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Abstract

Background: Osteoporosis is related to the number and activity of osteoclasts. The goal of the present study was
to demonstrate the effect of Chaenomelis Fructus (CF) on osteoclastogenesis and its mechanism of bone loss
prevention in an OVX-induced osteoporosis model.

Methods: Osteoclasts were induced by RANKL in RAW 264.7 cells. TRAP assay was performed to measure the
inhibitory effect of CF on osteoclast differentiation. Then, Expression of nuclear factor of activated T-cells (NFATc1),
c-Fos which are essential transcription factors in osteoclastogenesis were detected using western blot and RT-PCR.
The osteoclast-related markers were measured by RT-PCR. Moreover, the ability of CF to inhibit bone loss was
researched by ovariectomized (OVX)-induced osteoporosis.

Results: Cell experiments showed that CF inhibited osteoclast differentiation and its function. Immunoblot analyses
demonstrated that CF suppressed osteoclastogenesis through the NFATcT and c-Fos signaling pathways. RT-PCR
determined that CF inhibited osteoclast-related markers, such as tartrate-resistant acid phosphatase (TRAP),
cathepsin K (CTK), osteoclast-associated immunoglobulin-like receptor (OSCAR), ATPase H+ Transporting VO Subunit
D2 (ATP6v0d2) and carbonic anhydrase Il (CA2). In animal experiments, CF showed an inhibitory effect on bone
density reduction through OVX. Hematoxylin and eosin (H&E) staining analysis data showed that CF inhibited OVX-
induced trabecular area loss. TRAP staining and immunohistochemical staining analysis data showed that CF
displayed an inhibitory effect on osteoclast differentiation through NFATc1 inhibition in femoral tissue.

Conclusion: Based on the results of in vivo and in vitro experiments, CF inhibited the RANKL-induced osteoclasts
differentiation and its function and effectively ameliorated OVX-induced osteoporosis rats.
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Background

Osteoporosis is an important health problem for the eld-
erly. The prevalence is increasing worldwide due to the
aging population, and diagnosis and treatment remain
challenging [1]. Osteoporosis is metabolic bone disease
characterized by reduction in bone mass, low bone
strength and microstructure deterioration in trabecular
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and cortical skeleton, possibly leading to a higher risk of
fracture [2]. Osteoporosis is divided into primary and
secondary; postmenopausal osteoporosis is the most
common of the primary forms. The quantity and quality
of bone are maintained in a delicate balance between
bone resorption by osteoclasts and bone formation by
osteoblasts [3]. However, hormone deficiency causes ab-
normal activation of osteoclasts and breaks the balance
of bone metabolism [4].

Osteoclasts are large multinucleated cells derived from
hematopoietic precursor cells [5]. Progression of

© The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12906-020-2841-9&domain=pdf
http://orcid.org/0000-0002-7256-9672
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:jhs@khu.ac.kr

Kim et al. BMC Complementary Medicine and Therapies

differentiation is regulated by the indicator of osteoblast-
secreted factors: receptor activator of nuclear factor
Kappa-B ligand (RANKL) [6]. RANKL binds to its recep-
tor (RANK) on osteoclast precursor cell surfaces, and
TNF receptor associated factor 6 (TRAF6) is activated [7].
Then, TRAF6 stimulates the two main transcription fac-
tors in osteoclast differentiation, nuclear factor of acti-
vated T cells c1 (NFATcl) and c-Fos [8, 9]. These factors
control the expression of osteoclast function-related genes
and proteins such as tartrate-resistant acid phosphatase
(TRAP/acp5), cathepsin K (CTK), matrix metallopeptidase
9 (MMP-9), osteoclast-associated receptor (OSCAR),
ATP6v0d2 and carbonic anhydrase II (CAII) [10, 11].

