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ABSTRACT: Osteolytic diseases such as osteoporosis and neo-
plastic bone metastases are caused by the excessive activation of
osteoclasts. Inhibiting the excessive activation of osteoclasts is a
crucial strategy for treating osteolytic diseases. This study
investigated the roles and mechanisms of regorafenib, a tyrosine
kinase inhibitor, on osteoclasts and osteolytic diseases. We first
identified the potential targets and mechanisms of regorafenib on
osteoclast-related osteolytic diseases using network pharmacolog-
ical analysis and molecular docking techniques. Then, we verified
its role and mechanism on osteoclasts via cellular and animal
experiments. Network pharmacology analysis identified 89
common targets shared by regorafenib and osteoclast-related osteolytic diseases. Enrichment analysis suggested that regorafenib
may act on osteoclast-related osteolytic diseases by modulating targets such as AKT1, CASP3, MMP9, and MAPK3, regulating
biological processes such as cell proliferation, apoptosis, and phosphorylation regulation, and influencing signaling pathways such as
MAPK, PI3K/AKT, and osteoclast differentiation. The molecular docking results indicated that regorafenib and AKT1, CASP3,
MMP9, MAPK3, and MAPK14 were stably docked. Cell experiments demonstrated that regorafenib significantly inhibited osteoclast
differentiation and bone resorption in RAW 264.7 cells and bone marrow macrophages in a dose-dependent manner, with up to 50%
reduction at 800 nM concentration without exhibiting cytotoxic effects. Furthermore, Western blot and RT-qPCR results
demonstrated that regorafenib inhibited osteoclast differentiation by blocking the transduction of RANKL-induced NF-κB, p38,
ERK, and NFAT signaling pathways. In vivo studies using an ovariectomized mouse model showed that regorafenib significantly
improved bone volume fraction (BV/TV), bone surface to total volume (BS/TV), and number of trabeculae (TB.N), as well as
reduced trabecular separation (Tb.Sp) compared to the OVX groups (P < 0.05). TRAcP staining results revealed a reduction in the
number of osteoclasts with regorafenib treatment (P < 0.01). These results indicate that regorafenib exerts its protective effects
against osteoclast-related osteolytic disease by inhibiting the RANKL-induced NF-κB, NFAT, ERK, and p38 signaling pathways.
This study proves that regorafenib may serve as a potential therapeutic agent for osteoclast-related osteolytic diseases.

1. INTRODUCTION
Bone tissue is indispensable for providing structural support
and facilitating movement within the human body.1 Moreover,
it sustains its dynamic stability through a continuous process of
bone remodeling. This process involves osteoclasts breaking
down old bone tissue and osteoblasts forming new bone.2

Under normal circumstances, a balance between osteoclasts
and osteoblasts ensures bone tissue’s ongoing renewal and
repair. However, pathological conditions such as inflammation
or cancer can disrupt this equilibrium, leading to an
acceleration in the activation of osteoclasts. This disruption
in bone homeostasis and pathological bone resorption results
in osteolytic diseases characterized by bone loss and
destruction, such as osteoporosis3 and neoplastic bone
metastases.4 Postmenopausal osteoporosis, a prevalent form
of osteoporosis, primarily results from a reduction in estrogen
after menopause, leading to decreased bone mass, bone
structural deterioration, and pathological fractures.5 Neoplastic
bone metastases, often a complication in advanced cancer

stages, mainly cause bone resorption and pathological
fractures.6 Pathological fractures, a significant complication of
osteolytic diseases, not only lead to high disability and
mortality rates but also impose considerable economic burdens
on patients, families, and society.7,8 As a result, addressing the
treatment of osteolytic diseases and preventing fractures are
critical focuses in current medical research and practice.
Drugs that inhibit bone resorption are commonly employed

in treating osteolytic diseases as a therapeutic strategy.6,9 While
these drugs have shown effectiveness in clinics, their
application is often hampered by their limited efficacy and
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various side effects. For example, alendronate and zoledronic
acid, while effective in reducing osteoclastic activity,10 can
cause gastrointestinal irritation and atypical femur fracture with
long-term application.11 Denosumab, a receptor activator of
nuclear factor-κB ligand (RANKL) inhibitor, specifically
inhibits osteoclastogenesis and activity.12 However, it does
not significantly improve disease progression or survival
following bone metastases.13 Consequently, there is an urgent
need to explore alternative drugs to treat osteolytic diseases
more effectively. This need has driven our study to identify and
test alternative therapeutic options that could more effectively
counteract osteolytic diseases.
Recognizing the limitations of current therapies, researchers

have explored additional strategies to inhibit osteoclast
function. Numerous studies have highlighted the viability of
targeting the pathological process of osteoclastogenesis as a
therapeutic strategy for osteolytic diseases. For instance, Tao
Yang et al. demonstrated that inhibiting osteoclast function
could substantially reduce bone loss in models of post-
menopausal osteoporosis, suggesting potential therapeutic
avenues.14 Additionally, De Leon-Oliva et al. found that
targeting molecular pathways involved in osteoclast differ-
entiation, such as the RANK/RANKL pathway, offers
promising results for mitigating bone degradation in cancer-
induced osteolysis.15 Osteoclasts, multinucleated cells derived
from the myeloid lineage, play a pivotal role in bone
remodeling by facilitating bone resorption and breakdown
through the secretion of acids and proteases.16 The RANKL/
RANK system is crucial in the regulation of osteoclast
differentiation, maturation, and bone resorption activities. In
the presence of macrophage-colony stimulating factor (M-
CSF), RANKL binds to the receptor activator of nuclear
factor-κB (RANK), activating multiple signaling pathways,
including NF-κB, MAPK, etc. These pathways subsequently
activate the nuclear transcription factor NFATc1, which
further encourages the expression of nuclear translocation
and enhances the induction of osteoclast-specific genes like V-
ATPase-d2, Cathepsin K, and tartrate-resistant acid phospha-
tase (TRAcP).4,17 Many compounds have been gradually
shown to inhibit osteoclast differentiation and improve bone
loss via regulating RANKL-induced signaling pathway, such as
antidepressant duloxetine hydrochloride,18 antifungal agent
ciclopirox.19 Therefore, targeting the RANK/RANKL signaling
pathway to inhibit osteoclast formation is essential for treating
osteolytic diseases.
Considering the significant resources required for develop-

ing new drugs, repurposing Food and Drug Administration-
approved drugs to address unmet clinical needs in osteolytic
diseases presents an optimal strategy. Regorafenib (BAY 73−
4506) is a multitargeted tyrosine kinase inhibitor. Preclinical
studies have illustrated that regorafenib targets many kinases
implicated in tumor angiogenesis, proliferation, regulation of
the tumor microenvironment, and metastasis. Numerous
clinical trials have demonstrated that regorafenib has broad
antitumor activity, particularly in the treatment of gastro-
intestinal stromal tumors, metastatic colorectal cancer, and
unresectable hepatocellular carcinoma.20−22 And it received its
approval from the FDA in 2012. Intriguingly, research by Iris
Breitkreutz and colleagues23 demonstrated that regorafenib
could inhibit the proliferation and survival of multiple
myeloma cells and prevent the differentiation of peripheral
blood mononuclear cells from patients with multiple myeloma
into osteoclasts in vitro. Additionally, regorafenib has been

shown to disrupt tumor immunity and reduce tumor-
infiltrating macrophages by inhibiting the colony-stimulating
factor 1 receptor (CSF1R),24−26 which also plays a significant
role in osteoclast survival, function, and differentiation.27,28

