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ARTICLE INFO ABSTRACT

The intracellular reactive oxygen species contribute to RANKL-induced osteoclastogenesis and osteolysis.
Nuclear factor-erythroid 2-related factor 2 (Nrf2), a redox-sensitive transcription factor, is critical in the cellular
AMPK defense against oxidative stress by induction of antioxidants and cytoprotective enzymes. In the current study, it
Osteoclastogenesis was first demonstrated that RANKL-induced osteoclastogenesis and hydroxylapatite resorption were suppressed
ll::azctive oxygen species by Corosolic acid (CA) via inhibiting p-JNK and activating p-AMPK. Meanwhile, p-65, p-38, Akt, and GSK-3f3

were partly inhibited during the treatment of CA. Osteoclastogenesis related genes, including NFATc1, c-fos,
cathepsin K, and CTR were down-regulated by CA as well. Furthermore, the intracellular oxidative stress of CA-
treated osteoclasts was dramatically decreased and Nrf2 was translocated into the nucleus to activate anti-
oxidants including HO-1, NQO-1, and GCLC by CA. The LPS-induced mice calvarial osteolysis model was es-
tablished for the in vivo investigation. Micro-CT morphometric analysis revealed that the treatment of CA re-
stored LPS-induced bone loss and formation of osteoclasts. Besides, p-p65 and p-JNK were activated in the LPS
group but inhibited by CA in vivo. The treatment of CA also activated p-AMPK during its attenuating LPS-
induced osteolysis. Conclusively, CA effectively protects against LPS-induced osteolysis by suppressing osteo-
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clastogenesis and oxidative stress through the inhibition of the JNK and activation of the AMPK-Nrf2 axis.

1. Introduction

Bone contains multiple cytokines, cells and secreted matrixes [1,2].
Osteoclasts, one kind of multiple nucleus giant cells that formed from
bone marrow or peripheral blood-derived monocytes, play a pivotal
role in turnover and homeostasis of bone by decomposing and resorbing
bone matrix working with bone-forming osteoblasts [3]. Therefore, the
abnormality of differentiation and function of osteoclasts lead to many
diseases including osteoporosis and osteoarthritis. Recently, many ef-
fective drugs targeting at osteoclastogenesis have been demonstrated as
owning bone protective and repairing properties [4-6]. In osteoclas-
togenesis, the osteoblasts-secreted RANKL binds to its receptor RANK
on monocytes to active TRAF6, which phosphorylates the downstream
kinases such as NF-kB and Mitogen-activated protein kinase (MAPK).
Activation of NF-kB and MAPK up-regulates the expression of osteo-
clast-associated transcription factors such as c-Fos and NFATc1, re-
sulting in differentiation and maturation of osteoclasts [7,8].

Reactive oxygen species (ROS) is an important regulator of bone cell

* Corresponding author.
E-mail address: Jinwu wang@163.com (J. Wang).

https://doi.org/10.1016/j.ni0x.2018.11.002

function and plays an important role in the maintenance of bone
homeostasis. Thus, maintaining the balance of oxidation and anti-
oxidant systems or ROS-targeted antioxidants can be used as the
treatment or prevention of bone diseases including osteoporosis. The
binding of RANKL to its receptor RANK and increases intracellular ROS
levels by activating TRAF6, NOX1 and RAC1 [9]. It was demonstrated
that ROS possesses deleterious effects on cells including peroxidation of
lipids and phospholipids, and oxidative damage to proteins and DNA
[10,11]. Therefore, cells have several protective mechanisms against
these oxidative stressors [12,13]. Nuclear factor-erythroid 2-related
factor 2 (Nrf2) is the key transcription factor that regulates the gen-
eration of cytoprotective antioxidants including cytoprotective enzymes
including heme oxygenase-1 (HO-1), NAD(P)H: quinone reductase
(NQO-1), y-glutamylcysteine synthetase catalytic subunit (GCLC) and
modifier subunit (GCLM), all of which are ROS scavengers [14,15].
AMP-activated protein kinase (AMPK) has also been demonstrated to be
a critical factor in oxidative response, inflammation, and tumorigenesis
[16-18].
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Plant-derived natural products are gaining more importance for the
treatment of osteoporosis. Previous reports have also identified that
various natural products including Carnosic acid, Avenanthramides,
and Sodium hydrosulfide, were found to effectively inhibit osteoclast
differentiation to prevent excessive bone resorption by inducing Nrf2/
HO-1, and eliminate ROS and oxidative stress in osteoclasts [19,20].
Corosolic Acid (CA) was first reported by Ahn et al., in 1998 that it was
a triterpenoid extracted from A. valvata Dunn and Lagerstroemia speciosa
L, which displayed anti-cancer activity and suppresive activity against
protein kinsae C (PKC) [21]. CA has also been reported as own anti-
oxidants, anti-inflammatory, anti-tumor properties [22,23]. Never-
theless, the effect of CA on osteoclastogenesis and LPS-induced osteo-
lysis remains unknown.

