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� Obacunone (OB) effectively inhibits
osteoclast formation and function
in vitro.

� OB attenuates RANKL-induced
osteoclast differentiation signaling
pathways.

� Macrophage migration inhibitory
factor (MIF) is identified as the
molecular target of OB.

� OB alleviates estrogen deficiency-
induced bone loss by impeding
excessive osteoclast activity.

� OB may serve as an alternative
therapeutic candidate for
osteoporosis.
g r a p h i c a l a b s t r a c t

Obacunone (OB) targets macrophage migration inhibitory factor (MIF) to impede osteoclastogenesis and
alleviate osteoporosis.
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Introduction: Osteoporosis is the most common bone disorder where the hyperactive osteoclasts repre-
sent the leading role during the pathogenesis. Targeting hyperactive osteoclasts is currently the primary
therapeutic strategy. However, concerns about the long-term efficacy and side effects of current frontline
treatments persist. Alternative therapeutic agents are still needed.
Objectives: Obacunone (OB) is a small molecule with a broad spectrum of biological activities, particu-
larly antioxidant and anti-inflammatory effects. This study aims to examine OB’s therapeutic potential
on osteoporosis and explore the rudimentary mechanisms.
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Methods: Osteoclast formation and osteoclastic resorption assays were carried out to examine OB’s inhi-
bitory effects in vitro, followed by the in-vivo studies of OB’s therapeutic effects on ovariectomy-induced
osteoporotic preclinical model. To further study the underlying mechanisms, mRNA sequencing and anal-
ysis were used to investigate the changes of downstream pathways. The molecular targets of OB were
predicted, and in-silico docking analysis was performed. Ligand-target binding was verified by surface
plasmon resonance (SPR) assay and Western Blotting assay.
Results: The results indicated that OB suppressed the formation of osteoclast and its resorptive function
in vitro. Mechanistically, OB interacts with macrophage migration inhibitory factor (MIF) which attenu-
ates receptor activator of nuclear factor kappa B (NF-jB) ligand (RANKL)-induced signaling pathways,
including reactive oxygen species (ROS), NF-jB pathway, and mitogen-activated protein kinases
(MAPKs). These effects eventually caused the diminished expression level of the master transcriptional
factor of osteoclastogenesis, nuclear factor of activated T cells 1 (NFATc1), and its downstream
osteoclast-specific proteins. Furthermore, our data revealed that OB alleviated estrogen deficiency-
induced osteoporosis by targeting MIF and thus inhibiting hyperactive osteoclasts in vivo.
Conclusion: These results together implicated that OB may represent as a therapeutic candidate for bone
disorders caused by osteoclasts, such as osteoporosis.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

As a self-renewal connective tissue, bone undergoes a continu-
ous remodeling process, including osteoblastic bone deposition
and osteoclastic bone removal. The precise coordination of bone
resorption and formation is crucial for maintaining bone home-
ostasis in physiological conditions [1,2]. Postmenopausal osteo-
porosis is known as the most common skeletal disorder that is
featured by the imbalanced activity between osteoblast and osteo-
clast. The osteoclast is known as the major type of bone-resorbing
cell, playing a leading role in estrogen deficiency-induced bone loss
[3–5]. The list of agents targeting aberrant osteoclasts has been
remarkably expanding over the past decades; however, the enor-
mous and growing prevalence of osteoporosis and osteoporotic
fractures worldwide remains challenging for healthcare workers
[6]. The search for novel alternative therapies is still urgently
needed due to the ‘off-target’ effects of current treatments [7,8].

Multinucleated osteoclasts differentiate from the macrophage/-
monocyte lineage following the stimulations of two indispensable
factors, receptor activator of nuclear factor kappa B (NF-jB) ligand
(RANKL) and macrophage-colony stimulating factor (M-CSF)
[9,10]. Upon binding to RANK, RANKL initiates multiple down-
stream signaling pathways, including mitogen-activated protein
kinases (MAPKs) and NF-jB pathways, eventually triggering the
expression of the nuclear factor of activated T cells 1 (NFATc1)
[9]. Embryonic stem cells lacking NFATc1 expression failed to dif-
ferentiate into mature osteoclasts under RANKL’s stimulation;
however, the ectopic expression of NFATc1 can induce osteoclast
formation and function without RANKL [11]. Therefore, NFATc1
acts as a master transcriptional factor during RANKL-induced
osteoclastogenesis. Accumulating studies also suggested that reac-
tive oxygen species (ROS) are essential for osteoclastogenesis by
facilitating RANKL-induced signaling [12,13]. Besides, osteoclast
differentiation is also regulated by macrophage migration inhibi-
tory factor (MIF) via NF-jB and NFATc1 transcriptional activation
in vitro and bone erosion in vivo [14].

Traditional herbal medicine has a long-standing role in the
treatment and prevention of bone diseases [15,16]. Obacunone
(OB) is a small molecule originally from citrus fruits and noted
with a wide range of pharmacological activities. For instance, it
was identified that OB was able to trigger the activity of nuclear
factor erythroid 2-related factor 2 (Nrf2) and protect against oxida-
tive stress-related lung fibrosis [17]. By modulating gut microbiota
and NF-jB signaling, OB ameliorated ulcerative colitis [18].
Besides, OB also exhibited anti-cancer [19,20] and anti-
inflammation effects [21] by affecting the MAPK pathway. More
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intriguingly, OB was recently also found to enhance osteoblastic
function and might be promising for osteoporosis treatment [22].
Nevertheless, how OB affects osteoclast activity remained
unknown. Given these osteoclast-related pathways were effec-
tively suppressed by OB, we hypothesized that OB could impede
osteoclastogenesis and thus alleviate osteoporosis. In this study,
our data implicated that OB inhibited RANKL-induced osteoclast
generation in vitro. Furthermore, we found that OB prevented
estrogen deficiency-induced osteoporosis, as indicated in an
ovariectomy (OVX) preclinical mice model. Mechanistically, MIF
was predicted and validated as the critical target that OB interacts
with during osteoclast formation. MIF was recently identified as
closely related to osteoclast-related bone disorders and is thought
to be a potential therapeutic target [23,24]. Hence, we proposed
that OB may target MIF to attenuate RANKL-induced downstream
signaling in osteoclast differentiation, thereby protecting against
osteoporosis.
Materials and methods