These findings suggest a potential role for regorafenib in
treating osteolytic diseases by affecting osteoclast activity.
However, the roles and mechanisms of regorafenib on
osteoclastogenesis and osteolytic diseases require further
investigation, as previous results were unclear.
Therefore, the primary aim of this study is to elucidate the

roles and mechanisms of regorafenib on osteoclastogenesis and
osteolytic diseases. Significantly, this research innovatively
introduces a novel application for regorafenib in treating bone
diseases beyond its established use in oncology. Our study
initially identified the potential targets and mechanisms of
regorafenib on osteoclast-related osteolytic diseases using
network pharmacological analysis and molecular docking
techniques, and then assessed its role and mechanism on
osteoclasts through in vitro cellular experiments. Moreover, an
ovariectomized mouse model was utilized to examine its
efficacy in estrogen deficiency-induced bone loss in vivo. This
study provides a solid theoretical basis for further investigation
and clinical application of regorafenib in the treatment of
osteolytic diseases. By elucidating the pathways and targets
through which regorafenib modulates osteoclast activity, we
can contribute to a more targeted approach in osteolytic
disease treatment, potentially improving patient quality of life
and outcomes. Although our research is still preliminary, as we
continue to delve deeper into these pathways, the development
of multitarget drugs like regorafenib that can act on both
cancer cells and bone metabolism could significantly impact
the treatment of osteolytic diseases.

2. MATERIALS AND METHODS
2.1. Network Pharmacology Data Sources.

2.1.1. Screening Potential Targets of Regorafenib and
Osteoclast-Related Osteolytic Diseases. According to the
chemical name “regorafenib” and the CAS number “755037-
03-7″, the structural formula was obtained by searching the
PubChem database29 (https://pubchem.ncbi.nlm.nih.gov/).
Subsequently, related targets for regorafenib were identified
from the Swiss Target Prediction database,30 the PharmMap-
per database (http://www.lilab-ecust.cn/pharmmapper/), and
the Comparative Toxicogenomics Database31 (CTD, https://
ctdbase.org/). Finally, gene names were normalized based on
the species “Homo sapiens” in the UniProt database32 (https://
www.uniprot.org/). After deduplication and sorting, the data
were finally stored in Excel as regorafenib-related targets.
Separately using “osteolytic disease” and “osteoclasts” as

keywords, the genes associated with osteolytic disease and
osteoclasts were extracted from three databases: GeneCards33

(https://www.genecards.org/), the Online Mendelian Inher-
itance in Man34 (OMIM) database (https://www.omim.org/),
and the PharmGKB database35 (https://www.pharmgkb.org/),
and using species “H. sapiens” as the screening condition. After
deduplication, the data were ultimately receptively compiled
and stored in Excel as osteolytic disease targets and osteoclast
targets.
The targets of regorafenib, osteolytic disease, and osteoclast

were respectively imported into the online Web site (https://
bioinfogp.cnb.csic.es/tools/venny/) to construct a Venn
diagram.36 The common intersecting targets across all three
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groups were identified as potential targets of regorafenib for
treating osteoclast-related osteolytic diseases.
2.1.2. Constructing the Protein−Protein Interaction Net-

works. The common targets were then processed using the
STRING database37 (https://string-db.org/) to create a
Protein−protein interaction (PPI) diagram with species the “
H. sapiens” as the screening condition. The PPI diagram was
subsequently next exported in. tsv format, which was further
visually processed and analyzed utilizing Cytoscape software38

(v.3.9.1). Topological analysis was carried out using the
CytoHubba plugin in Cytoscape software (v.3.9.1), based on
Maximal Neighborhood Component (MNC) algorithm,39 to
identify key targets.
2.1.3. GO Enrichment and KEGG Analysis. To explore the

potential biological functions and major signaling pathways of
regorafenib in treating osteoclast-related osteolytic diseases,
gene ontology (GO) and kyoto encyclopedia of genes and
genomes (KEGG) enrichment analyses40 were separately
conducted on the potential targets obtained from Section
2.1.1 using the DAVID databases41 (https://david.ncifcrf.gov/
tools.jsp). Lastly, the results from these analyses were visually
processed using the bioinformatics online platform (http://
www.bioinformatics.com.cn/).
2.1.4. Molecular Docking. Based on the outcomes of the

bioinformatics analysis, key targets, including AKT1, CASP3,
MMP9, MAPK3, and MAPK14, were selected for executing
molecular docking with regorafenib. Regorafenib was chosen as
the ligand and imported into Chem3D software to undergo
energy minimization. Each key target served as the receptor,
which was imported into the UniProt database (https://www.
uniprot.org/) to download associated protein files in .pdb
format. These files were imported into PyMOL software to
remove water molecules and small molecule components and
then imported into AutoDock Tools hydrogenation. Molecular
docking and visualization analyses were carried out leveraging
PyMOL software.42 The docking effect of each key target and
regorafenib was evaluated using the binding energy.
2.2. Experimental Verification. 2.2.1. Chemicals and

Reagents. Regorafenib (CAS No. 755037-03-7) was pur-
chased from MedChemExpress Company (Shanghai, China)
and stored at −20 °C after being dissolved in DMSO as a 10
mM stock solution. And regorafenib was then diluted to the
target concentration with culture medium before use.43 Fetal
bovine serum (FBS) and α-modified minimal essential
medium (α-MEM) were acquired from Gibco (Massachu-
setts). The cell counting kit-8 (CCK-8) was acquired from
Bestbio Company (Shanghai, China). RANKL was purchased
from R&D Systems (Minneapolis). Anti-NFATc1 antibodies
were purchased from Santa Cruz Biotechnology (Dallas). Anti-
IκB-α and anti-β-actin antibodies were purchased from Zen
Bioscience (Chengdu, China). Antibodies to phosphorylated
p38, p38, phosphorylated JNK, JNK, phosphorylated ERK, and
ERK were ordered from Cell Signaling Technology (Beverly).
M-CSF was purchased from Detai Bioscience (Nanjing,
China). Bicinchoninic acid (BCA) protein detection kit and
tartrate-resistant acid phosphatase (TRAcP) staining solutions
were purchased from Sigma (USA). The RNA extraction kit
was purchased from Yishan Biotechnology Company (Shang-
hai, China). Phalloidin and DAPI staining solutions were
purchased from Solarbio (Beijing, China). The luciferase assay
kit was purchased from Promega (Wisconsin).
2.2.2. Ethical Statement. The extraction of bone marrow-

derived macrophages (BMMs) and all animal experiments

were approved by the Jinan University Laboratory Animal
Welfare and Ethical Committee (No. 20230303-0055). All
animals were procured from Zhuhai Baishitong Biotechnology
Company, with the certification number SCXK2020-0051.
2.2.3. In Vitro Induction of Osteoclast Differentiation and