Currently, various drugs are used in the clinic to treat
osteoporosis, such as bisphosphonates [12], denosumab
[13], teriparatide [14] and estrogen-like drugs. However,
long-term administration of these drugs is not unsuit-
able because they cause unwanted side effects such as
breast cancer and endometrial cancer in patients [15].
Herbal medicine has relatively few side effects and is
suitable for chronic diseases requiring long-term treat-
ment. Chaenomelis Fructus (CF) is the dried fruit of
Chaenomeles sinensis Koehne, which is a medicine trad-
itionally used in East Asian countries such as Korea,
China, and Japan. In oriental medicine, CF has been
used as a remedy for patients with weak muscles and
bones, muscle pain, and arthritis [16]. Moreover, recent
studies have shown that CF components have an anti-
inflammatory effect, which is an effective treatment for
arthritis [17]. Many studies have reported that inflamma-
tion is associated with osteoclasts [18, 19]. Therefore, we
expect that CF would be effective in the treatment of os-
teoclasts. However, the effects of CF on osteoclasts and
osteoporosis have not been studied.

In the present study, we investigated the effects of CF
on osteoclastogenesis in RAW 264.7 cells and demon-
strated their mechanism of action. We also examined
whether CF ameliorates ovariectomy (OVX)-induced
osteoporosis in rats.

Materials and methods

Reagents

RANKL was purchased from Peprotech (London, UK).
Alpha-minimum essential media (a-MEM), fetal bovine
serum (FBS), penicillin/streptomycin (P/S) and Dulbec-
co’s phosphate buffered saline (DPBS) were obtained
from Gibco (Gaithersburg, NY, USA). TRAP assay kit
was obtained from Sigma Aldrich (Saint Louis, MO,
USA). Osteo assay surface multiple well plates were ob-
tained from Corning, Inc. (New York, NY, USA). Anti-c-
Fos antibody, anti-TRAF6 antibody and anti-B-actin
antibody were obtained from Santa Cruz (CA, USA).
Anti-NFATcl antibody was purchased from BD Phar-
mingen (San Diego, CA, USA). Anti-MMP-9 antibody
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and anti-CTK antibody were purchased from Abcam
(Cambridge, MA, USA). Anti-total-ERK antibody, anti-
phospho ERK antibody, Anti-total-J]NK antibody, anti-
phospho JNK antibody, Anti-total-p38 antibody and
anti-phospho p38 antibody were purchased from Cell
signaling (Beverly, MA, USA). Anti-NFATcl antibody
was purchased from BD Pharmingen (San Diego, CA,
USA).PCR primers were obtained from Genotech (Dae-
jeon, Korea). All of the chemicals used in the experi-
ments were of analytical grade or complied with the
level required for cell culture.

Preparation of CF

CF was received from the Kyung Hee University Medical
Center. Professor Yungmin Bu at the Herbology Labora-
tory, College of Korean Medicine, Kyung Hee University
corroborated the CF. CF was extracted by heating in dis-
tilled water for 2 h, filtered using gauze and filter paper,
and lyophilized. The extracted powder was stored at -
20°C and diluted with water before use. The yield was
20.5%. A voucher specimen of the plant material used in
this study has been deposited in the department of anat-
omy herbarium [KHU-ANA-A068].

Analysis of CF extract with HPLC

Standard stock solutions (1 mg/ml) of Chlorogenic acid
(Sigma-Aldrich, Saint-Louis, MI, USA) were prepared in
methanol. A Waters 2695 system equipped with a Wa-
ters 2487 Dual )\ absorbance detector was used for the
analysis of both chlorogenic acid and chlorogenic acid
from CF as the standard. The separation was carried out
on an Xbridge-C18 (250 mm x 4.6 mm, 5pm) with a
C18 guard column. The binary mobile phase consisted
of solvent A, Acetonitrile, and solvent B, water contain-
ing 1% acetic acid. All the solvents were filtered through
a 045 um filter prior to use. The volume injected is
10 pl. The elution conditions were 0—40 min. Chloro-
genic acid was detected at 325 nm.

RAW 264.7 cell culture and cell viability

RAW 264.7 cells were purchased from Korean Cell Line
Bank (Seoul, Korea). Cells were cultured in DMEM with
10% FBS and 1% P/S. The cells were maintained in a hu-
midified atmosphere containing 5% CO, at 37°C. To
evaluate the toxicity of CF, RAW 264.7 cells at 5 x 10
cells per well were seeded on a 96-well plate and then
treated with various concentrations of CF (1, 10, 100 pg/
ml) for 24 h. Cell viability was measured using the MTS
assay kit (Promega, WI, USA) according to the manufac-
turer’s protocol.