In the present study, we investigated the effect of CA on the gen-
eration of intracellular ROS and RANKL-induced oxidative stress within
osteoclasts. Our results demonstrated that CA inhibited osteoclasto-
genesis by suppressing NF-kB and MAPK as well as activating AMPK
and Nrf2 resulting in up-regulation of antioxidants in vitro and atte-
nuated LPS-induced osteolysis in vivo.

2. Materials and methods
2.1. Reagents

Corosolic acid (purity, > 98%, as determined by high-performance
liquid chromatography) was purchased from MeilunBio Co. (Dalian,
Liaoning, China). Recombinant mouse cytokines were purchased from
R&D Systems (Minneapolis, MN, USA). All antibodies were purchased
from Cell Signaling Technology or Abcam. Special hydroxyapatite-
coated plates were purchased from Corning Life Science (St. Lowell,
MA, USA). Compound C (Dorsomorphin), Anisomycin and Brusatol
were used as the inhibitor of p-AMPK, activator of p-JNK and inhibitor
of Nrf2, respectively, which were purchased from MeilunBio Co.
(Dalian, Liaoning, China).

2.2. Isolation of mouse bone marrow-derived monocytes (BMMs) and cell
culture

All experimental protocols were approved by the Ethics Committee
of Shanghai Ninth People's Hospital (Shanghai, China), which abide by
the guidelines and procedures of the Animal Care and Use Committee of
Shanghai Jiao Tong University School of Medicine. As reported before,
BMMs of C57BL/6 mice and RAW 264.7 cell lines were used as osteo-
clasts precursors [24].

2.3. Cell viability assay

The effect of CA on cell proliferation was detected using CCK-8
along with the manufacturer's instructions. In brief, BMMs and RAW
264.7 cells were inoculated into 96-well plates with sextuplicate sim-
ples. After cells attached, culture media were replaced with ones con-
taining 0, 10, 20, 40, 80, 160, or 320 uM CA for incubation 24, 48, 72,
or 96 h. At each time points, old culture media were discarded and
serum-free media with 10% CCK-8 solution followed by incubation of
2hat 37 °C, 5% CO2 without light. Next, the absorbance was detected
with a Bio-Tek Synergy HT spectrophotometer at 450 nm.

2.4. In vitro osteoclastogenesis assay

For inducing osteoclastogenesis in vitro, we inoculated appropriate
number of BMMs in 96-well plates, 24-well plates, or confocal dishes,
and incubated them with complete culture media containing 30 ng/ml
M-CSF, 50 ng/ml RANKL, and O, 5, or 10 uM CA. The mature osteo-
clasts, multiple nucleus giant cells (MNCs), were recognized as positive
TRAP staining cells with more than 3 nuclei. Meanwhile, the average
number of osteoclasts and percentage of the TRAP-positive stained area
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Table 1
The mouse primer sequences of osteoclastogenesis marker genes for RT-PCR.

Gene Forward Sequence Reverse Sequence

NFATc1 TTGAGCTGAGGAAAGGGGAG TGACTGGGTAGCTGTCTGTG
C-Fos AGAAACACGTCTTCCCTCGA TTGCCAGGAACACAGTAGGT
cathepsin K ACTCCAGTCAAGAACCAGGG CAACTTTCATCCTGGCCCAC
CTR TGCAGACAACTCTTGGTTGG TCGGTTTCTTCT CCTCTGGA
COX-2 ACACACTCTATCACTGGCACC TTCAGGGCGAAGCGTTTGC
iNOS ACATCGACCCGTCCACAGTAT CAGAGGGGTAGGCTTGTCTC
GAPDH ACCCAGAAGACTGTGGATGG CACATTGGG GGTAGGAACAC

were both calculated using Image-Pro Plus 6.0 from five random
100 x magnified views for each group.