Reagents

OB, obtained from MUST BIO-TECHNOLOGY CO., Ltd (Sichuan,
China), was prepared with DMSO at a stock concentration of
100 mM. Further working concentrations were diluted in the cul-
ture medium accordingly. For the animal experiment, OB was
firstly dissolved in DMSO at a concentration of 120 mg/mL and fur-
ther diluted in saline prior to injections. DMSO of the same dilution
was used as the vehicle control in this study. Fetal bovine serum
(FBS), DAPI, Rhodamine Phalloidin, a-MEM, H2DCFDA (20,70-dichlor
odihydrofluorescein diacetate), and ProLong Gold Antifade Moun-
tant were purchased from Thermo Fisher Scientific (Waltham,
MA, US). Luciferase analysis kit and MTS assay kit were obtained
from Promega (Madison, WI, US). Antibody for vinculin was pur-
chased from Sigma-Aldrich (St. Louis, MO, US). Primary antibodies
for NFATc1, V-ATPase-d2, Integrin aV, cathepsin K, actin, IjB-a,
phosphor(p)-ERK, ERK, p-P38, and P38 were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Primary antibodies for HO-1,
catalase, JNK, p-JNK, p-P65, P65, and c-Fos were obtained from Cell
Signaling Technology (Danvers, MA, USA). Antibody for MIF and
recombinant MIF protein were purchased from Abcam (Cambridge,
United Kingdom). Recombinant M-CSF was from R&D Systems
(Minneapolis, MIN, USA) and we prepared recombinant glu-
tathione S-transferase (GST)-RANKL proteins as previously
described [32]. Assay Kits for Blood Urea Nitrogen (BUN) (Cat.
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No. C013-2-1), Creatinine (CRE) (Cat. No. C011-2-1), Alanine
Aminotransferase (ALT) (Cat. No. C009-2-1), Aspartate Amino-
transferase (AST) (Cat. No. C010-2-1), Glutathione (GSH) (Cat. No.
A006-2-1) were purchased from Jiancheng Bioengineering Insti-
tute (Nanjing, China). Malondialdehyde (MDA) Assay Kit (Cat. No.
S0131) was purchased from Beyotime Biotechnology (Shanghai,
China). Mouse MIF ELISA kit (Cat. No. KE10027) was purchased
from Proteintech (Wuhan, China).

Osteoclast differentiating from macrophages in vitro

Primary mice bone marrowmacrophages (BMMs) were isolated
according to the ethics policies and procedures approved by the
Animal Ethics Committee of The University of Western Australia
(RA/3/100/1601). Mice long bones were used to flush out the bone
marrow, which was then incubated in complete a-MEM containing
both 10 % FBS and M-CSF at 50 ng/mL till cell confluency. 6 � 103

BMMs were seeded into each well of a 96-well plate for osteoclas-
togenesis assay. We treated the cells with RANKL (50 ng/mL) to
induce differentiation, with the supplement of OB at the following
concentrations: 0, 1, 5, 10, and 20 lM. The fresh medium was
exchanged every two days to allow the formation of multinucle-
ated cells. We fixed the cells for osteoclast identification using
tartrate-resistant acid phosphatase (TRAP) staining. The multinu-
cleated cell with 3 or more nuclei was counted as an osteoclast.

MTS assay

MTS assay was carried out to examine whether OB exhibits
cytotoxicity on BMMs. We isolated primary BMMs and seeded
the cells into 96-well plates to allow adherence overnight. OB at
different working concentrations (1, 5, 10, and 20 lM) were then
added to the cells for 48 h. We then added 10 lL MTS solution into
each well and incubated it for 2 h. Plates were inserted into a BMG
LABTECH microplate reader (Ortenberg, Germany) to measure the
absorbance (490 nm) and obtain the readouts of the optical density
(OD).

Podosome belt staining

To visualize the podosome belts, we fixed the mature osteo-
clasts with 4 % paraformaldehyde (PFA). Permeabilization was
completed using 0.1 % (v/v) Triton X-100. This was followed by
blocking which was performed in 3 % bovine serum albumin
(BSA). Next, the cells were processed for the incubation with pri-
mary antibody against vinculin. Next, a secondary antibody (Alexa
Fluor 488) and Rhodamine Phalloidin were used to treat the cells
for 60 mins. DAPI was used to stain the nuclei for 10 mins. The
osteoclast podosome belts were imaged using NIKON A1Si confocal
microscope (Minato, Tokyo, Japan).

Hydroxyapatite resorption assay

To examine whether OB inhibits osteoclastic bone resorption,
we performed the hydroxyapatite resorption assay as previously
reported [25,26]. In brief, BMMs were stimulated with RANKL till
osteoclasts began to form. Cells were then separated from the plate
using cell dissociation solution (Sigma-Aldrich, St. Louis, MO, US).
Next, we re-seeded the cells into a 96-well plate coated with
hydroxyapatite (Corning, NY, US) in the differentiation medium
with or without OB for an additional 48 h. Half of the cells in each
group were bleached and left air-dry to visualize the resorbed area.
Cells in the rest of wells were fixed and performed with TRAP
staining. The average resorbed area per well and per osteoclast
were quantified.
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Western blot assay

