
Education, the Aim for the Top University Plan).

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article.

Authors’ contributions
H-BH performed experiments and analyzed data. H-BH and W-CL designed
the study. H-BH and W-CL induced the osteoporosis; J-BW did the extract
HPLC analysis. H-BH was responsible for animal’s treatment. W-CL realized by
read and approved the final manuscript. All authors read and approved the
final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Present work was approved by the Ethics Committee at China Medical
University, Taichung, Taiwan and all experiments were performed in
accordance with the guidelines of Institutional Animal Care and Use
Committee of China Medical University.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Life Sciences, National Chung Hsing University, Taichung,
Taiwan. 2School of Pharmacy, China Medical University, 91 Hsueh Shih Road,
Taichung 404, Taiwan, People’s Republic of China.

Received: 17 December 2016 Accepted: 8 April 2017

References
1. Negishi-Koga T, Takayanagi H. Ca2+−NFATc1 signaling is an essential axis of

osteoclast differentiation. Immunol Rev. 2009;231(1):241–56.
2. Novack DV. Role of NF-kappaB in the skeleton. Cell Res. 2011;21(1):169–82.
3. Arai F, Miyamoto T, Ohneda O, Inada T, Sudo T, Brasel K, Miyata T, Anderson

DM, Suda T. Commitment and differentiation of osteoclast precursor cells
by the sequential expression of c-Fms and receptor activator of nuclear
factor kappaB (RANK) receptors. J Exp Med. 1999;190(12):1741–54.

4. Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, Elliott R, Colombero
A, Elliott G, Scully S, et al. Osteoprotegerin ligand is a cytokine that regulates
osteoclast differentiation and activation. Cell. 1998;93(2):165–76.

5. Ko YJ, Wu JB, Ho HY, Lin WC. Antiosteoporotic activity of Davallia Formosana.
J Ethnopharmacol. 2012;139(2):558–65.

6. Lin TH, Yang RS, Wang KC, Lu DH, Liou HC, Ma Y, Chang SH, Fu WM. Ethanol
extracts of fresh Davallia Formosana (WL1101) inhibit Osteoclast differentiation
by suppressing RANKL-induced nuclear factor- kappa B activation. Evid-Based
Compl Alt. 2013;2013:647189.

7. Hsiao HB, Lin H, Wu JB, Lin WC. Kinsenoside prevents ovariectomy-induced
bone loss and suppresses osteoclastogenesis by regulating classical NF-kappaB
pathways. Osteoporosis Int. 2013;24(5):1663–76.

8. Kim HH, Chung WJ, Lee SW, Chung PJ, You JW, Kwon HJ, Tanaka S, Lee ZH.
Association of sustained ERK activity with integrin beta3 induction during
receptor activator of nuclear factor kappaB ligand (RANKL)-directed
osteoclast differentiation. Exp Cell Res. 2003;289(2):368–77.

9. Matsumoto M, Sudo T, Saito T, Osada H, Tsujimoto M. Involvement of p38
mitogen-activated protein kinase signaling pathway in osteoclastogenesis
mediated by receptor activator of NF-kappa B ligand (RANKL). J Biol Chem.
2000;275(40):31155–61.

10. Ikeda F, Matsubara T, Tsurukai T, Hata K, Nishimura R, Yoneda T. JNK/c-Jun
signaling mediates an anti-apoptotic effect of RANKL in osteoclasts. J Bone
Miner Res. 2008;23(6):907–14.

11. Viatour P, Merville MP, Bours V, Chariot A. Phosphorylation of NF-kappaB
and IkappaB proteins: implications in cancer and inflammation. Trends
Biochem Sci. 2005;30(1):43–52.

12. Ang ES, Zhang P, Steer JH, Tan JW, Yip K, Zheng MH, Joyce DA, Xu J. Calcium/
calmodulin-dependent kinase activity is required for efficient induction of
osteoclast differentiation and bone resorption by receptor activator of nuclear
factor kappa B ligand (RANKL). J Cell Physiol. 2007;212(3):787–95.

13. Teitelbaum SL. Bone resorption by osteoclasts. Science. 2000;289(5484):1504–8.
14. Sundaram K, Nishimura R, Senn J, Youssef RF, London SD, Reddy SV. RANK

ligand signaling modulates the matrix metalloproteinase-9 gene expression
during osteoclast differentiation. Exp Cell Res. 2007;313(1):168–78.