F-actin rings formed in osteoclasts were detected as well. After in-
duced by M-CSF and RANKL for 5 days, cells were fixed with 4% par-
aformaldehyde for 30 min before permeabilized by 0.1% Triton-100 for
5min. Then cells were subsequently stained and incubated with rho-
damine-conjugated phalloidin (1:100; Invitrogen Life Technologies,
Carlsbad, CA, USA) and DAPI for 30 min and 5 min respectively after
blocked by 10% bovine serum albumin for 1 h. Afterward, the F-actin
rings were observed under a confocal fluorescent microscope.

For evaluating the effect of CA on hydroxylapatite resorption of
osteoclasts, special hydroxylapatite-coated 24-well plates provided by
Corning Inc (#3987; NY, USA) were used as above descriptions. After
osteoclasts were induced for 10 days with or without CA, the cells were
gently digested with trypsin and the plates were carefully washed with
PBS, followed by Von Kossa stain to distinguish the resorbed pits. The
average number of resorbed pits and the percentage of the resorbed
area were both calculated.

2.5. Engyme-linked immunosorbent assay (ELISA)

The secretions of several inflammatory cytokines including IL-1,
TNF-a, and IL-6 were detected by ELISA. The samples were extracted
from the culture supernatant of macrophages stimulated by LPS with or
without the treatment of 0, 5, or 10 uM CA. Three independent ex-
periments were repeated.

2.6. Reactive oxygen species (ROS) assay

For measuring the amount of ROS within osteoclasts, we used di-
chlorofluorescein diacetate (DCFH-DA) and Oxiselect™ Intracellular
ROS assay kit (Cell Biolabs, Inc., San Diego, CA, USA) according to the
manufacturer's instructions. In brief, 6 X 10° per well BMMs were in-
oculated at 6-well plates and induced by 30 ng/ml M-CSF and 50 ng/ml
RANKL with or without the treatment of CA. 24 h later, a final con-
centration of 10 umol/l DCFH-DA was added into all groups. The pro-
duced intracellular ROS converted the non-fluorescent DCFH into
fluorescent DCFH-DA, which was detected by a Bio-Tek Synergy HT
spectrophotometer.

2.7. Nrf2-ARE-luciferase assay

Nrf2-ARE-luciferase reporter gene transfected RAW 264.7 cells were
constructed as previous descriptions [25,26]. In brief, 2 X 10° RAW
264.7 cells were inoculated in 24-well plates and cultured with or
without CA for 6h, followed by stimulation of 100 ng/ml RANKL for
8h. After the cells were lysed with luciferase lysis buffer, luciferase
activity was detected using a Luciferase Assay Kit (Promega, Madison,
WI, USA).

2.8. Total RNA extraction and real-time polymerase chain reaction (RT-
PCR)

Quantitative PCR was used to measure the expression of specific
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Fig. 1. CA inhibited RANKL-induced osteoclastogenesis in vitro. (a) natural form and (b) chemical structure of CA were displayed. (c) cell viability was evaluated by
cell counting kit-8 (CCK-8). (d) multiple nucleus giant cells (MNCs) were recognized as osteoclasts by TRAP staining. (e) the number of TRAP-positive MNCs and
percentage of the TRAP-positive area were counted. (f) the secretions of inflammatory cytokines were measured by ELISA. * indicates p < 0.05, ** indicates
p < 0.01.
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Fig. 2. CA inhibited the function of osteoclasts in vivo. (a,b) F-actin rings in osteoclasts were visualized by phalloidine/DAPI fluorescent staining and counted. (a,c)
hydroxylapatite resorption by osteoclasts incubated with or without CA was evaluated. (d,e) osteoclastogenesis associated genes were investigated by RT-PCR and

western blot. * indicates p < 0.05, ** indicates p < 0.01.

genes during osteoclast formation. Total mRNAs were extracted using
Qiagen RNeasy Mini kit according to the manufacturer's instructions.
cDNA was synthesized from 1pug of total RNA using reverse tran-
scriptase (TaKaRa Biotechnology, Otsu, Japan). Real-time PCR was
performed using SYBR Premix Ex Taq kit (Takara) and an ABI 7500
Sequencing Detection System (Applied Biosystems, Foster City, CA,
USA). The mouse primer sequences for NFATc1, c-fos, cathepsin K,
calcitonin receptor (CTR) and GAPDH are listed in Table 1.