Identification. RAW 264.7 cells were cultured in 100 mm cell
culture dishes with α-MEM complete culture medium
(supplemented with 10% fetal bovine serum (FBS)). Once
the logarithmic phase of RAW 264.7 cells had been attained,
the cells were seeded onto a 96-well plate at a density of 1.5 ×
103/well and incubated with α-MEM complete culture
medium overnight. The following day, RAW 264.7 cells were
cultured with α-MEM complete culture medium containing
RANKL44 (50 ng/mL) and varying concentrations of
regorafenib (0, 100, 200, 400, 800 nM).
Freshly extracted BMMs from 4-week-old C57BL/6J mice

were cultured in T75 culture flasks, utilizing α-MEM complete
culture medium that contained 100 ng/mL M-CSF for a
period of 6−7 days,36 with the culture medium refreshed every
2 days. When the density of BMMs reached 80% or more, the
cells were inoculated onto a 96-well plate at a density of 6 ×
103/well and incubated with α-MEM complete culture
medium that contained 100 ng/mL M-CSF. The next day,
BMMs were cultured with α-MEM complete culture medium
containing RANKL (50 ng/mL) and 100 ng/mL M-CSF, with
concentrations of regorafenib ranging from 0 to 800 nM. The
culture medium for RAW 264.7 cells and BMMs was refreshed
every 2 days until multinucleated osteoclasts formed
(approximately 5 days). At the end of the experiment, the
cells were fixed using 4% paraformaldehyde (PFA) for 20 min
and then stained with TRAcP staining solutions for 30 min.
TRAcP-positive cells possessing more than three nuclei were
identified and quantified under a DMI6000B inverted
microscope (Leica, Germany).
2.2.4. CCK8 Assay for Cell Viability. Cell viability was

evaluated using a CCK-8 assay Kit. BMMs and RAW 264.7
cells were respectively inoculated onto 96-well culture plates at
a density of 1.5 × 104/well using α-MEM complete culture
medium overnight. The next day, the culture medium in each
well was replaced with α-MEM complete medium containing
different concentrations of regorafenib (0, 100, 200, 400, and
800 nM). After incubating the 96-well culture plates at 37 °C
in a 5% CO2 incubator for 48 h, 10 μL of CCK-8 solution was
added to each well, following the manufacturer’s instructions,
and then incubated for 2 h. The absorbance of each well was
measured using an Epoch2 microplate spectrophotometer at a
wavelength of 450 nm. Finally, cell viability was calculated to
evaluate the effect of regorafenib on BMMs and RAW 264.7
cells.
2.2.5. Detection of F-Actin Ring with Phalloidin Staining.

To evaluate the impact of regorafenib on the structure of the
F-actin ring in osteoclasts, BMMs were seeded onto a 96-well
plate at a density of 6 × 103/well and incubated overnight with
α-MEM complete medium containing M-CSF (100 ng/mL).
The following day, BMMs were stimulated with M-CSF (100
ng/mL) and RANKL (50 ng/mL), along with varying
concentrations of regorafenib (0, 400, and 800 nM). After 5
days, the osteoclasts were fixed using 4% PFA for 30 min. After
three washes with PBS, the cells were permeabilized with 0.5%
Triton X-100 for 3 min. Phalloidin staining solution was then
applied to each well, followed by an incubation period of 40
min in a dark room. Subsequently, the cells were washed with
PBS, and the nuclei were stained with DAPI for 3 min.
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Observations and image capture were performed using a
DMI6000B inverted fluorescence microscope (Leica, Ger-
many).
2.2.6. Bone Resorption Experiment with Bovine Bone

Slices. Bovine bone slices were utilized to assess the effect of
regorafenib on bone resorption capacity. The bone slices were
marked on the back with a pencil, immersed in 75% alcohol for
24 h, and then rinsed twice with deionized water. These bone
slices were then placed in a 100 mL beaker, filled with 50 mL
of deionized water, and autoclaved for use. BMMs were
cultured on the bovine bone slices in 96-well plates at a density
of 1 × 104/well, using α-MEM medium supplemented with
RANKL (50 ng/mL) and M-CSF (100 ng/mL). The culture
medium was changed every 2 days until small osteoclasts
formed (approximately 3 days). Subsequently, the cells were
treated with α-MEM medium containing RANKL (50 ng/mL)
and M-CSF (100 ng/mL), along with regorafenib at
concentrations of 400 and 800 nM. After 5 days of continued
treatment, the bone slices were fixed using 2% glutaraldehyde
for 1 h. Following that, the bone slices were carefully removed
from the wells, and the cells were gently brushed off the slices.
The bone resorption pits were photographed using a
SUPRA55 scanning electron microscope (Zeiss, Germany).
ImageJ software was employed to quantify the number of bone
resorption pits.
2.2.7. Real-Time PCR Analysis of Gene Expression. The

experiments described above revealed that regorafenib
significantly inhibited osteoclast differentiation at a concen-
tration of 800 nM. Therefore, this concentration was selected
as the effective concentration for subsequent experiments.
RAW264.7 cells were seeded onto a 6-well plate with a density
of 5 × 104/well and culture with α-MEM medium
supplemented with 50 ng/mL RANKL. Concurrently, cells
were treated or not treated with 800 nM regorafenib for 5 days.
An RNA extraction kit was utilized for RNA extraction from
the cells according to the manufacturer’s instructions, and this
total RNA was employed to synthesize complementary DNA
(cDNA) with the PrimeScript RT reagent kit (Takara,
DRR037A) following the protocol. Quantitative real-time
polymerase chain reaction (qRT-PCR) was performed using
TB Green Premix Ex TaqII (Tli RNaseH Plus) on the 7500
Real-Time PCR System to detect amplification of osteoclast-
specific genes. The PCR cycle parameters were as follows: 95
°C for 30 s, 95 °C for 40 s, and 60 °C for 34 s. The cycle was
repeated 40 times. The 2−ΔΔCT method was utilized to
calculate the relative expression of specific genes, with GAPDH
as the internal reference. Gene-specific primers utilized for
qRT-PCR amplification are listed in Table 1.
2.2.8. Luciferase Reporter Gene Detection of NF-κB and