TRAP staining and pit formation assay
To investigate the effect of CF on osteoclastogenesis,
RAW 264.7 cells at 5 x 10 cells per well were seeded on
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a 96-well plate in a-MEM and then treated with RANKL
(100 ng/ml) and various concentrations of CF (1, 10,
100 pg/ml). Five days later, cells were fixed using a 10%
formalin solution and stained for TRAP according to the
manufacturer’s protocol. The stained cells were imaged
with an inverted microscope. Cells were considered to
be osteoclasts if they were TRAP-positive multinucleated
cells with more than 5 nuclei. TRAP activity was deter-
mined in the supernatants using a TRAP solution (4.93
mg Pnpp in 0.5 M 750 ml acetate solution, dissolved with
150 ml tartrate acid solution). After 1h, the reaction was
terminated with 0.5 M NaOH, and the absorbance was
measured at a 405-nm wavelength using an enzyme-
linked immunoassay reader (ELISA, Versamax, Molecular
Devices, CA, USA). To investigate the effect of CF on
bone resorption activity, RAW 264.7 cells at 5 x 10° cells
per well were seeded on an osteo assay surface multiple
well plate and then treated with RANKL (100 ng/ml) and
various concentrations of CF (1, 10, 100 pg/ml). Five days
later, cells were removed with 4% NaClO. The pit area
was imaged using an inverted microscope (100x) and was
measured using Image] software (National Institutes of
Health, Bethesda, MD, USA).

Western blot analysis

RAW 264.7 cells at 2 x 10° cells per well were seeded on
a 60-mm plate and then treated with RANKL (100 ng/
ml) and various concentrations of CF (1, 10, 100 pg/ml).
Protein was prepared using RIPA buffer (50 mM Tris-Cl,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, protease inhibitor cocktail, and phosphatase
inhibitor cocktail). Concentrations of protein were deter-
mined using the bicinchoninic acid method (Thermo
Scientific, Pittsburgh, PA, USA). The protein extracts
(10~30 pg) were loaded on SDS—polyacrylamide gel and
transferred to a nitrocellulose membrane (Whatman,
Dassel, Germany). The membrane was blocked with 5%
skim milk for 1h. Next, the membrane was incubated
overnight at 4°C in a 1:1000 dilution of each primary
antibody in a 1% BSA solution and then probed for 1h
with secondary antibodies (Jackson ImmunoResearch,
West Grove, PA, USA). Bands of interest were detected
using an enhanced chemiluminescence detection system
(Santa Cruz).

Reverse transcription polymerase chain reaction (RT-PCR)
analysis

The total RNA was isolated from TRIzol (TaKaRa Bio,
Otsu, Japan), and cDNA was synthesized from the total
RNA using the PrimeScript RT Reagent Kit (Takara Bio-
technology, Otsu, Japan). Reverse transcription reactions
were performed with the Invitrogen Reverse-
transcription Reagent Kit (Invitrogen, Carlsbad, CA,
USA), and PCR was performed with the MG Taq DNA
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polymerase (MG med, Seoul, Korea). The PCR condi-
tions were as follows: 95°C for 30s, 55-58 °C for 30s,
and 72 °C for 30 s for 30-40 cycles. All experiments pro-
ceeded according to the manufacturer’s instructions.
The primers used in this experiment were as follows:
Mouse NFATcI: forward, TGC TCC TCC TCC TGC
TGC TC and reverse, CGT CTT CCA CCT CCA CGT
CG; Mouse c-Fos: forward, ATG GGC TCT CCT GTC
AAC AC and reverse, GGC TGC CAA AAT AAA CTC
CA; Mouse RANK: forward, AAA CCT TGG ACC AAC
TGC AC and reverse, ACC ATC TTC TCC TCC CHA
GT; Mouse TRAP: forward, ACT TCC CCA GCC CTT
ACT ACC G and reverse, TCA GCA CAT AGC CCA
CAC CG; Mouse CTK: forward, AGG CGG CTA TAT
GAC CAC TG and reverse, CCG AGC CAA GAG AGC
ATA TC; Mouse OSCAR: forward, CTG CTG GTA
ACG GAT CAG CTC CCC AGA and reverse, CCA
AGG AGC CAG AAC CTT CGA AAC T; Mouse
ATP6v0d2: forward, ATG GGG CCT TGC AAA AGA
AAT CTG and reverse, CGA CAG CGT CAA ACA
AAG GCT TGT A; Mouse CAIIL: forward, CTC TCA
GGA CAA TGC AGT GCT GA and reverse, ATC CAG
GTC ACA CAT TCC AGC A; Mouse GAPDH: forward,
ACT TTG TCA AGC TCA TTT CC and reverse, TGC
AGC GAA CTT TAT TGA TG. Gene expression levels
were normalized to glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH).