2.9. Western blotting analysis

Total proteins were isolated by centrifugation with 10000g for
10 min after harvested cells lysed by radioimmunoprecipitation assay
buffer (Beyotime, Shanghai, China) and 1% phenylmethylsulfonyl
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fluoride on ice for 30 min. Nuclear and cytoplasmic proteins were iso-
lated and extracted as previously reported [27]. The concentrations of
proteins were determined using a BCA kit (Thermo Pierce, Rockford, IL,
USA). Protein bands were detected using an Odyssey V3.0 image
scanner (Li-COR. Inc., Lincoln, NE, USA) after been dispersed in the
SDS-PAGE gel by electrophoresis. The intensity of each band was ana-
lyzed using Image J software.

2.10. Immunofluorescent assay

4 x 10°/dish RAW 264.7 cells were inoculated onto confocal dishes
and incubated in serum-free media with or without a pretreatment of
10 uM CA or brusatol for starving 4 h. Then, all cells were stimulated
with PBS or 50ng/ml RANKL for 20min before fixed by 4%
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Fig. 3. The effect of 10 M CA on the phosphorylation of MAPK, NF-kB, and Akt-GSK-3[3 pathway. (a) activations of JNK, ERK, p38, p65, IkBa, Akt, GSK-3f3 were
detected by western blot. (b) Relative grey intensities were calculated. * indicates p < 0.05, ** indicates p < 0.01.

paraformaldehyde for 30 min, permeabilized by 0.1% Triton-100 for calvaria were decalcified in 10% EDTA (pH 7.4) for 2 weeks and em-

5min, and blocked by 10% BSA for 1h. Eventually, cells were in- bedded in paraffin. Sectioned tissues were stained by hematoxylin and
cubated with Anti-Nrf2 antibody conjugated with Alexa Fluor” 647 and eosin (H&E) and TRAP staining. The average number of TRAP-positive
observed under an LSM5 confocal microscope (Carl Zeiss, Oberkochen, multinucleated osteoclasts and the percentage of the TRAP-positive
Germany). stained bone surface (OcS/BS, %) were calculated.
2.11. LPS-induced mouse calvarial osteolysis model and analysis 2.12. Immunohistochemistry analysis

The Animal Care and Experiment Committee of Ninth People's Thereafter, tissue sections were de-waxed and dried followed by
Hospital, Shanghai Jiao Tong University School of Medicine approved inhibiting endogenous peroxidases with 3% H202 and blocking non-
all protocols. Thirty-two 8-week-old male mice were randomly sepa- specific antigens with 5% BSA. Then the tissue sections were incubated

rated into four groups: PBS (negative control), LPS (100 ug/day), LPS with primary antibodies against p-p65, p-JNK, and p-AMPK overnight
and low-dose CA (10 mg/kg/day), and LPS and high-dose CA (20 mg/ at room temperature. Next day, tissue sections were incubated with
kg/day). The calvarial osteolysis model was established by sub- polymerized peroxidase-labeled rabbit anti-mouse IgG and visualized
cutaneously injecting 100 ug/day LPS onto calvaria on every other day by conventional DAB way.

for 2 weeks. On day 14, all mice were euthanized and calvaria was

separated and fixed with 4% paraformaldehyde for 48 h. 2.13. Statistical analysis