NFATc1. In order to evaluate the activities of NF-κB and
NFATc1, RAW264.7 cells were stably transfected with NF-κB
and NFATc1 luciferase reporter genes using the pGL4.32
[luc2P/NF-κB-RE/Hygro] and pGL4.30 [luc2P/NFAT-RE/
Hygro] vectors (Promega, USA). Stably transfected cells were
then selected using 500 μg/mL of hygromycin (Sigma, USA).
RAW 264.7 cells, stably transfected with both NF-κB and
NFATc1 luciferase reporter genes, were seeded at densities of
1.5 × 105/well and 5 × 104/well in 48-well plates, respectively.
Following overnight incubation, the cells were pretreated with
800 nM regorafenib and then stimulated with 50 ng/mL
RANKL for 6 and 24 h, respectively. After lysing with lysis
buffer, the cell lysate was collected and centrifuged at 12 000g
at 4 °C for 20 min. Then, 50 μL of cell lysate samples were

transferred into a white 96-well culture plate, and then 100 μL
of luciferase detection reagent was added to each well
according to the luciferase reporter kit’s instructions. Each
group was replicated three times in the experiments. Finally,
the luciferase activities of NF-κB and NFATc1 were detected
by the GloMax Navigator luminescence detector.
2.2.9. Western Blot. To evaluate the early impact of

regorafenib on signaling pathways related to osteoclast
activation, RAW 264.7 cells were seeded into 6-well plates at
a density of 1 × 105/well. The cells were pretreated with 800
nM regorafenib and then stimulated with 50 ng/mL RANKL
for various time intervals: 0, 5, 10, 20, 30, and 60 min.
Additionally, to investigate the impact of varying concen-
trations of regorafenib on osteoclast-related signaling pathways,
RAW 264.7 cells were seeded overnight in a 6-well plate at a
density of 5 × 104/well. Following that, the cells were treated
with 50 ng/mL RANKL and different concentrations of
regorafenib (0, 200, 400, and 800 nM) for 5 days.
The total cellular proteins were lysed and extracted using the

cell lysis solution, which consisted of RIPA lysis buffer,
phosphatase inhibitors, and protease inhibitors mixed at a ratio
of 100:1:1. The protein concentration of each sample was
determined using the BCA protein detection reagent according
to the instructions. Based on the measured protein
concentration, the samples were adjusted to the same
concentration using RIPA lysate. Subsequently, these proteins
were loaded sequentially to the wells of 10% SDS-PAGE in a
volume of 25 μg, separated by electrophoresis, and then
transferred onto poly(vinylidene difluoride) (PVDF) mem-
branes. After being blocked with 5% skim milk powder for 2 h,
the PVDF membranes were incubated with particular primary
antibodies overnight at 4 °C. The specific primary antibodies
used included JNK (1:1000, #9252, CST, Beverly, USA), p-
JNK (Thr183/Tyr185) (1:1000, #4668, CST), ERK (1:1000,
#4695, CST), p-ERK (Thr202/Tyr204) (1:1000, #4370,
CST), p38 (1:1000, #8690, CST), p-p38(Thr180/Tyr182)
(1:1000, #4511, CST), IκB-α (1:5000, #383322, Zen
Bioscience, Chengdu, China), β-actin (1:10 000, #380624,
Zen Bioscience), and NFATc1 (1:1000, sc-7294, Santa Cruz,
Dallas, USA). Following three washes with TBS containing

Table 1. Sequences of Gene Primers for qRT-PCR
Amplification

gene primer sequence
product length

(bp)

V-ATPase
d2

forward:
5′-CCTTTGTTTGACGCTGTCGG-3′

96

reverse:
5′-CCTGTTGAATGCCAGCACAT-3′

Cathepsin K forward:
5′-TGTGGTTCCTGTTGGGCTTT-3′

164

reverse:
5′-TGCACGTATTGGAAGGCAGT-3′

TRAcP forward:
5′-GTGGAAGCCTCTGGAAAATC-3′

106

reverse:
5′-CTCCTCCCTCACACCCGTTA-3′

NFATc1 forward:
5′-AGTCATCGGCGGGAAGAAG-3′

273

reverse:
5′-CCATTGGCAGGAAGGTACG-3′

GAPDH forward:
5′-GGCATTGTGGAAGGGCTCAT-3′

219

reverse:
5′-GGACACATTGGGGGTAGGAAC-3′
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0.1% Tween, the membranes were incubated with correspond-
ing HRP-conjugated secondary antibodies for 1 h. The
secondary antibodies used were as follows: antirabbit IgG
antibody (1:10 000; #511203; Zen Bioscience, Chengdu,
China) and antimouse IgG antibody (1:10 000; #511103;
Zen Bioscience). The protein bands were visualized using an
enhanced chemiluminescence kit from Meilunbio (Suzhou,
China), and images were captured using Bio-Rad’s ChemiDoc

chemiluminescence imaging system (California, USA). Finally,
the quantification of the protein bands was performed using
ImageJ software.
2.2.10. Construction of Ovariectomized (OVX) Mouse

Model. Eighteen 10-week-old C57BL/6 female mice, each with
a body mass of approximately 18 ± 2 g, were provided by
Zhuhai Baishitong Biotechnology Company (No. SCXK2020-
0051). All mice were randomly divided into three groups, with

Figure 1. Potential common targets for regorafenib and osteoclast-related osteolytic diseases. (A) Molecular formula of regorafenib. (B) Venn
diagram for the common intersecting targets of regorafenib and osteoclast-related osteolytic diseases.

Figure 2. PPI network of potential targets for regorafenib acting on osteoclast-related osteolytic diseases. Higher degrees of correlation indicate
larger node sizes, blue indicates a higher degree, and green represents a lower degree.
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six in each group: a Sham operation group (sham), an
ovariectomized mice model group (OVX), and an ovariec-
tomized mice model group plus10 mg/kg of regorafenib
treatment group (OVX + regorafenib). The dose of
regorafenib was chosen based on the literature provided by
the manufacturer, which reported favorable effects of
regorafenib in inhibiting tumor growth in mice.45 After 1
week of acclimatization feeding, surgeries were carried out
under tribromoethanol anesthesia. Both the OVX and the
OVX + regorafenib groups underwent bilateral ovary removal
in this process. In contrast, the sham-operated group, serving
as a control, only had the ovaries isolated but not resected.
Following a week of postoperative recovery, the mice in the
OVX + regorafenib group received intraperitoneal injections of
10 mg/kg regorafenib every 2 days for a duration of 6 weeks.
In contrast, the mice in the sham and OVX groups were given
intraperitoneal injections of an equivalent volume of saline to
serve as vehicle controls.
2.2.11. Micro-CT Analysis. A Scanco Viva CT80 micro-CT

instrument was utilized to scan and image the femurs of mice
from three groups (n = 6 in each group). The scanning
parameters were set to a voltage of 55 kV, a current of 145 mA,
and a resolution of 10.4 μm. The images were reconstructed
using the SkyScan DataViewer software (SkyScan, Knotich,
Belgium). Additionally, CT Analyzer (CTAn) software
(Brukermicro-CT, Kontich, Belgium) was used to identify
and analyze bone parameters and microstructural changes in
the region of interest (ROI).46 These bone parameters
included bone volume fraction (BV/TV), bone surface to
total volume (BS/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), and trabecular separation (Tb.Sp). The
ROI was defined as an area of cancellous bone located 0.5 mm
below and extending 1 mm in height from the growth plate.
2.2.12. Histological Analysis. The femurs were fixed in 4%