Animal and OVX-induced osteoporosis model and
treatment

In vivo experiments were approved by the Institutional
Animal Care and Use Committee at the Kyung Hee Uni-
versity Laboratory Animal Center (approval number:
KHUASP (SE)-13-051). Forty 12-week-old, healthy, fe-
male Sprague-Dawley (SD) rats (Nara biotech, Seoul,
Korea) were acclimatized for one week. After anesthesia
with isoflurane, both ovaries were removed to complete
a postmenopausal osteoporosis model. In addition, the
sham-operated group was given the same surgical stress,
but the ovaries were not ablated. The rats were ran-
domly divided into 5 groups of 8 rats as follows:

(1) sham-operated + distilled water via
administration;

(2) OVX + distilled water via oral administration;

(3) OVX +17p-estradiol (E,, 100 pg/kg) via oral
administration;

(4) OVX +low concentration of CF (CF-L, 35 mg/kg)
via oral administration; and.

(5) OVX + high concentration of CF (CF-H, 350 mg/
kg) via oral administration. Oral administration was car-
ried out every morning for 8 weeks. At the end of the
treatment, rats were anesthetized with pentobarbital so-
dium (80 mg/kg) and sacrificed by collecting blood close
to the lethal dose with a cardiac puncture. The ovaries

oral
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and femur were collected and weighed. Femurs were
fixed with 10% neutral buffered formalin (NBF) over-
night and were then stored at room temperature until
used in the experiment.

Measurement of serum biomarkers

Blood was collected through the left ventricle. Serum
was prepared by centrifugation and then stored at —
80°C. TRAP activity in serum was measured according
to the described in the method section. Measurement of
ALP, AST and ALT in serum was performed by
DKKorea Inc. (Seoul, Korea) with ELISA instrument.

Measurement of bone density

The collected femur was placed in a conical tube and
filled with distilled water. To remove the air inside the
femur, the conical tube was kept in a vacuum for 90
min. Water on the femur was completely removed with
gauze and weighed. The femur was transferred to a new
conical tube and filled with distilled water. The femur
was reweighed in the water. As previously described,
bone density was calculated using Archimedes’ principle
(g/cm® bone volume) [20].

Histological staining

Femurs were fixed in 10% NBF and decalcified in 10%
ethylene diamine tetraacetate (EDTA) for 3 weeks and
embedded in paraffin. The paraffin-embedded femurs
were cut into 5-pum-thick sections on a microtome
(ZEISS, Oberkochen, GERMANY) with a disposable
blade. Femur sections were stained with hematoxylin
and eosin (H&E) for histopathological changes. To iden-
tify osteoclasts in the femoral tissues, TRAP staining was
performed. TRAP staining was carried out according to
the manufacturer’s manual and specimens were then
counterstained with methyl green. The stained tissues
were visualized with a light microscope (DP73, Olympus,
Tokyo, Japan) (200x).