Next, the calvaria were scanned by Micro-CT (uCT 80; SCANCO
Medical AG, Bassersdorf, Switzerland) for bone morphometric analysis. The data in this study are displayed as the mean * standard de-
When analyzing the middle-suture osteolysis area, the non-osseous viation (SD), and analyzed using SPSS 20.0 software (SPSS Inc.,
tissue adjacent to and continuous with the midline suture was con- Chicago, IL, USA) and Prism 6 (GraphPad, La Jolla, CA, USA) by
sidered as the osteolysis area and this was analyzed using Image-Pro Student's t-test or one-way analysis of variance. p < 0.05 indicates
Plus 6.0 (Media Cybernetics; USA). For histological evaluations, statistical significance.
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Fig. 4. The anti-oxidative effect of CA during its inhibiting osteoclastogenesis. (a,b) phosphorylation of AMPK and expression of Nrf2, HO-1, NQO-1, and GCLC were
investigated by western blot. (c) Intracellular reactive oxygen species during RANKL-induced osteoclastogenesis with or without CA were detected. (d) The activity of
Nrf2 was measured by luciferase assays. * indicates p < 0.05, ** indicates p < 0.01.

3. Results

3.1. CA inhibits RANKL-induced osteoclastogenesis and hydroxylapatite
resorption by down-regulating NFATc1 and c-fos in vitro

The natural form and chemical structure of CA were displayed in
Fig. 1 (a,b). Cell viabilities of RAW 264.7 cells and BMMs incubated
with various concentrations of CA were detected using Cell Counting
Kit-8 (CCK-8) at different times. As a result, CA with concentrations
higher than 20 pM was demonstrated as a significant cytotoxicity on
RAW 264.7 cells and BMMs (Fig. 1c). Therefore, 5 and 10 uM of CA
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without cytotoxicity were used in further study. The TRAP staining
revealed that incubation with RANKL remarkably induced the forma-
tion of multiple nucleus giant cells fused by many monocytes. However,
the number of MNCs and percentage of TRAP-positive stained area in
the CA-treated group were both significantly less than those in the
control group (Fig. 1d and e). Therefore, CA significantly suppressed
RANKL-induced osteoclastogenesis in a time- and dose-dependent
manner. Then, the inflammatory cytokines including TNF-a, IL-1f3, and
IL-6 in culture supernatant secreted by macrophages under the stimu-
lation of LPS were evaluated by ELISA. All three factors in the LPS-
stimulated group were much higher than the control group while
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remarkable lower than CA-treated group (Fig. 1f). We have also per-
formed RT-PCR assays to detect the mRNA of COX-2 and iNOS in RAW
264.7 cells treated with PBS, LPS, LPS and 5uM CA, or LPS and 10 uyM
CA for 0, 1, 3, and 5d. It was observed that the expressions of COX-2
and iNOS dramatically increased in LPS-treated cells, while the increase
was effectively inhibited by the treatment of CA (Fig. 1g).

Besides that the formation of osteoclasts was evaluated, the effect of
CA on the function of osteoclasts was also estimated by F-actin ring
staining and hydroxylapatite resorption assay. The number of F-actin
ring in RANKL-induced mature osteoclasts was dramatically more than
that in CA-treated osteoclasts (Fig. 2a and b). Meanwhile, much more
pits were formed and hydroxylapatites were resorbed by osteoclasts in
control group than CA-treated group (Fig. 2a,c). So it was suggested
that CA inhibited the function of osteoclasts as well.

Next, the expressions of several osteoclastogenesis associated genes,
such as NFATc1, c-fos, Cathepsin K and Calcitonin receptor (CTR), were
investigated by RT-PCR and western blot. It was demonstrated that the
mRNAs of NFATc1, c-fos, Cathepsin K, and CTR were down-regulated
by CA by a time-dependent way (Fig. 2d). Meanwhile, the proteins of
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inhibitor of JNK and activator of AMPK respectively in the TRAP staining. (b) the translocation of Nrf2 in RANKL-stimulated cells was identified by immuno-

NFATc1 and c-fos in during RANKL-induced osteoclastogenesis were
also inhibited by CA compared with control (Fig. 2e).

3.2. JNK was inhibited and AMPK-Nrf2 was activated by CA in RANKL-
induced osteoclastogenesis

The activation of MAPK and NF-kB has been demonstrated as cri-
tical in RANKL-induced osteoclastogenesis by accumulative researches
[8,28]. In our study, the active level of those kinases in the above two
signal pathways were detected. As a result, RANKL-induced phos-
phorylation of JNK (p-JNK) was dramatically inhibited by CA. In ad-
dition, not as much as the inhibition of JNK, p-p38, p-p65, p-Akt, and p-
GSK-3p were also inhibited in CA-treated cells, while p-ERK and p-IkBa
were not obviously affected (Fig. 3a and b).