PFA for more than 48 h. Subsequently, they were decalcified
with EDTA for 4−6 weeks. The femurs were then dehydrated,
embedded in paraffin, and sectioned into slices with a thickness
of 0.5 mm. These femur sections were stained with
Hematoxylin and Eosin (H&E), and TRAcP. All stained tissue
sections underwent digitization using a Pannoramic MIDI
digital section scanner, and the captured images were
magnified with CaseViewer software (Version 2.4). Bone
histomorphometry and quantification analysis of the femur
sections were performed using ImageJ software.

3. STATISTICAL ANALYSIS
Data are represented as the mean ± standard deviation (SD),
obtained from at least three biologically independent experi-
ments. For statistical analysis, a one-way ANOVA accom-
panied by LSD-t test post hoc test for multiple comparisons or
a two-tailed Student’s t test for comparing two groups was
utilized. A p-value of <0.05 was deemed statistically significant.

4. RESULTS
4.1. Potential Target Identification and PPI Network

Analysis. The structural formula of regorafenib is presented in
Figure 1A. A total of 477 potential targets of regorafenib were
acquired through screening the Swiss Target Prediction,
PharmMapper, and the CTD database. In addition, we
obtained 2264 targets related to osteoclast and 2049 targets
associated with osteolytic disease from the Genecards and
OMIM databases. Finally, we obtained a total of 89 potential

targets of regorafenib for treating osteoclast-related osteolytic
diseases, as depicted in a Venn diagram (Figure 1B). A drug-
disease PPI network was constructed using Cytoscape to
illustrate the relationships among potential targets (Figure 2).
Utilizing the CytoHubba plugin and based on the MNC
algorithm, the top ten targets (AKT1, CASP3, MMP9, EGFR,
SRC, ESR1, HSP90AA1, MMP2, MAPK3, IGF1) were
identified as key targets for regorafenib in the treatment of
osteoclast-associated osteolytic diseases (Table 2).

4.2. GO Enrichment and KEGG Pathways Analysis. To
further elucidate the potential mechanisms of regorafenib in
treating osteoclast-related osteolytic diseases, we performed
GO functional and KEGG pathway enrichment analyses on the
common intersecting targets using the DAVID database. The
GO enrichment analysis yielded a total of 681 results. Among
these, 529 results were associated with biological processes
(BPs), encompassing positive regulation of protein Kinase B
signaling, cell proliferation, regulation of tyrosine kinase,
regulation of phosphorylation and apoptotic process, etc. 54
results pertained to cellular components (CCs), including
membrane raft, receptor complex, and extracellular region, etc.
And 98 results corresponded to molecular functions (MFs),
including protein tyrosine kinase activity, MAP kinase activity,
ATP binding and protein binding, etc. These findings indicated
that regorafenib might treat osteoclast-related osteolytic
diseases by modulating these biological processes. Figure 3A
shows the top 10 terms with significant MFs, BPs, and CCs
enrichment.
The KEGG enrichment analysis identified a total of 156

signaling pathways that were significantly associated with the
potential targets (P < 0.01). A bubble chart in Figure 3B
displays the top 50 pathways. It was found that potential
targets are primarily involved in signaling pathways, including
cancer, MAPK, PI3K-Akt signaling, apoptosis, TNF and
osteoclast differentiation, etc. Furthermore, a drug-target-
pathway network for the main signaling pathways was
constructed using Cytoscape software to intuitively observe
the relationship between these pathways and the key targets
(Figure 4).
4.3. Molecular Docking. Molecular docking was applied

to validate the binding mode of the key targets with
regorafenib. As per previous literature,47 a docking score less
than −5.0 suggests a stable binding affinity between the
compound and its target protein. The docking score represents
the binding energy between the compound and its target
protein. The lower the docking score, the stronger the binding
capacity between the compound molecule and its target

Table 2. Top Ten Targets in the PPI Network (Ranked by
MNC Method)

rank target score

1 AKT1 79
2 CASP3 73
2 MMP9 73
4 EGFR 69
5 SRC 66
6 ESR1 61
7 MMP2 59
7 HSP90AA1 59
9 MAPK3 58
10 IGF1 57
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protein is. Combining the results of binding energy, the
molecular docking results revealed that regorafenib was stably
docked with AKT1, CASP3, MMP9, MAPK3, and MAPK14
(Figure 5A−E). Notably, the binding energies between AKT1,
MAPK14, MAPK3, and regorafenib were −6.8517, −6.748,
and −6.4142 kcal/mol, respectively. These results suggested
that regorafenib could establish strong hydrogen bonding and
hydrophobic interactions with these proteins, as depicted in
Figure 5F.
4.4. Regorafenib Reduced RANKL-Induced Osteo-

clasts In Vitro. It has been shown that low-dose regorafenib
(≤1 μM) low-dose regorafenib exerts unique bioactive
effects.48,49 Based on previous references and our prior
experiments, we chose a 0−800 nM of regorafenib
concentration for the cellular experiments. As illustrated in
Figure 6C,D, compared to the RANKL controls, a marked
decrease in TRAcP-stained positive multinucleated cells was
observed in both BMMs and RAW 264.7 cells treated with
regorafenib. After treatment with regorafenib, a concentration-
dependent reduction in the number of TRAcP-stained positive
multinucleated cells was observed in both BMMs and RAW
264.7 cells (Figure 6E,F). For BMMs, compared with the
RANKL controls, this reduction commenced at a concen-
tration of 100 nM (P = 0.009), with the most substantial
decreases observed at 200, 400, and 800 nM (P = 0.001; P =
0.000; P = 0.000). In RAW 264.7 cells, the reduction began at
200 nM (P = 0.009), with the most significant decreases noted
at 400 and 800 nM (P = 0.000; P = 0.000). In particular, at a
concentration of 800 nM, the number of TRAcP-stained
positive multinucleated cells in BMMs and RAW 264.7 cells

was reduced by more than 50% compared to the RANKL
controls. Additionally, a CCK8 assay was employed to assess
cell viability and the potentially toxic effects of regorafenib on
BMMs and RAW 264.7 cells. As shown in Figure 6A,B, no
toxic effects were exhibited by regorafenib on the BMMs and
RAW 264.7 cells at concentrations of 800 nM or below (P >
0.05). These findings provided that regorafenib effectively
suppressed RANKL-induced osteoclast formation in vitro, and
its toxicity did not mediate this inhibitory effect.
4.5. Regorafenib Attenuated Bone Resorptive Func-