Immunohistochemical (IHC) staining

The paraffin-embedded femurs were cut into 5-pum-thick
sections on a microtome. After endogenous peroxidase
was blocked using 3% H,O,/Mt-OH for 15 min at room
temperature, for blocking, normal serum (Gibco, Gai-
thersburg, MD, USA) was reacted at room temperature
for 30 min. The sections were incubated with the pri-
mary antibody anti-NFATcl (1:100) at 4°C overnight.
The tissues were then incubated in secondary antibody
(1:100 biotinylated) for 60 min at room temperature. Fi-
nally, sections were stained with 3,3’-diaminobenzidine
(Vector Labs, Burlingame, CA, USA) and then counter-
stained with hematoxylin. The stained-tissues were visu-
alized with a light microscope (200x).

(2020) 20:35

Page 4 of 13

Statistical analysis

All data are expressed as the means + SEM in at least
three or more experiments. Statistical significance was
evaluated for any differences among the groups by one-
way ANOVA, followed by Dunnett’s multiple compari-
son test. P values < 0.05 were considered significant.

Results

Quality assessment of the CF extract

Chlorogenic acid is a marker compound for the authen-
tication of CF [21]. The chromatogram of the water ex-
tract from CF showed many peaks at a retention time of
0 and 40 min, and chlorogenic acid was found at the
same retention time as the standards (Fig. 1).

Effect of CF on osteoclastogenesis and resorptive activity

To demonstrate the effect of osteoclast differentiation of
CF, we used a general in vitro method of RANKL treat-
ment in RAW 264.7 cells [22]. As shown in Fig. 2a-c, CF
significantly inhibited osteoclast differentiation and ac-
tivity at a concentration of 100 pg/ml (P <0.01). Simi-
larly, CF decreased the pit area (Fig. 2d), and its area
was measured using Image] (P <0.01) (Fig. 2e). Then, to
confirm the cell cytotoxicity of CF, the effects of differ-
ent concentrations (1, 10, 100 ug/ml) of CF on the sur-
vival rate of RAW 264.7 cells were confirmed by MTS
assay. The concentration of CF used in this experiment
did not affect the cell viability (Fig. 2f).

CF inhibits expression of TRAF6, translocation of NF-«kB
and phosphorylation of JNK and p38

To further confirm the molecular mechanism of CF in
osteoclast differentiation, we confirmed the expression
of TRAF6, NF-kB and MAPKs. CF inhibited the expres-
sion of TRAF6 and translocation of NF-kB (P < 0.05)
(Fig. 3A and a). Moreover, CF inhibited the phosphoryl-
ation of p38 (P<0.05) and JNK (P <0.01) (Fig. 3B and
b).

CF inhibits RANKL-induced expression of NFATc1 and c-
Fos

Next, we confirmed the expression of NFATcl and c-
Fos which are master regulators of osteoclast differenti-
ation. CF inhibited the mRNA expression of NFATcl
(P<0.01) and c-Fos (P<0.05) (Fig. 4A and a) and the
proteins expression levels of the corresponding NFATc-
1 (P<0.01) and c-Fos (P<0.01) were decreased by CF
(Fig. 4B and b).

CF decreases RANKL-induced expression of osteoclast-
related genes and protein

To further confirm the inhibitory effect of osteoclast dif-
ferentiation, the effects of CF on the osteoclast-related
genes were confirmed by RT-PCR detection of RANK,
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TRAP, CTK, OSCAR, ATP6v0d2 and CA2 expression
(Fig. 5A). CF decreased the expression levels of osteoclast
differentiation-related genes in a dose-dependent manner
(Fig. 5a). Then, we examined whether CF regulates the ex-
pression of bone resorption-related enzymes (Fig. 5B).
The protein levels of MMP-9 (P<0.01) and CTK (P<
0.05) were also inhibited by CF treatment (Fig. 5b).