We incubated the cells with or without OB for the time as indi-
cated, followed by cell lysis in radioimmunoprecipitation assay
(RIPA). Proteins were first separated using SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). We then transferred the protein
in the gel to a GE Healthcare nitrocellulose membrane (Chicago,
IL, US). Next, the blocking of membrane was performed in 5 % skim
milk (in TBST) for one hour. The primary antibodies were incu-
bated with the membrane at 4 �C till the next day. Following
1xTBST washing for three times, the membrane was incubated
using a secondary antibody conjugated by horseradish peroxidase
(HRP) for 1 h at room temperature. To show the protein bands, the
membrane was treated with PerkinElmer chemiluminescence sub-
strate (Waltham, MA, US) and imaged using an GE Healthcare
Image-quant LAS 4000. To quantitively evaluate the protein
expression levels, the band intensities were analyzed using ImageJ.
mRNA sequencing and analysis

Primary BMMs were isolated and then treated with 50 ng/mL
RANKL. OB (20 lM) was added or not in the culture medium for
24 h. Total RNA extraction was carried out using a QIAGEN Extrac-
tion Kit (QIAGEN, Hilden, Germany). The RNA purity was assessed
using the kaiaoK5500 Spectrophotometer (Beijing, China). Mean-
while, RNA integrity was examined by the Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA) using Nano 6000 Assay Kit.
Before fragmentation, mRNA was purified using poly-T oligo-
attached magnetic. Next, QiaQuick PCR kit was used for library
construction of cDNA and HiSeq PE Cluster Kit v4-cBot-HS (Illu-
mina) was used for Library clustering, which was followed by an
Illumina platform sequencing and the generation of 150 bp
paired-end reads. Clean data was filtered from raw data and then
mapped to reference genome using Hierarchical Indexing for
Spliced Alignment of Transcripts (HISAT) [27]. Reads Count was
counted and Fragments Per Kilobase Millon Mapped Reads (FPKM)
[28] was then analyzed. DESeq2 [29] was used to analyse, and
Wald test was used to calculate the p-value. Differentially
expressed genes (DEGs) were defined by the adjusted p-
value < 0.05 and |log2FoldChange| > 1. DEGs enrichment in differ-
ent pathways were visualized using KEGG (Kyoto Encyclopedia of
Genes and Genomes, https://www.kegg.jp/) analysis [30].
Intracellular ROS detection

We examined the intracellular ROS level as described previ-
ously [25]. Briefly, following RANKL’s treatment with or without
OB, 5 mM H2DCFDA in Hank’s balanced salt solution was added
to cells for 60 mins. Upon oxidation, H2DCFDA is transformed to
20,70-dichlorofluorescein (DCF) which has fluorescence and can be
detected under a NIKON A1Si confocal microscope. In the mean-
time, cells were imaged under the digital interference contrast
(DIC). ROS-positive area was analyzed (Image J software).
Transcriptional activity of NF-jB

RAW264.7 cells, stably transfected with an NF-jB responsive
luciferase construct, were used to assess NF-jB activity at the tran-
scriptional level [31]. Cells (1.5 � 105 per well) were plated into a
48-well plate. Next, OB of different concentrations was added to
pre-treat the cells for 1 h before the RANKL (50 ng/mL) stimulation.
After 6 h-incubation, cell lysate was prepared using luciferase
reporter assay kit and then measured using a BMG LABTECH
microplate reader.

https://www.kegg.jp/
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Target prediction and molecular docking

To further estimate the potential macromolecular targets of OB,
a ligand-based target prediction process was carried out by using a
web-based tool – SwissTargetPrediction (https://www.swisstar-
getprediction.ch/) [32]. The Simplified Molecular Input Line Entry
System (SMILES) of OB was obtained and input to initiate the com-
putation process. Following submission, a list of protein targets
was presented and ranked according to the probability. The most
likely target was selected for further investigations. To determine
the binding mode of OB to the protein target, molecular docking
was carried out in PyRx Virtual Screening Tool [33] using the Auto-
dock Vina algorithm [34]. The MIF’s 3D crystal structure was
acquired from Protein Data Bank (PDB) [35] (PDB code 3DJH) and
the SDF file of OB was retrieved from PubChem [36]. Both struc-
tures were converted to PDBQT format prior to molecular docking.
The protein structure was prepared for docking by adding hydro-
gens, removing the water molecules, and minimizing energy. A
grid box centering on the active site residues was selected for
docking. The results was visualized on UCSF Chimera [37]. A 2D
interaction of protein and OB was generated in BIOVIA Discovery
Studio Visualizer (2020, Dassault Systèmes). The pose with the
lowest energy was presented and the potential interactive residues
were also displayed.

Surface plasmon resonance (SPR) assay

To evaluate the binding affinity between OB and recombinant
MIF protein, SPR was carried out in the study. OB was dissolved
in DMSO and printed using a BioDotTM AD-1520 Array Printer
(Irvine, CA, USA) on a label-free Photo-cross-linker SensorCHIPTM

(BetterWays Inc., China). Next, sample was evaporated in a nitro-
gen atmosphere and then immediately proceeded for photo-
cross-linking reaction using a UV spectroirradiator. UV-excited
azo radicals attack the CAH bonds, which established the connec-
tions to the surface of chip via hydrogen substitution reactions. The
real-time SPR experiment was conducted in a Label-free Microar-
ray System (bScreen LB 991, BERTHOLD TECHNOLOGIES GmbH &
Co. KG). HBS-EP running buffer was prepared as the following:
10 mM HEPES, 150 mM NaCl, 0.005 % (v/v) P20 surfactant, and
3 mM EDTA. The buffer was firstly primed through the chip surface
for 3 times (2 lL�s�1, 40 s). Next, 1 � PBS containing 5 % DMSO was
primed through. MIF protein was prepared using running buffer at
various concentrations at 300 nM, 600 nM, 1200 nM, 2400 nM, and
4800 nM. The small molecule and protein interaction was
determined during the association phase for 600 s (flow rate =
0.5 lL�s�1), and dissociation phase for 360 s.