Since the intracellular oxidative stress and reactive oxygen species
(ROS) have been demonstrated as contributors of RANKL-induced os-
teoclastogenesis [13,29,30], we subsequently analyzed the effect of CA
on the activation of AMPK and Nrf2 (Fig. 4a and b). Consequently, it
was observed that incubation of CA dose-dependently promoted the
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Fig. 6. The inhibition of p-AMPK rescued CA-induced activation of Nrf2 and antioxidants. (a) cytoplasmic and nuclear Nrf2 and its activated antioxidants were
detected with or without Compound C or/and CA. (b) Relative grey intensities were calculated. * indicates p < 0.05, ** indicates p < 0.01.

phosphorylation of AMPK. Meanwhile, the expression of cytoplasmic
Nrf2 was down-regulated while the expression of nuclear counterpart
increased, indicating that Nrf2 was translocated into the nucleus from
the cytoplasm to regulate downstream genes under the activation of CA.
Moreover, several Nrf2-mediated anti-oxidative enzymes, including
HO-1, NQO-1, and GCLC, were increased by CA during activation of
Nrf2. As an inflammatory marker and producer of free radical, iNOS
was inhibited by CA in RANKL-induced osteoclasts [31-33]. Next, the
intracellular ROS was detected by Oxiselect™ Intracellular ROS assay
kit (Cell Biolabs, Inc., San Diego, CA, USA). It was revealed that the ROS
level in RANKL-stimulated cells was dramatically higher than the
control group, but it was significantly reduced in CA-treated cells by a
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concentration-dependent way (Fig. 4c). A luciferase activity assay was
used to further confirm the inhibitory effects of CA on Nrf2 (Fig. 4d).
Our results showed that the transcription activity of Nrf2 was sup-
pressed by CA in a concentration-dependent manner.

3.3. The effect of CA on p-JNK, p-AMPK, and Nrf2 was rescued by
Anisomycin, Compound C, and Brusatol

For further demonstrated the above signaling mechanism of CA,
Compound C (Dorsomorphin) and Anisomycin were used as the in-
hibitors of p-AMPK and activator of p-JNK in TRAP staining assays,
respectively. As a result, the inhibitory effects of CA on both the number
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Fig. 7. CA inhibited LPS-induced mice calvaria osteolysis in vivo. (a) micro-CT was performed to evaluate the mice calvaria bone erosions. (b) BMD, BV/TV, number
of pores, and the percentage of porosity were analyzed. (¢) H&E and TRAP staining for histological evaluations. (d) the number of TRAP-positive cells and the
percentage of the TRAP-positive area were calculated. * indicates p < 0.05, ** indicates p < 0.01.

of TRAP-positive stained MNCs and the percentage of the positive
stained area were partially rescued in both CC and Anisomycin-treated
groups in which p-AMPK and p-JNK were inhibited and activated, re-
spectively (Fig. 5a). Moreover, Brusatol, an inhibitor targeting at Nrf2,
was used in Nrf2 translocation assay. In immunofluorescent staining,
Nrf2 was mainly located in the cytoplasm of RAW 264.7 cells with or
without stimulation of RANKL. However, CA promoted the transloca-
tion of Nrf2 into the nucleus, which can be rescued by the addition of
Brusatol (Fig. 5b).

Meanwhile, the activation of p-AMPK by CA was attenuated in CC-
treated cells. According to the expressions of cyto-Nrf2 and Nuclear-
Nrf2, it was demonstrated that CA-induced Nrf2 translocation was also
inhibited by CC when p-AMPK was suppressed. The RANKL-induced
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expressions of NFATcl and c-fos in CA-treated cells were decreased
compared with controls, while CC restored these down-regulations
(Fig. 6a and b).