CF inhibits bone loss and serum level of TRAP activity
and ALP

As shown in Fig. 6a, after OVX, the CF group did not show
an effect on body weight, and the E, group showed signifi-
cantly inhibited weight gain at 8weeks (P<0.05). In
addition, treatment with CF did not show any effect on
uterine and femur weight loss due to estrogen deficiency
(Fig. 6b and c). Bone loss in the femoral head was observed
in the OVX-group. The CF-treated group significantly

inhibited this reduction (P <0.05) (Fig. 6d). TRAP activity
of serum was increased due to OVX. But the difference was
not significant (Fig. 6e). However, the CF-treated group
inhibited the expression of TRAP activity (P <0.05). The
ALP in serum were significantly increased by OVX, and
this increase was confirmed to be reduced through the ad-
ministration of low and high group of CF (P<0.01, P<
0.05) (Fig. 6f). As shown in Fig. 6g and h, Serum ALT and
AST levels did not change in SD-rats significantly. Specific-
ally, the low concentration CF dose group significantly
inhibited the expression of ALT (P < 0.01).

CF inhibits histological changes and osteoclast
differentiation by suppressing expression of NFATc1 in
the femur

The femoral tissues of the OVX-induced osteoporosis
rats were investigated for histological changes by H&E
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staining (Fig. 7A). The decrease of bone density in the Discussion
OVX rats was confirmed by the reduction of the tra- In this study, we demonstrated that CF suppressed
becular area (P < 0.01). The CF-H and E, groups showed osteoclast differentiation and resorptive activity

significantly inhibited trabecular areas (P < 0.05, P < 0.01)
(Fig. 7a). Next, femoral tissue was subjected to TRAP
staining to identify osteoclasts that play an important
role in reducing the trabecular area (Fig. 7B). TRAP-
positive cells were increased in the femoral tissue after
OVX (P<0.01). However, the CF-treated group inhib-
ited the number of TRAP-positive cells in the femoral
tissue (P < 0.05) (Fig. 7b). In addition, we verified the ex-
pression of NFATc1, which plays an important role in
osteoclast differentiation in femoral tissue (Fig. 7C).
Consistent with the TRAP staining results, NFATc1-
positive cells were increased in the femoral tissue after
OVX (P<0.05), and the CF-treated group inhibited the
number of NFATcl-positive cells in the femoral tissue
(P <0.05) (Fig. 7c).

through inhibition of NFATcl and c-Fos, master
regulators of osteoclast differentiation. Consistent
with in vitro results, CF also inhibited bone loss in
OVX-induced rats, which is representative of a post-
menopausal osteoporosis model. TRAP secreted by
differentiated osteoclasts is regarded as a phenotype
of osteoclasts [23] and is responsible for osteoclast
migration and bone resorption [18]. In addition, in
the pit formation assay, resorption lacunae and area
represent the function of osteoclasts. Our study
showed that CF treatment inhibited the TRAP-
positive cells and their activity; CF treatment also
decreased the resorbed pits and area. These results
indicate that CF not only inhibited osteoclast differ-
entiation but also suppressed its function.
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When RANKL binds to RANK, it immediately acti-
vates TRAF6 adaptor protein, resulting in a series of
downstream signal cascades that regulate osteoclast dif-
ferentiation and activation [24]. NF-«kB is well known as
an important osteoclast differentiation transcription fac-
tor. Stimulation due to TRAF6 phosphorylates NF-kB
and causes translocation from the cytoplasm to the nu-
cleus [25]. These results upregulate the expression of
various transcription genes such as NFATcl, which are
important for osteoclast differentiation. In our study, CF
not only inhibited the expression of TRAF6, but also
suppressed translocation of NF-«B from the cytoplasm
to the nucleus. The activity of TRAF6-dependent medi-
ated MAPKs has proved its importance in various stud-
ies. In spleen cells deficient in TRAF6, p38 and JNK are
not activated despite RANKL stimulation [26]. In Huang
et al. study, treatment of the p38 inhibitor SB203580
confirmed that the expression of NFATc1 and c-Fos was
suppressed in osteoclast progenitor cells [27]. In

addition, osteoclast progenitor cells extracted from jnk1-
lacking mice had reduced osteoclast differentiation abil-
ity [28]. phosphorylation of ERK is implicated in the dif-
ferentiation, formation, proliferation and apoptosis of
osteoclasts [29]. In this study, CF strongly inhibited the
phosphorylation of JNK and p38. These results indicate
that the efficacy of CF to inhibit the expression of
NFATc1 and c-Fos is because it inhibits the expression
of TRAF and NF-kB and the phosphorylation of JNK
and p38 which reacts immediately after RANKL
stimulation.