Ethics statement

The ethical policies and experimental procedures with mice
were approved by the Institutional Animal Care and Use Commit-
tee of Guangzhou University of Chinese Medicine (TCMF1-
2020031).

Mice ovariectomy (OVX) model

An osteoporotic mice model was established as we previously
reported [25]. The C57BL/6J female mice (11-week-old) were ran-
domly assigned to three groups as following (n = 10 per group):
sham group with only vehicle administration, OVX group with
vehicle administration, and OVX group with OB administration.
They were housed in animal facility (temperature 22 �C ± 2 �C,
12-hour dark/light cycle). After a successful intraperitoneal anes-
thetization with pentobarbital sodium, the mice in the OVX group
were subjected to bilateral ovariectomy; in the control group, mice
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were only exposed the ovaries but without resecting. Following 1-
week recovery, mice were injected intraperitoneally with saline
(containing � 41 lL /kg DMSO) as control or 5 mg/kg OB every-
two days for six weeks. All mice were euthanized at the endpoint
of the study, and the femur and lumber samples were dissected
for bone histomorphometry analysis. To determine whether OB
has toxicity in vivo, blood was collected for liver and kidney func-
tion test. Meanwhile, liver and kidney were also collected, fixed,
paraffin embedded, and sectioned for histological analysis. To
assess the MIF expression in vivo, blood MIF level was measured
by ELISA kit and bone proteins were also extracted for WB assays
as described above.

Micro-CT scanning and analysis

To evaluate the bone microstructure in different groups, long
bones (femurs) and lumbar vertebrates (L5) were fixed (10 % neu-
tral buffered formalin, 24 h) prior to scanning using a Bruker
micro-CT (Skyscan 1176, Kontich, Belgium). The scanning settings
were as the following: a pixel size of 9 lm, a source current of 500
lA, a source voltage of 50 kV, an AI filter of 0.5 mm, and a rotation
step of 0.4�. The scanning images were reconstructed using NRecon
software (Bruker micro-CT, Kontich, Belgium). The trabecular bone
within the range of 0.5–1.5 mm over the femur distal growth plate
and trabecular bone between vertebral endplate were selected as
the volume of interest. To quantitively compare the difference of
bone parameters between groups, we performed the data analysis
using Bruker CTAn software (Kontich, Belgium). The parameters
including, bone volume per tissue volume (BV/TV), connective den-
stity (Conn.Dn), trabecular separation (Tb.Sp) and trabecular num-
ber (Tb.N) were presented in this study.

Bone histomorphometry analysis

For decalcification, the bone samples were incubated in
ethylenediaminetetraacetic acid (EDTA) (14 %, PH = 7.4) at 37 �C,
with EDTA solution being replaced every day till the bone becomes
soft. After decalcification, we used an automatic tissue processor
(TP-1020, Leica Microsystems, Germany) to make the samples go
through ethanol series for dehydration. Paraffin was used to embed
the bone samples which were then sectioned using a Leica
Microsystems Microtome (Leica RM 2035 Biocut, Wetzlar, Ger-
many). Bone sections (5-lm-thickness) were collected for picro
sirius red (PSR) staining and TRAP staining, followed by the imag-
ing using a microscopy. Bone histomorphometry analysis was
achieved using Image J software (NIH, US).

Statistical analysis

Mean ± standard deviation (SD) was displayed in all bar graphs.
Bar graphs as well as data analysis were conducted using GraphPad
Prism 6.0 software. Two-tailed Student’s t test was used to assess
the differences between two groups. The differences among three
or more groups were examined by the One-way ANOVA analysis.
A P value＜0.05 was considered as a significant difference.
Results

OB’s suppressive effects on RANKL-induced osteoclast formation
in vitro

To determine whether OB (Fig. 1A) has cytotoxicity, the MTS
assay was performed in BMMs following a 48-h treatment of OB
at various concentrations. The optical density (OD) readouts
revealed that OB, at the concentrations applied in this study, has

https://www.swisstargetprediction.ch/
https://www.swisstargetprediction.ch/


Fig. 1. OB represses osteoclast formation induced by RANKL in vitro. (A) OB’s molecular formula and chemical structure. (B) The viability of BMMs following the 48-h
treatment of OB as determined by the MTS assay (n = 3). (C) The number of TRAP-positive osteoclasts per well with or without the addition of OB at the indicated
concentrations (n = 3). (D) Representative whole-well view of osteoclasts stained by TRAP. (E) Osteoclasts podosome belts are stained by rhodamine phalloidin (red), anti-
vinculin (green), and DAPI (blue). (F) Quantitative analyses of osteoclast area (n = 6) and the number of nuclei per osteoclast (n = 7). Scale bar = 200 lm. Bar graphs are
displayed as mean ± SD. *p < 0.05, **p < 0.01 compared with the control group without OB treatment. BMMs: bone marrow macrophages; OB: obacunone; RANKL: receptor
activator of nuclear factor-jB ligand; TRAP: tartrate-resistant acid phosphatase. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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little effect on BMMs proliferation (Fig. 1B). Next, we assessed OB’s
inhibitory effects on osteoclast differentiation. Primary BMMs
were seeded and induced differentiation with the stimulations of
RANKL and M-CSF. OB was added into the culture medium at var-
ious concentrations (0, 1, 5, 10, 20 lM). TRAP staining indicated
that a large number of osteoclasts formed without OB treatment,
while the addition of OB could dose-dependently inhibit osteoclas-
togenesis, with the least and most diminutive formation of osteo-
clasts at 20 lM of OB (Fig. 1C and D).