3.4. CA ameliorated LPS-induced mice calvaria osteolysis in vivo

Histological assessment and histomorphometric analysis further
confirmed that the treatment of CA protected against LPS-induced os-
teolysis. The LPS-induced mice calvarial osteolysis model was used to
investigate the therapeutic effect of CA in vivo. According to the results
of micro-CT scanning, remarkable more osteolytic lesions were formed
in LPS-injected calvaria compared with the PBS group. But the treat-
ment of CA successfully inhibited the LPS-induced osteolysis (Fig. 7a).
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The decreased BMD, BV/TV, number of pores, and percentage of por-
osity caused by LPS-induced inflammation were also correspondingly
restored by the treatment of CA in bone-morphometric analyses
(Fig. 7b). Obvious bone defects and inflammatory cells infiltration were
observed in LPS-injected calvaria in H&E staining, while osteoclasia and
inflammation were significantly disappeared in CA-treated groups
(Fig. 7¢).

TRAP staining revealed that the number of multinucleated osteo-
clasts (Black arrowheads) in the injection site was increased in response
to the injection of LPS, which was indicated by the presence of osteo-
clasts that lined the eroded bone surface. However, in both the low- and
high-concentration of CA-treated groups, the number of osteoclasts and
the percentage of osteoclast surface relative to bone surface decreased
(Fig. 7d and e), which indicates that CA inhibited osteoclast formation
in LPS-induced osteolysis in vivo.

3.5. p-p65 and p-JNK were inhibited and p-AMPK was activated by the
treatment of CA in vivo

In addition, immunohistochemistry assays were performed to fur-
ther confirm the effect of CA on the kinases. As a result, p-p65 and p-
JNK were highly activated in LPS-induced osteolysis group, but they
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were significantly inhibited in CA-injected mice. Moreover, the p-AMPK
was remarkably higher expressed in CA-treated mice calvaria than
those in PBS and LPS groups (Fig. a,b).

4. Discussion

The maintenance of normal bone mass largely depends on the
homeostasis between the osteogenic effect of osteoblasts and the bone
resorption activity of osteoclasts. Osteoclasts are multiple nucleus
macrophages that are aggregated and fusion products of multiple
monocytes that are stimulated by cytokines such as RANKL and TNF-a
[34]. Recent studies on the molecular mechanisms of osteoclast dif-
ferentiation and bone resorption-related genes and in-depth molecular
mechanisms have revealed many new targets for effective treatment of
osteoporosis. The drugs currently used in osteoporosis reduce bone
resorption primarily by inhibiting osteoclast formation. Currently
available antioxidants that are used include bisphosphonates, selective
estrogen receptor modulators, calcitonin, and estrogen [35,36]. How-
ever, many recent studies have reported that some of these drugs cause
serious health disorders such as breast cancer, endometritis, throm-
boembolism, hypercalcemia, osteonecrosis of the jaw, and atrial fi-
brillation [37,38]. Some plant-derived small-molecule compounds have
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also been used to inhibit osteoclast differentiation and bone resorption,
because of their anti-inflammatory, antioxidant, anti-inflammatory, and
antitumor effects [39-42]. CA has been previously reported as pre-
venting mitochondrial fission by regulation of Drpl phosphorylation
(Ser637) in an AMPK-dependent manner, and blocking NOX2 oxidase
signaling and suppressing NLRP3 inflammasome activation in the en-
dothelium [43]. Meanwhile, CA ameliorates acute inflammation
through inhibition of IRAK-1 phosphorylation in macrophages [44].
However, there is still no research about the effect of CA on osteo-
clastogenesis yet.

In the present study, we demonstrated that CA inhibited not only
RANKL-induced maturation of osteoclasts (Fig. 1) but also functions of
osteoclasts including the formation of F-actin rings and hydroxylapatite
resorption in vitro (Fig. 2). The critical genes regulating osteoclasto-
geneses, such as NFATcl, c-fos, Cathepsin K, and CTR, were sig-
nificantly inhibited by CA during the RANKL-induced osteoclastogen-
esis (Fig. 2). Additionally, an LPS-stimulated inflammatory model was
established using RAW 264.7 cells to evaluated the anti-inflammation
property of CA. It was observed that CA dose-dependently decreased
the LPS-stimulated secretions of TNF-a, IL-1B, and IL-6 (Fig. 1).
Meanwhile, LPS-induced increase of inflammatory markers, including
COX-2 and iNOS, were attenuated by the treatment of CA. Moreover,
Balakrishnan and Al-Assaf recently has reported that the mRNA levels
of several proinflammatory cytokines or markers including TNF-a, IL-6,
iNOS, and COX-2 and NF-kB signaling pathway were significantly up
regulated in CCl(4) induced rats and treatment with corosolic acid
significantly reduced the expression of the above indicators [45]. As
NF-kB and MAPK were critical signaling pathways in osteoclastogen-
esis, the phosphorylations of these kinases in cells treated by CA were
detected. Our results indicate that p-JNK was dramatically inhibited by
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CA. Besides, p-p38, p-p65, p-Akt, and p-GSK-3[3 were partly suppressed
by CA as well, although not as much as p-JNK (Fig. 3). Therefore, it was
demonstrated that CA inhibited LPS-induced inflammation and RANKL-
induced osteoclastogenesis via down-regulating p-JNK. Furthermore,
CA activated p-AMPK during the RANKL-induced formation of osteo-
clasts (Fig. 4a). Yang et al. reported that Corosolic acid inhibits adipose
tissue inflammation and ameliorates insulin resistance via AMPK acti-
vation in high-fat-fed mice, which is consistent with our results.