Other studies have demonstrated that NFATcl defi-
ciency causes osteopetrosis [30], indicating that NFATc1
is a crucial factor for osteoclast differentiation. In
addition, overexpression of NFATcl makes osteoclast
precursor cells differentiable, even in the absence of
RANKL [30]. NFATcI regulates the expression of vari-
ous osteoclast-related genes, such as TRAP, CTK,
MMP-9, OSCAR and ATP6v0d2 [30-32]. As is shown
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protein levels were determined by western blot. b Protein expression was normalized to GAPDH and actin. Data represent the means + SEM of
three independent experiments. *P < 001, *P < 0.05 compared with normal and P < 0.01, "P < 0.05 compared with control. NFATc1, nuclear
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in our study, CF treatment inhibited the expression of
NFATcl at the mRNA and protein levels. In previous
studies, c-Fos mutant mice were used to demonstrate
that osteoclasts failed to absorb bone [8] and c-Fos in-
duces the expression of CA2, which plays an important
role in acidifying bone surfaces when osteoclasts absorb
bone [33]. In addition, various studies have reported that
c-Fos expression is involved in NFATcl expression [34].
In our study, CF treatment suppressed the expression of
c-Fos at the mRNA and protein levels. Moreover, we
have identified indicators related to osteoclast differenti-
ation, fusion and bone resorption. OSCAR is a compo-
nent of the immunoglobulin-like surface receptor family,
and OSCAR signaling improves the induction of
RANKL-mediated NFATcl through calcium activation
[35]. In this experiment, CF inhibited OSCAR expres-
sion. This result indicates that CF suppresses the extra
mechanism of NFATc1 induction. ATP6v0Od2 expression
is essential when fused from osteoclast precursor cells to
multinuclear osteoclasts. In previous studies, deficiency
of ATP6v0d2 in mice has been shown to impair osteo-
clastogenesis [36]. In our study, CF significantly inhib-
ited gene expression of ATP6v0d2. These results suggest
that CF inhibits the fusion of osteoclast precursor cells.

The osteoclasts secrete enzymes on the bone surface to
promote bone resorption. CA2 affects osteoclast differ-
entiation and acts to help other enzymes function by
acidifying the bone surface during bone resorption. The
acidified bone surface is degraded by CTK and MMP-9
expression. In particular, CTK is specifically expressed
in mature osteoclasts, similar to TRAP. For this reason,
CTK expression can be regarded as the number of oste-
oclasts [37]. In our study, CF inhibited CA2, MMP-9
and CTK expression. These results indicate that CF in-
hibits the expression of factors related to bone resorp-
tion through inhibiting expression of NFATcl and c-
Fos (Additional file 1: Figure S1).

The osteoporotic rat model of OVX was used to con-
firm the anti-osteoporosis model of CF. Atrophy of the
uterus determines the success of OVX [38]. This is be-
cause estrogen has a direct effect on the weight of the
uterus; also, OVX causes weight gain, and these changes
are reversed by E, treatment [20]. In this experiment,
OVX showed a decrease in uterine weight and an in-
crease in body weight, and CF did not affect the changes
in body weight and uterine weight. The results indicate
that CF did not show estrogen-like effects. Estrogen defi-
ciency due also affects various bone metabolic factors.
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OVX induced abnormal overexpression of osteoclast,
which increased the expression of TRAP activity in
serum. In this study, no significant difference was found
between the Sham and OVX groups. This result is pre-
sumably due to the long duration of osteoporosis induc-
tion after OVX. Miyazaki et al. reported that more
differences in TRAP activity expression were observed in
experiments less than eight weeks [39]. Nevertheless, the
administration of CF significantly inhibited TRAP activ-
ity in serum, which is the same as the results of cell ex-
periments and histochemical tests. ALP is commonly
used as a marker for measuring osteoblast activity. The