15. Bruzzaniti A, Baron R. Molecular regulation of osteoclast activity. Rev Endocr
Metab Dis. 2006;7(1–2):123–39.

16. Takayanagi H. Osteoimmunology. Shared mechanisms and crosstalk between
the immune and bone systems. Nat Rev Immunol. 2007;7(4):292–304.

17. Ruocco MG, Karin M. Control of osteoclast activity and bone loss by IKK
subunits: new targets for therapy. Adv Exp Med Biol. 2007;602:125–34.

18. Aoki K, Saito H, Itzstein C, Ishiguro M, Shibata T, Blanque R, Mian AH,
Takahashi M, Suzuki Y, Yoshimatsu M, et al. A TNF receptor loop peptide
mimic blocks RANK ligand-induced signaling, bone resorption, and bone
loss. J Clin Invest. 2006;116(6):1525–34.

19. Teitelbaum SL, Ross FP. Genetic regulation of osteoclast development and
function. Nat Rev Genet. 2003;4(8):638–49.

20. Ruocco MG, Maeda S, Park JM, Lawrence T, Hsu LC, Cao Y, Schett G, Wagner
EF, Karin M. I{kappa}B kinase (IKK){beta}, but not IKK{alpha}, is a critical
mediator of osteoclast survival and is required for inflammation-induced
bone loss. J Exp Med. 2005;201(10):1677–87.

21. Asagiri M, Sato K, Usami T, Ochi S, Nishina H, Yoshida H, Morita I, Wagner EF,
Mak TW, Serfling E, et al. Autoamplification of NFATc1 expression determines
its essential role in bone homeostasis. J Exp Med. 2005;202(9):1261–9.

22. Ikeda F, Nishimura R, Matsubara T, Tanaka S, Inoue J, Reddy SV, Hata K,
Yamashita K, Hiraga T, Watanabe T, et al. Critical roles of c-Jun signaling in
regulation of NFAT family and RANKL-regulated osteoclast differentiation.
J Clin Invest. 2004;114(4):475–84.

23. Lee JH, Jin H, Shim HE, Kim HN, Ha H, Lee ZH. Epigallocatechin-3-gallate inhibits
osteoclastogenesis by down-regulating c-Fos expression and suppressing the
nuclear factor-kappaB signal. Mol Pharmacol. 2010;77(1):17–25.

24. Takatsuna H, Asagiri M, Kubota T, Oka K, Osada T, Sugiyama C, Saito H, Aoki
K, Ohya K, Takayanagi H, et al. Inhibition of RANKL-induced osteoclastogenesis
by (−)-DHMEQ, a novel NF-kappaB inhibitor, through downregulation of
NFATc1. J Bone Miner Res. 2005;20(4):653–62.

25. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation.
Nature. 2003;423(6937):337–42.

26. Naylor K, Eastell R. Bone turnover markers: use in osteoporosis. Nat Rev
Rheumatol. 2012;8(7):379–89.

27. Walsh NC, Cahill M, Carninci P, Kawai J, Okazaki Y, Hayashizaki Y, Hume DA,
Cassady AI. Multiple tissue-specific promoters control expression of the
murine tartrate-resistant acid phosphatase gene. Gene. 2003;307:111–23.

28. Delaisse JM, Engsig MT, Everts V, del Carmen OM, Ferreras M, Lund L, Vu TH,
Werb Z, Winding B, Lochter A, et al. Proteinases in bone resorption: obvious
and less obvious roles. Clin Chim Acta. 2000;291(2):223–34.

Hsiao et al. BMC Complementary and Alternative Medicine  (2017) 17:245 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	ECAP preparation
	Cell cultures
	Bone resorption
	RT-PCR analysis

	Gelatin zymography
	Western blotting
	Animal experiments
	Statistical analysis


	Results
	Effects of ECAP on osteoclastogenesis and activity in RAW 264.7 cells
	ECAP inhibited MMP-9 expression in RANKL-stimulated RAW 264.7 cells
	ECAP suppresses multiple pathways in RANKL-stimulated RAW 264.7 cells
	Effects of ECAP on bone loss and osteoclast activity in OVX mice
	Serum C-terminal telopeptide of type I collagen (CTx) and osteocalcin (OCN) levels
	RT-PCR analysis of tibial mRNA expression in OVX mice

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