tion of Osteoclasts. To examine the impact on osteoclast
bone resorption, we investigated whether regorafenib affected
the formation of F-actin rings in osteoclasts, a crucial feature
for bone resorption during osteoclastogenesis.50 Following
RANKL stimulation, BMM cells differentiated into mature
osteoclasts, characterized by larger and morphologically intact
F-actin ring structures. However, in the regorafenib treatment
groups at concentrations of 400 and 800 nM, we observed a
significant decrease in the area of F-actin ring structures
compared to the RANKL controls (P = 0.001; P = 0.000;
Figure 7A,B).
Next, we examined the effects of regorafenib on the

formation of bone resorption pit on the bovine bone slices.
Quantitative analysis revealed that RANKL stimulation
increased the number of bone resorptive pits. Conversely,
treatment with 400 and 800 nM regorafenib significantly
reduced the number of bone resorption pits compared to the
RANKL controls (P = 0.001; P = 0.000; Figure 8A,B). Overall,
our findings demonstrated that regorafenib could effectively
hamper bone resorptive activity during osteoclastogenesis.

Figure 3. GO and KEGG enrichment analysis of protein targets for regorafenib acting on osteolytic diseases. (A) GO analysis of the protein targets.
A bubble chart depicting the top 10 terms of BPs, CCs and MFs. (B) KEGG analysis of the protein targets. A bubble chart depicting the top 50
enriched KEGG pathways for protein targets. The size of each spot represents the number of genes, and color represents the P value. Larger node
sizes indicate higher degrees of correlation.
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4.6. Regorafenib Inhibited RANKL-Induced NFAT
Signaling Pathway. NFATc1, a member of the NFAT
family, plays a pivotal role in the differentiation and maturation
of osteoclasts.51 The results of the NFAT luciferase reporter
gene assay demonstrated that compared with both the control
and RANKL controls, regorafenib inhibited the transcriptional
activity of NFATc1 after treatment with regorafenib (P < 0.05)
(Figure 9A). Furthermore, as shown in Figure 9C,D, results
from the Western blot assay revealed that the level of NFATc1
protein expression was also found to be suppressed after
treatment with regorafenib, especially at the concentrations of
800 nM (P = 0.02). These results suggested that regorafenib
could inhibit NFAT signaling pathways mediated by RANKL,
impacting osteoclast maturation and activity.
4.7. Regorafenib Down-Regulated the Level of

Osteoclast-Specific Gene Expression. The above experi-
ments revealed that regorafenib could inhibit osteoclast
differentiation by suppressing the NFAT signaling pathway.
To further investigate the effects of regorafenib on osteoclast-
specific genes, we utilized qRT-PCR to detect its impact on the

level of NFATc1 and its downstream genes V-ATPase-d2,
Cathepsin K and TRAcP with a treatment of 800 nM
regorafenib. Notably, RANKL stimulation caused a remarkable
increase in the expression of osteoclast-specific genes
compared to the control groups. However, regorafenib
treatment caused a noteworthy decrease in the expression
levels of these genes (Figure 9E−H). Regorafenib exerted
inhibitory effects on the expression of NFATc1 (P = 0.026), as
well as its downstream genes such as V-ATPase-d2 (P =
0.000), Cathepsin K (P = 0.000), and TRAcP (P = 0.001).
Conclusively, regorafenib could exhibit inhibition in the
activation of NFATc1, thereby impacting the expression of
downstream transcriptional genes.
4.8. Regorafenib Inhibited RANKL-Induced MAPK

and NF-κB Signaling Pathways. The RANKL/RANK
pathway is essential for osteoclast differentiation and involves
critical signaling pathways such as NF-κB, ERK, JNK, and
p38.52 To gain deeper insight into the potential molecular
mechanism underlying regorafenib’s inhibition of RANKL-
induced osteoclastogenesis, we employed Western blotting to

Figure 4. Drug-target-pathway network. The green circles represent target genes, and the orange parallelograms represent pathways.
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detect the effect of regorafenib on RANKL-induced NF-κB and
MAPK pathways. We observed that treatment with 800 nM
regorafenib inhibited the degradation of IκB-α protein,
particularly at 5 min of RANKL stimulation (P = 0.045),
indicating that regorafenib also exerted inhibitory effects on
NF-κB activation (Figure 10A,B). Consistent with this result,
the results of luciferase reporter gene assay showed that the
transcriptional activity of NF-κB was significantly reduced by
regorafenib (P < 0.05, Figure 9B).

As shown in the results (Figure 10C−F), compared with the
RANKL group, treatment with 800 nM regorafenib inhibited
the phosphorylation of ERK and p38 proteins. The ratio of
phosphorylated ERK to total ERK was markedly suppressed by
regorafenib at 5 and 10 min of RANKL stimulation (P = 0.049;
P = 0.048). The ratio of phosphorylated p38 to total p38
decreased noticeably, with the most significant effects observed
at 20, 30, and 60 min after RANKL stimulation (P = 0.002; P =
0.003; P = 0.014). Interestingly, no significant effect was

Figure 5. Molecular docking verification of the key targets. (A−E) Mode of AKT1, CASP3, MMP9, MAPK3, MAPK14 interacting with
regorafenib. (F) Heatmap of the binding energy score. Red signifies strong binding, and blue represents weaker binding strength. The deeper the
shade of red, the stronger the binding capacity.
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observed on the JNK signaling pathways (P > 0.05). These
results suggested that regorafenib exerted an inhibitory effect

via pERK, p38, and NF-κB signaling pathways mediated by
RANKL.

Figure 6. Regorafenib suppressed RANKL-induced osteoclast formation in vitro. (A, B) CCK-8 assay of BMMs and RAW264.7 cells. (C, D)
Representative images of TRAcP staining of BMMs and RAW264.7 cell. Scale bar = 200 μm. (E, F) Quantification of BMMs and RAW264.7 cells
induced TRAcP positive multinucleated osteoclasts (Nuclei ≥ 3). (Data are presented as mean ± SD (n = 3). Differences among groups were
analyzed using a one-way ANOVA test. *P < 0.05, **P < 0.01 relative to the RANKL controls).
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4.9. Regorafenib Alleviated Bone Loss in Ovariec-
tomized Mice Model. Our study established an ovariectom-
ized mice model to evaluate the potential therapeutic effect of
regorafenib against bone loss. Throughout the initial modeling
and the 6-week treatment period, no adverse events or fatalities
were observed in each group. Micro-CT results revealed that,
compared to the sham operation group, mice in the OVX
group exhibited an expansion of the femoral trabecular gap and
a reduction in bone volume (Figure 11A), indicating the
successful establishment of the ovariectomy-induced bone loss
mice model. Compared to the OVX group, the OVX mice
treated with regorafenib showed improvements in femoral
trabecular gap width and increased bone mass. Quantitative
analysis confirmed that compared with the OVX group,
measures including BV/TV, BS/TV, and Tb.N all showed
improvements (Figure 11B−D). Conversely, Tb.Sp decreased
(Figure 11E). H&E staining examination suggested that
regorafenib treatment significantly mitigated the bone loss
induced by ovariectomy compared to the OVX group (Figure