reason why OVX increases expression of ALP is to com-
pensate for the excessive activity of osteoclasts [40]. In our
study, CF significantly inhibited the expression of ALP in
the serum. These results indicate that CF has a positive ef-
fect on OVX-induced bone metabolism markers. ALT and
AST represent hepatocellular damage and are very sensitive
to hepatotoxicity. This is considered a preclinical and clin-
ical biomarker [41]. In this experiment, ALT and AST
showed no significant change. Rather, low concentrations
of CF have been shown to inhibit the expression of ALT.
These results indicate that concerns about toxicity due to
CF dosing in this animal experiment have been eliminated.
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Postmenopausal osteoporosis reduces bone quality by
reducing bone density and bone area [38]. This is a re-
sult of abnormal osteoclast activity, and inhibition of
osteoclast differentiation is the most important strategy
for the treatment of osteoporosis. In this study, bone
mineral density and trabecular area decreased after

OVX. The high-dose CF group showed a significant in-
hibitory effect on the reduction of bone mineral density
and trabecular area. Moreover, CF was also effective in
reducing the number of osteoclasts and inhibiting
NFATc1 expression. These results suggest that CF may
be an alternative treatment for postmenopausal
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osteoporosis through inhibition of osteoclast differenti-
ation and inhibition of bone loss.

Representative ingredient of CF are quinic acid, malic
acid, shikimic acid, protocatechuic acid and chlorogenic
acid [42]. These ingredients have demonstrated various
pharmacological effects on osteoclasts and osteoporosis.

The study by Silva et al. demonstrated that low concen-
trations of quinic acid strongly inhibited osteoclast activ-
ity [43]. Shikimic Acid suppress osteoclast differentiation
by inhibiting RANK/TRAF6 and Suppressing NF-xB and
MAPK signaling pathways [44]. These results are very
similar to the osteoclast suppression mechanism of CF.
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Wu’s research demonstrated that protocatechuic acid in-
hibits osteoclast differentiation and induces apoptosis in
mature osteoclasts [45]. Kwak et al. reported that
chlorogenic acid inhibits osteoclast differentiation by de-
creasing NFATcl expression [46]. These results can be
indicated that CF’s osteoclast differentiation inhibitory
effect and osteoporosis protective effect are due to the
pharmacological action of the main ingredients.

This study has the following limitations: i) Normal os-
teoclasts require RANKL and M-CSF when they differ-
entiate, but RAW 264.7 cells do not require M-CSF.
This cannot be explained by the complete analysis of
physiological osteoclast differentiation [47]. Therefore, it
is necessary to evaluate the osteoclast inhibition ability
of CF through bone marrow macrophages cells extracted
from mice or rats under the RANKL and M-CSF treat-
ment in the future. ii) In this study, CF had a positive ef-
fect on bone density using Archimedes principle. In
addition, in tissue staining, CF reduced the trabecular
area loss and the number of TRAP-positive cells. How-
ever, this is relatively less reliable than bone architecture
analysis using micro-CT [48]. In the future, changes in
bone density through the administration of CF with
micro-CT analysis should be studied.

Conclusion

In summary, we have demonstrated that CF has the
potential to suppress osteoclast differentiation through
regulation of the TRAF6/NF-kB/MAPK/NFATCc1 signal-
ing pathway. In addition, CF inhibited bone loss in
osteoporosis rats caused by estrogen deficiency-induced.
The effect of CF may be a potential alternative to the
treatment of osteoporosis without inducing estrogen-like
proliferative effects and hepatotoxicity.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512906-020-2841-9.

Additional file 1. Mechanisms for the anti-osteoclastogenesis effect of
CF in RANKL-induced RAW 264.7 cells. CF suppresses osteoclast differenti-
ation and its activity via inhibiting expression of NFATc1 and
osteoclastogenesis-related markers. CF inhibited the expression of RANKL-
stimulated TRAF6, MAPK and NF-kB. As a result, CF inhibited the expres-
sion of NFATc1 and c-Fos, which are key markers for osteoclast differenti-
ation. Finally, CF inhibits the expression of various osteoclast-related
genes such as CA2, MMP-9, CTK, TRAP, ATP6v0d2 and OSCAR.
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