The mature osteoclasts were incubated with both anti-vinculin
and Rhodamine Phalloidin to investigate the effects of OB on the
morphological changes of podosome belt formation (Fig. 1E). The
podosome belt is the signature structure responsible for osteoclast
function. We observed that well-defined podosome belts formed in
the ‘‘RANKL-only” group, characterized by a larger area and more
nucleus on average for each cell than OB-treated groups (Fig. 1F).
Next, we aimed to examine the most affected stage during osteo-
clast differentiation by OB treatment. A time-course based osteo-
clastogenesis assay was performed by exposing the cells to
20 lM OB at early (Day 1–3), middle (Day 3–5), or late (Day 5–6)
stage of osteoclast formation. TRAP staining revealed that the
osteoclast formation was disturbed following OB treatment at all
stages, with the most significant impact at the early stage
Fig. 2. OB inhibits osteoclastic resorption by suppressing osteoclast-specific proteins
resorption following OB treatment and osteoclast formation in the same group. (B) Qua
each osteoclast (n = 3). (C) Representative western blot images of OB’s effects on the
osteoclastogenesis. (D) Quantitative analyses of the relative band intensities of NFATc1,
mean ± SD. *p < 0.05, **p < 0.01 compared with the control group without OB treatment
RANKL: receptor activator of nuclear factor-jB ligand; TRAP: tartrate-resistant acid pho
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(Fig. S1). Taken together, we revealed that OB could significantly
inhibit RANKL-induced osteoclastogenesis in vitro without show-
ing apparent cytotoxicity.

OB inhibits osteoclast resorptive function and suppresses osteoclast-
specific makers

Given OB’s inhibitory effects on osteoclast formation, we next
sought to determine whether OB affects the function of osteoclasts
by using a hydroxyapatite resorption assay. The OB treatment
could consistently inhibit osteoclastogenesis at the late stage with
a smaller number of osteoclasts, as indicated by TRAP staining
(Fig. 2A and B). Intriguingly, the resorption area per osteoclast
was reduced substantially following the addition of OB at 10 and
20 lM (Fig. 2A and B), indicating the inhibition of OB on osteoclas-
tic resorptive function. Meanwhile, we used western blot assays to
determine the protein expression levels which were related to
osteoclast formation and function. Our data indicated that OB sig-
nificantly inhibited NFATc1 protein expression, particularly on day
3 and day 5 (Fig. 2C and D). The impaired NFATc1 expression
caused the comprehensive downregulation of the downstream
markers, including cathepsin K, integrin aV, and V-ATPase-d2
(Fig. 2C and D). Thus, OB has a suppressive effect on osteoclastoge-
. (A) Representative whole-well images showing the osteoclastic hydroxyapatite
ntitative analyses of osteoclast number in each well and averaged resorbed area of
expressions of NFATc1, integrin aV, cathepsin K, V-ATPase-d2, and actin during
integrin aV, cathepsin K, V-ATPase-d2 to actin (n = 3). Bar graphs are displayed as
. Scale bar = 200 lm. NFATc1: nuclear factor of activated T cells 1; OB: obacunone;
sphatase.
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nesis and osteoclastic hydroxyapatite resorptive function through
the NFATc1 signaling pathway.
OB alters RANKL-induced gene expression profiling in BMMs

To explore the mechanisms underlying the impaired osteoclas-
togenesis, RNAseq was performed on RANKL-treated BMMs to pro-
file the gene expression with or without the addition of OB. Given
that OB predominantly affects osteoclast differentiation at early
stage (Fig. S1), we treated the RANKL-induced BMMs with or with-
out OB for 48 h prior to RNAseq. We found 318 differentially
expressed genes (DEGs) in the cells following OB’s treatment
(Fig. 3A, adjusted p-value < 0.05 and |log2FoldChange| > 1). Specif-
ically, 211 genes were downregulated, and 107 genes were upreg-
ulated among these DEGs (Fig. 3B). Intriguingly, the KEGG
Fig. 3. OB alters gene expression profiles in BMMs induced by RANKL. (A) Heatmap sh
without the addition of OB. (B) Volcano-plot showing DEGs. (C) KEGG pathway enrichme
and antioxidant genes (E) indicated as FPKM between the two groups. DEGs were defined
group without OB treatment by Student t-test. DEGs: differentially expressed genes; FP
adjusted p-value.
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signaling pathway enrichment analysis indicated that 10 DEGs
were enriched in the osteoclast differentiation pathway, ranking
one of the top pathways (Fig. 3C, Table S1). Other highly significant
pathways, including cytokine-cytokine receptor interaction, che-
mokine signaling, and TNF signaling pathways (Fig. 3C, Table S1),
were also well-known to promote osteoclast differentiation. In par-
ticular, our results suggested that pro-osteoclastogenesis genes,
including Fos, Tnfrsf11a, Nfatc2, II1b, and Mmp9, were significantly
downregulated by the treatment of OB (Fig. 3D). In contrast, the
antioxidant genes Noq1, Hmox1, Gss, Gclc, and Cat were upregu-
lated (Fig. 3E). These results align with our observation of OB’s
inhibitory effects on osteoclasts and previous studies demonstrat-
ing OB’s antioxidant capability. Herein, we hypothesized that OB
might affect osteoclasts by reducing ROS production induced by
RANKL.
owing the DEGs between BMMs following a 24-h treatment with RANKL with or
nt analysis on DEGs. Relative gene expression levels of osteoclast-related genes (D)
by adjusted p-value < 0.05 and |log2FoldChange| > 1. **p < 0.01 compared with the
KM: fragments per kilobase per million mapped fragments; OB: obacunone; padj:
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OB reduces RANKL-induced ROS production and NF-jB/MAPK
pathway