12A). BV/TV in the OVX group was significantly lower than
in the sham-operated group, whereas treatment with
regorafenib substantially elevated BV/TV, as shown in Figure
12B (P = 0.011). Besides, the results of TRAcP staining
showed that after treatment with regorafenib, the surface area
of osteoclasts per unit of bone surface (Oc.s/Bs) was reduced
as opposed to the OVX group (P = 0.000) (Figure 12C,D).
These results demonstrated that regorafenib may have a
protective effect against bone mass loss by inhibiting osteoclast
activity in vivo.

5. DISCUSSION
Postmenopausal osteoporosis is one of the most common
osteoclast-related osteolytic diseases that manifests with bone
loss and pathological fractures. Prior research indicated that
approximately half of postmenopausal females afflicted by
osteoporosis, and the rate of fracture due to the disease reaches
up to 40%.5 The high prevalence and serious complications of
this condition underscore the urgent necessity for innovative

Figure 7. Regorafenib inhibited the formation of the F-actin ring of osteoclasts induced by RANKL. (A) Representative images of phalloidin
staining in a fluorescence microscope. Scale bar = 500 μm. (B) Quantification of F-actin ring area per field. (Data are presented as mean ± SD (n =
6). Differences among groups were analyzed using a one-way ANOVA test. *P < 0.05, **P < 0.01 relative to the RANKL controls).

Figure 8. Regorafenib inhibited the bone resorptive function of osteoclasts. (A) Representative images of bone resorption pits. The green arrows
represent the bone resorption pits. Scale bar = 100 μm. (B) Quantification of the number of bone resorption pits per well. (Data are presented as
mean ± SD (n = 3). Differences among groups were analyzed using a one-way ANOVA test. *P < 0.05, **P < 0.01 relative to the RANKL
controls).
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therapeutic strategies aimed at managing osteoclast-related
osteolytic diseases.
Regorafenib, as a multitargeted tyrosine kinase inhibitor, is

gradually being discovered to have potential curative effects in
animal models of pulmonary emphysema,53 pulmonary

hypertension,54 autoimmune arthritis,55 and Alzheimer’s
disease.56 Given its established antitumor properties, exploring
regorafenib’s utility in noncancerous diseases is of significant
scientific interest. However, its role in osteoclast-related
osteolytic diseases is unclear. The current study first reveals

Figure 9. Regorafenib inhibited RANKL-induced NFAT signaling pathway and the expression of osteoclast-specific genes. (A) Quantitative
analysis of the luciferase activities of NFATc1. (B) Quantitative analysis of the luciferase activities of NF-κB. (C) Representative images of NFATc1
protein expression. (D) Quantitative analysis of NFATc1 expression normalized to β-actin. (E−H) Statistical results of osteoclast-specific gene
expression, including V-ATPase-d2, CTSK, TRAcP, and NFATc1. (Data are presented as mean ± SD (n = 3). Differences among groups were
analyzed using a one-way ANOVA test. *P < 0.05, **P < 0.01 relative to the RANKL controls).
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that regorafenib exhibits therapeutic potential for osteoclast-
related osteolytic disease by inhibiting osteoclastogenesis
through the suppression of NF-κB, NFAT, ERK, and p38
signaling pathways.
Extensive research has validated the inhibitory impact of

numerous multitargeted tyrosine kinase inhibitors on bone
resorption and loss, suggesting potential therapeutic advan-
tages for bone disease management. For example, dasatinib has
been shown to forestall joint destruction in models of
rheumatoid arthritis by impeding osteoclastogenesis,57 while
also enhancing bone volume in xenograft mice models infused
with osteotropic MDA-MB-231 cells by diminishing osteoclast
activity.58 Similarly, the tyrosine kinase inhibitor GNF-2 was
observed to inhibit osteoclast differentiation by curtailing
RANKL-induced NF-κB signaling, thereby offering protection
against inflammation-induced bone destruction.59 Distin-
guished from prior investigations, considering the complexity

of regorafenib targets, this study uniquely integrates network
pharmacology and experimental methodologies to scrutinize
the effects and underlying mechanisms of regorafenib on
osteoclast-related osteolytic diseases.
Network pharmacology, an emerging discipline that merges

knowledge from fields such as bioinformatics, systems biology,
and various omics, furnishes novel perspectives for elucidating
drug-disease interaction mechanisms.60,61 In our study, a total
of 89 common intersect targets as potential regorafenib
therapeutic targets against osteoclast-related osteolytic diseases
were obtained by network pharmacology. Subsequent PPI
analysis, GO functional annotation, and KEGG pathway
enrichment analysis shed light on regorafenib’s mechanism in
acting on osteoclast-related osteolytic diseases. This mecha-
nism likely involves the modulation of pivotal targets such as
AKT1, CASP3, MMP9, ESR1, and MAPK3, and the regulation
of biological processes including protein activity, phosphor-

Figure 10. Regorafenib inhibited RANKL-induced osteoclastogenesis by suppressing NF-κB and MAPK signaling pathways. (A) Representative
images of IκB-α protein expression. (B) Quantitative analysis of IκB-α expression normalized to β-actin. (C) Representative pictures of p-ERK and
ERK, p-P38 and p38, and p-JNK and JNK protein expression. (D−F) Statistical results of the ratios of phosphorylated ERK, p38, and JNK relative
to their respective total proteins. (Data are presented as mean ± SD (n = 3). Statistical analyses between the RANKL controls and the regorafenib-
treatment group were analyzed by a two-tailed Student’s t test. *P < 0.05, **P < 0.01 relative to the RANKL controls).
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ylation, and apoptosis, alongside influencing key signaling
pathways such as cancer, MAPK, PI3K-Akt, apoptosis, TNF
signaling, and osteoclast differentiation. Notably, the MAPK,
PI3K-Akt, apoptosis, and osteoclast differentiation pathways
have been identified as crucial regulators of osteoclasto-
genesis.62−64