Since ROS and oxidative stress also contribute to formation and
function of osteoclasts, we subsequently evaluated the effect of CA on
intracellular ROS of osteoclasts [46,47]. It was observed that in RANKL-
stimulated cells cytoplasmic Nrf2 was decreased and nuclear Nrf2 was
increased after treatment with CA. Accordingly, several Nrf2-mediated
antioxidants including HO-1, NQO-1, and GCLC were also up-regulated
by CA. our research showed that RANKL dramatically increased the
intracellular ROS level that, however, was concentration-dependently
inhibited by CA (Fig. 4). To further verify the mechanism of CA during
its inhibiting RANKL-induced osteoclastogenesis, Compound C and
Anisomycin were used as inhibitor and activator of p-AMPK and p-JNK,
respectively. Then, the inhibitory effect of CA on RANKL-induced os-
teoclastogenesis was significantly rescued at both CC and Anisomycin
treated cells. Moreover, the CA-induced translocation of Nrf2 was vi-
sualized in immunofluorescent assays. CA clearly promoted the Nrf2
translocating from cytoplasm to nucleus, which, however, was atte-
nuated by the addition of Brusatol, an inhibitor of Nrf2 (Fig. 5). Taken
together, CA suppressed RANKL-induced osteoclastogenesis via in-
hibiting JNK and activating AMPK-Nrf2 axis. Guo et al. previously de-
monstrated that CA significantly inhibited ethanol-caused intracellular
accumulation of ROS in vitro and ethanol-activated phosphorylation of
p38 and JNK both in vitro and in vivo [48]. They also found that
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ethanol-caused down-regulation of autophagy associated genes, such as
beclin-1 and LCII/I, were attenuated by CA through activating AMPK. Li
et al. reported that the activation of ERK and p38 were both suppressed
by CA in diabetic mice and glomerular mesangial cells [41].

We also investigated the therapeutic effect of CA in LPS-induced
mice calvarial osteolysis model. The bone-morphometric analysis de-
monstrated that the LPS-induced osteolysis model was successfully es-
tablished with remarkable bone erosion area in micro-CT scanning, and
these bone losses were significantly inhibited by the treatment of CA.
Meanwhile, the highly bone destruction and osteoclastogenesis in LPS
group were also dose-dependently attenuated in CA-treated groups
(Fig. 7). p-p65 and p-JNK were highly activated in LPS-injected mice
calvaria by immunohistochemistry analyses, while they were inhibited
by CA. It was also observed that CA activated p-AMPK during its in-
hibiting LPS-induced osteolysis in vivo, which is consistent with our in
vitro results (Fig. 8).

In conclusion, our study firstly reported that CA effectively inhibited
RANKL-induced osteoclastogenesis and oxidative stress in vitro and
LPS-induced mice calvarial osteolysis. Further investigation demon-
strated that osteoclastogenesis associated genes including NFATc1, c-
fos, cathepsin K, and CTR were suppressed via inhibiting p-JNK and
activating p-AMPK-Nrf2 by CA (Fig. 9). Therefore, CA can be used for
treating osteolysis disorders such as osteoporosis, osteoarthritis, and
prosthetic aseptic loosening. However, further studies are required for
evaluating the safety and efficacy of this drug and examining its effects
in large animal models and clinical trials.
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