Following the clue of the profiling of antioxidant genes, we fur-
ther verified OB’s effects on intracellular ROS level during osteo-
Fig. 4. OB reduces RANKL-induced ROS production and NF-jB/MAPK pathways. (A) Repre
ROS were detected in the form of fluorescent DCF. (B) Quantitative analyses of DCF
quantifications of protein expressions including Nox1, Catalase, HO-1, and Actin (n = 3).
(n = 3). (E) Representative blotting images of NF-jB and MAPKs related markers, including
of proteins in (E) to actin, JNK, P38, and ERK (n = 3). *p < 0.05, **p < 0.01 compared
macrophages; DCF: dichlorofluorescein; OB: obacunone; NOX: nicotinamide adenine din
jB ligand; ROS: reactive oxygen species.
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clast differentiation induced by RANKL. Upon the stimulation of
RANKL, ROS generation was vastly enhanced as detected by
H2DCFDA, a probe that can convert to fluorescent DCF after oxida-
tion (Fig. 4A and B). Remarkably, OB efficiently impeded the DCF
fluorescence (Fig. 4A and B). Western blot assay was then imple-
sentative images of RANKL-induced intracellular ROS generation in BMMs, in which
fluorescence area in each group (n = 3). (C) Representative blotting images and
(D) Luciferase assays showing the effect of OB on the activity of NF-jB transcription
IjBa, p-ERK, p-P38, and p-JNK. (F) Quantitative analyses of relative band intensities

with the group without OB treatment. Scale bar = 200 lm. BMMs: bone marrow
ucleotide phosphate (NADPH) oxidase; RANKL: receptor activator of nuclear factor-
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mented to observe the ROS-related protein expressions. The results
indicated that Nox-1, a protein that contributes to RANKL-induced
ROS generation, was significantly enhanced by RANKL but effec-
tively suppressed by OB treatment (Fig. 4C). Meanwhile, the
antioxidant enzymes that scavenge ROS, including catalase and
HO-1, were enhanced by OB treatment (Fig. 4C), consistent with
RNAseq results above (Fig. 4C).

NF-jB and MAPK pathways are essential for osteoclastogenesis
and regulated by ROS. To this end, we examined OB’s effects on
these two pathways. First, a luciferase reporter assay showed that
RANKL enhanced the transcriptional activity of NF-jB, which could
be dose-dependently inhibited by OB (Fig. 4D). IjB-a degrades to
release the NF-jB complex, which causes the activation of down-
stream signaling. The result of luciferase reporter assay was also
supported by western blot, which exhibited that OB hindered the
degradation of IjB-a (Fig. 4E and F). Similarly, for the MAPK path-
way, RANKL stimulated the phosphorylation of JNK, ERK, and P38,
which peaked after 10 or 20 min, while the OB treatment could sig-
nificantly hamper the phosphorylation of these proteins (Fig. 4E
and F). Therefore, these results suggested that OB effectively inhi-
Fig. 5. OB targets RANKL-induced signaling by binding to MIF. (A) In Silico docking ana
residues were displayed in 3D and 2D. (B) Surface plasmon resonance (SPR) assays showin
effect on MIF and its related osteoclast markers following the treatment of RANKL in BMM
OB: obacunone; RANKL: receptor activator of nuclear factor-jB ligand.
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bits osteoclast formation and bone resorption function via ROS, NF-
jB, and MAPK signaling pathways.

OB interacts with MIF to inhibit RANKL-induced osteoclastogenesis

To identify the probable targets that OB may interact with, we
performed a prediction process via a webtool-
SwissTargetPrediction. In total, 102 macromolecular targets were
output as a list with varying probability values calculated from a
combination of 2D and 3D similarity measures with known mole-
cules [38]. Among all the predictions, MIF ranked the first in the
target class of enzyme and remained top 3 of the whole list
(Table S2), suggesting it may be highly involved in OB’s interaction
in the context of osteoclasts. Indeed, our result was consistent with
a study that previously predicated the protein targets of OB using
Similarity Ensemble Approach (SEA) Search Server [21]. Growing
evidence also suggested that MIF mediated osteoclast-related bone
disorders [24,39] and MIF inhibition efficiently alleviated the bone
loss by targeting osteoclasts [23]. Thus, we hypothesized that MIF
might be a key molecular target of OB when it interacts with osteo-
lysis of OB in the active pocket of MIF (PDB code 3DJH). The potential interactive
g the binding of OB to MIF protein. (C) Representative blotting images showing OB’s
s. BMMs: bone marrowmacrophages; MIF, macrophage migration inhibitory factor;
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clasts. Next, to further explore the possible binding mode between
OB and MIF, we performed the molecular docking using Autodock
Vina. We showed that OB fits in the N-terminal pocket of the Pro-1
active site (Fig. 5A). The other vital residues include PHE-113, ILE-
64, SER-63, TYR-36, and LYS-32 (Fig. 5A).

To validate the binding affinity of OB to MIF, we further per-
formed a SPR assay. OB was bound on a sensor chip surface where
the recombinant MIF of different concentrations was primed
through. The result indicated OB has a strong binding affinity to
MIF protein and the binding signal increased with a higher MIF
concentration (Fig. 5B). Then we found that OB treatment led to
a lower expression of MIF as shown by western blotting assay,
accompanied by downregulated signaling including c-Fos and
NF-jB-p65 (Fig. 5C). Our data indicated that OB might interact
with MIF to reduce its expression and downstream pathways, lead-
ing to the impaired osteoclastogenesis.
OB prevents ovariectomized (OVX)-induced bone loss and shows no
drug toxicity

To examine OB’s therapeutic effects in vivo, we established an
estrogen deficiency-induced osteoporosis mice model by perform-
ing bilateral ovariectomy (Fig. 6A). The mice were administrated
intraperitoneally with vehicle or OB for six weeks separately. No
fatalities or significant adverse effects were recorded throughout
the study. Micro-CT scanning revealed a bone loss in the femurs
that caused by OVX procedure (Fig. 6B). However, with OB treat-
ment, the bone loss trend was significantly prevented (Fig. 6B).
These changes of bone phenotypes were indicated by bone
microstructure parameters including BV/TV, Tb.N, Conn.Dn, and
Tb.Sp (Fig. 6C). Furthermore, bone histomorphometry analysis
indicated that the hyperactive osteoclasts appeared in the femur
following OVX, while OB treatment could inhibit osteoclast activity
on the bone surface (Fig. 6D and E). The similar changes of osteo-
clast activity were also observed in calvaria (Fig. S2). Meanwhile,
the bone microstructure of the fifth lumbar vertebrate (L5) was
also examined by micro-CT. Consistently, we found a similar bone
phenotype change between these groups (Fig. 6F and G). To assess
the drug toxicity in vivo, mice body weights in each group were
recorded and no significant weight loss was found following OB
treatment (Fig. S3). Moreover, blood tests (Fig. 6H) and histological
analysis (Fig. S4) showed OB treatment did not alter liver and kid-
ney function and structures as compared with the control group,
demonstrating the drug safety when administrated in vivo. In con-
sistent with our in-vitro data, OB treatment can alleviate the oxida-
tive stress caused by ovariectomy as evidenced by the elevated
level of GSH (antioxidant) and the declined level of MDA (oxidative
stress marker), which were accompanied by the diminished serum
MIF level following OB treatment in the OVX mice (Fig. 6H). More-
over, proteins extracted from bone tissues showed MIF, together
with osteoclast-related markers (c-Fos, CTSK, and TRAP), increased
significantly following ovariectomy which can be reversed by the
OB treatment (Fig. 6I). Therefore, our data showed that OB admin-
istration could effectively alleviate osteoporosis with little drug
toxicity and this could be achieved by targeting MIF.
Discussion

Osteoporosis is the most common bone disorder where the
hyperactive osteoclasts represent the leading role during the
pathogenesis. Thus, targeting excessive osteoclast formation and
function is the primary strategy. Despite tremendous advances in
therapeutics over the past decades, concerns about current front-
line treatments’ long-term efficacy and side effects persist. To this
end, it is needed to search for alternatives to battle this disease.
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Given that OB exhibits a broad spectrum of therapeutic activities,
we sought to elucidate whether OB could serve as a candidate for
osteoporosis treatment.

We first showed that OB could inhibit osteoclast differentiation
and resorption in vitro dose-dependently. Intriguingly, this sup-
pressive effect was accompanied by the diminished expression of
NFATc1, the master transcriptional factor for osteoclastogenesis
[11]. NFATc1 mediates the downstream expression levels of
osteoclast-specific proteins [40,41], including integrin aV, V-
ATPase-d2, and cathepsin K. Integrin aV is required for the forma-
tion of sealing zone which is essential for osteoclast’s attachment
to bone surface. Both V-ATPase-d2 and cathepsin K are required
to form an acidified resorptive lacuna. Cathepsin K is secreted
through the ruffle border to degrade the bone matrix [42] and V-
ATPase-d2 is linked to osteoclast fusion as well as proton transport
[43]. Thus, our results indicated that OB impedes osteoclast differ-
entiation by suppressing RANKL-induced NFATc1 activation and its
downstream osteoclast-related markers.

RNAseq results further revealed the alterations of transcriptome
profile of BMMs affected by OB treatment. The DEGs are signifi-
cantly enriched in pathways, including osteoclast differentiation,
cytokine-cytokine receptor interaction, chemokine signaling, and
TNF signaling pathways. Of note, an array of osteoclast-related
genes is downregulated, accompanied by the upregulation of a
couple of antioxidant genes. These lines of evidence aligned with
previous studies in which OB was reported to protect against
inflammation [18] and oxidative stress [17]. Herein, we hypothe-
sized that OB might revoke RANKL-induced signaling partly by
its antioxidant property. Indeed, our data suggested that OB could
effectively decrease RANKL-induced intracellular ROS generation
by promoting antioxidant proteins, including catalase and HO-1;
however, ROS generator (Nox1) was found suppressed by OB
treatment.

Accumulating evidence has demonstrated that ROS are essen-
tial for osteoclastogenesis by enhancing NF-jB and MAPK path-
ways [13,44]. Upon RANKL stimulation, IjB degradation leads to
the release of the NF-jB complex, which then translocates into
the nucleus and contributes to NFATc1 activation [45]. Similarly,
MAPKs, including ERKs, JNKs, and p38, are also triggered by RANKL
to drive osteoclastogenesis [9]. The present study revealed that OB
comprehensively mitigated RANKL-induced MAPK and NF-jB sig-
nalings which may be partly due to the decreased ROS level. How-
ever, it remains elusive whether OB also directly affects these two
pathways.

To determine the targets that OB may interact with, we used
SwissTargetPrediction system, a web-based tool, to screen out
the top-ranking enzyme, MIF. MIF is a pleiotropic pro-
inflammatory factor engaged in a broad range of biological and
pathological conditions, including sepsis [46], systemic lupus ery-
thematosus, and rheumatoid arthritis (RA) [47]. Interestingly,
growing evidence suggested that MIF is crucial in the pathogenesis
of osteoclast-associated bone disorders. Gu et al. reported that MIF
and its receptor CD74 are required for osteoclastogenesis in vitro
via mediating NF-jB-p65 and ERK1/2 phosphorylation [14]. More-
over, MIF deficiency exhibits protection against bone loss caused
by OVX [48] or periodontal disease [49], whereas MIF overexpres-
sion leads to high-turnover osteoporosis accompanied by elevated
levels of matrix metalloproteinases (MMPs) [24]. Intriguingly, MIF
produced locally at the bone lytic site supports homing of circulat-
ing osteoclast precursors, which can be inhibited by the adminis-
tration of an anti-MIF neutralizing monoclonal antibody [39].
These findings together implicated that MIF may serve as an attrac-
tive therapeutic target. MIF inhibitors also showed promising
effects on excessive osteoclast activation in pathological conditions
such as wear-particles or OVX induced bone loss [23,50]. In con-
trast, Jacquin et al. found that MIF knockout (KO) mice have



Fig. 6. OB prevents OVX-induced bone loss by suppressing osteoclast activity. (A) Schematic illustration of in vivo study of OB’s therapeutic effects. (B) Representative three-
dimensional micro-CT images of femur. (C) Quantifications of bone parameters, including BV/TV, Tb.N, Conn.Dn, and Tb.Sp (n = 10). (D) Representative histological images of
decalcified femur sections (PSR and TRAP staining). (E) Quantification of osteoclasts number and surface area in bone sections (n = 4). Representative three-dimensional
micro-CT images of lumbar vertebrate (L5) (F) and analyses of bone parameters (n = 7) (G). (H) Blood tests showing liver and kidney function, oxidative stress as well as serum
MIF level. (I) Representative western blotting images showing the protein expression of osteoclast-specific proteins and MIF protein in the bone tissue. Bar graphs are
presented as mean ± SD.*p < 0.05, **p < 0.01 relative to the OVX group. ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; BUN, Blood urea nitrogen; BV/TV,
bone volume per tissue volume; CRE, Creatinine; Conn.Dn, connectivity density; GSH, Glutathione; CTSK, Cathepsin K; HE, hematoxylin and eosin; MDA, Malondialdehyde;
MIF, macrophage migration inhibitory factor; N.Oc/B.Pm, number of osteoclasts per bone perimeter; ns, no significance; OB, obacunone; Oc.S/BS, osteoclast surface per bone
surface; OVX, ovariectomized; PSR, picro sirius red; Tb.N, trabecular number; Tb.Sp, trabecular separation; TRAP, tartrate-resistant acid phosphatase. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increased osteoclastogenesis, contributing to a low bone volume
[51]. The same group then identified that the deletion of MIF recep-
tor CD74 also displayed a similar bone phenotype [52]. These con-
tradictory results are still challenging to fully elucidate and will
require further investigations.

Our data here are more aligned with the previous evidence indi-
cating that MIF is a positive regulator of osteoclasts whereby tar-
geting MIF may suppress osteoclast formation and function. We
revealed that OB has a strong binding affinity to recombinant
MIF, as indicated by the SPR assay. Moreover, the treatment with
OB in BMMs led to a significant and dose-dependent reduction of
MIF expression. As an upstream stimulus, MIF was previously indi-
cated to induce NF-jB-p65 signaling [53] and c-Fos [54]. Consis-
tently, we found that the diminished expression of MIF was
accompanied by declined levels of c-Fos and phosphorylated NF-
jB-p65 in the context of osteoclast differentiation. C-Fos acts as
an essential component that activates NFATc1 and thus is required
for osteoclastogenesis [45]. P65 is sequestered in the cytoplasm
and can translocate into the nucleus to induce the expression of
osteoclast-related genes upon RANKL-induced phosphorylation.
Meanwhile, P65 also mediates the arrest of cell apoptosis and
enhances osteoclast differentiation [55]. Therefore, OB may bind
to MIF and abrogate its downstream signaling. As discussed above,
OB also significantly suppressed the MAPK pathway. Given that
MIF triggers the sustained activation of the MAPK pathway [56],
we speculate that OB’s repressive effect on MAPK may be partly
due to its binding to MIF. A previous study reported that
lipopolysaccharide (LPS) activated p-P38, but not p-JNK, which
can be hindered by OB in RAW 264.7 cells [21]. In comparison, it
was indicated here that OB ablated both p-P38 and p-JNK in pri-
mary BMMs stimulated by RANKL. This difference could be related
to the different conditions, including the type of cells and stimulus,
that OB was investigated.

Nevertheless, the direct binding of OB to MIF seems not the only
cause of the diminished expression of MIF. A couple of studies sug-
gested that intracellular ROS production can trigger the MIF
expression [57–60]. However, it remains unknown whether ROS
generation contributes to MIF expression in the context of
RANKL-mediated osteoclastogenesis. This study found that OB effi-
ciently blocked ROS, which raised the possibility that OB’s antiox-
idant effect might also indirectly mediate the downregulation of
MIF. Interestingly, MIF was also demonstrated to induce ROS gen-
eration in multiple studies. Chuang et al. reported that MIF induces
ROS production and autophagy in the hepatoma cell line [61]. Lv
et al. showed that MIF activates ROS signaling which is partly
responsible for breast cancer metastasis [62]. In contrast, MIF
was also found to exhibit a cardioprotective effect by reducing
oxidative stress [63,64]. These contradictory findings may be due
to the different experimental settings that were employed. Here,
our data suggested that OB has a net inhibitory effect on intracel-
lular ROS signaling, which might attribute to OB’s direct antioxi-
dant property and indirect MIF blockade.

Considering OB’s remarkable suppressive effects on osteoclasts
in vitro, we next sought to examine whether OB has a protective
impact on the estrogen deficiency-induced osteoporosis preclinical
mice model. The removal of the bilateral ovaries is a standardized
procedure to study the bone phenotypes changes caused by the
estrogen-deficiency. In this study, we found significant bone loss
in both femur and lumbar vertebrate following the OVX procedure,
which can be well prevented with OB treatment. Bone histomor-
phometry analysis further mechanistically demonstrated that
hyperactive osteoclasts in OVX mice were suppressed when trea-
ted with OB. Furthermore, OB treatment is found to alleviate oxida-
tive stress and inhibit MIF expression in vivo, which could lead to
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the downregulation of osteoclast activities. In the meantime, liver
and kidney function tests, along with the histological analysis,
demonstrated the drug safety in vivo.

Conclusions

To summarize, our study has elucidated for the first time that
OB ameliorated estrogen deficiency-induced bone loss by imped-
ing hyperactive osteoclasts. Mechanistically, the binding of OB to
MIF attenuates RANKL-induced signaling, including ROS, MAPK
and NF-jB pathways. These effects eventually cause the dimin-
ished expression of NFATc1 and osteoclast-related proteins. There-
fore, we proposed that OB could serve as a therapeutic candidate
for osteoporosis or osteoclast-related bone disorders.
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