To further validate the above results, we performed cellular
and animal experiments. Through cellular experiments, we

found for the first time that regorafenib imposed its inhibitory
effect on osteoclast differentiation and its bone resorption
function without no toxic effects on both BMMs and RAW
264.7 cells. These findings imply that regorafenib could be a
promising and relatively safe therapeutic approach for
osteolytic diseases.
Considering the critical role of the RANKL/RANK signaling

pathway in osteoclast formation, we performed a series of

Figure 11. Regorafenib had a protective effect against bone loss in vivo. (A) Representative pictures of Micro-CT on mouse femurs in sham, OVX,
and OVX + regorafenib group. (B−E) Statistical analysis of the parameters with bone structural, including BV/TV, BS/TV, TB.N, and Tb.Sp.
(Data are presented as mean ± SD (n = 6). Differences among groups were analyzed using a one-way ANOVA test. *P < 0.05, **P < 0.01, #P <
0.05, ##P < 0.01, *relative to the OVX groups, #relative to the sham groups).
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molecular biology experiments. By integrating the result of
network pharmacology analysis, it was deduced that the
majority of these key targets are connected with the MAPK
signaling pathway, insinuating that the MAPK signaling may be
intimately associated with the onset and progression of
osteoclast-related osteolytic disease when treated with
regorafenib. The MAPK pathway, renowned for its regulatory
influence on cellular proliferation and differentiation, also plays
an integral role in osteoclast development.65 The engagement
of RANKL with RANK catalyzes the phosphorylation of
MAPKs, incorporating proteins such as JNK, p38, and ERK.66

Numerous studies have corroborated that the inhibition of
p38, JNK, or ERK can significantly curtail osteoclast
formation.67−69 Additionally, regorafenib has been identified
to impede tumor progression by inhibiting the p38 and ERK
signaling pathways. Our investigation demonstrated that
regorafenib substantially suppressed the activation of phos-
phorylated p38 and ERK in RANKL-induced osteoclasto-
genesis. Furthermore, the molecular docking assay provided
evidence that regorafenib could bind with MAPK signaling

factors such as MAPK3 and MAPK14 by forming various
chemical bonds. Notably, MAPK3/MAPK1, also known as
ERK1/ERK2, is a classic and extensively studied signaling
pathway within the MAPK signaling pathway.67 P38α,
identified as MAPK14, exhibits high expression levels in
osteoclasts.70 These results suggested that regorafenib exerted
its inhibitory impact on osteoclast differentiation through the
suppression of the MAPK signaling pathway.
Additionally, the binding of RANKL and RANK activates

the NF-κB signaling pathway and promotes the differentiation
and maturation of osteoclasts, suggesting that NF-κB is a
critical mediator in enhancing osteoclast activity. Moreover,
NFATc1 is a key downstream effector of the RANK/RANKL
signaling pathway. Activation of the NF-κB and MAPK
pathways can promote NFATc1 activation, which enhances
transcription factor expression and plays a critical role in the
physiological processes of osteoclast differentiation, matura-
tion, and resorption. Our study found that regorafenib could
inhibit the degradation of IκB-α protein and decrease the
transcriptional activity of NF-κB. Besides, regorafenib could

Figure 12. Regorafenib alleviated the ovariectomy-induced bone loss by inhibiting the activity of osteoclasts. (A) Representative pictures of H&E
staining for femoral sections each group. TB represented the bone trabecular. Scale bar = 200 μm. (B) Quantitative results of BV/TV with H&E
staining. (C) Representative images of femur sections stained with TRcAP of each group. The red arrows indicate TRAcP-positive osteoclasts.
Scale bar = 200 μm. (D) Quantitative results of the area of TRAcP-positive cells per trabecular surface (Oc.S/BS). (Data are presented as mean ±
SD (n = 6). Differences among groups were analyzed using a one-way ANOVA test. *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01, *relative to the
OVX groups, #relative to the sham groups).
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downregulate the level of NFATc1 expression as well as its
downstream osteoclast-specific genes V-ATPase-d2, Cathepsin
K, and TRAcP. These findings indicate that regorafenib exerts
its inhibitory effect on osteoclastogenesis by inhibiting the
RANKL-induced NF-κB and NFAT signaling pathways and

hindering the transcriptional regulation of osteoclast-specific
genes by NFATc1 transcription factors.
The ovariectomized mouse model, a classical model for

osteoporosis, primarily mimics the environment of decreased
osteoclasts and bone loss in estrogen-deficient states.71 To

Figure 13.Mechanism diagram of regorafenib modulates RANKL-induced osteoclast differentiation via the NF-κB, NFAT, ERK, and p38 signaling
pathways. RANK, receptor activator of nuclear factor-κB; RANKL, RANK ligand; NF-κB, nuclear factor-κB; IκB-α, inhibitor of κB-α; NFATc1,
nuclear factor of activated T cells 1; p38, p38 kinase; ERK, extracellular regulated protein kinases; V-ATPase d2, Vacuolar ATPase d2; TRAcP,
tartrate-resistant acid phosphatase.
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further investigate the effects of regorafenib on bone loss in
vivo, an ovariectomized mouse model of osteoporosis was
established, and regorafenib was administered from the
beginning to examine its effect on osteoclastogenesis and
bone loss. Both micro-CT results and H&E histochemical
staining showed that the treatment with regorafenib could
protect against bone loss, elevate the bone volume fraction and
the number of trabeculae, reduce trabecular separation and
diminish the destruction of bone microstructure. TRAcP
staining results suggested that regorafenib significantly reduced
the number of osteoclasts, which was consistent with the
results in vitro. These suggest that treatment with regorafenib
may mitigate ovariectomy induced bone loss in mice by
inhibiting osteoclast activity.
Bone homeostasis is a complex process encompassing

osteoblastic bone formation and osteoclastic bone resorp-
tion.72 Regorafenib, a multitargeted tyrosine kinase inhibitor,
while synthetic, shares similar biological targets with certain
natural products.73,74 It has been shown to target several
kinases involved in tumor growth and metastasis, such as
VEGFR and CSF1R,20,26 which are also critical in bone
metabolism pathways. This regulation potentially affects
osteoclastogenesis and osteoblast activity, suggesting a possible
dual role in promoting bone formation and reducing bone
resorption. Our study demonstrates that regorafenib can
prevent bone loss in ovariectomized mice by inhibiting the
activity of osteoclasts, suggesting its potential anticatabolic
effects. In addition, some multitargeted tyrosine kinase
inhibitors have been found to regulate osteoblasts, thereby
influencing bone homeostasis. For example, Antonio Garcia-
Gomez found that low-dose dasatinib could promote
osteoblast differentiation and its function.75 Conversely,
Kroschwald LM found that imatinib mesylate and nilotinib
impair bone metabolism by attenuating osteoblast function in
vitro.76 It is evident that the regulation of osteoblasts by
multitargeted tyrosine kinase varies depending on their drug
properties and concentrations. Therefore, exploring how
regorafenib regulates osteoblasts and bone metabolism and
investigating whether it has pro-anabolic effects will be the key
focus of our future research.
There are some limitations in our current study. First, future

research is needed to explore the underlying mechanisms of
signaling cross-talk with additional targets, such as AKT and
PI3K, to enrich our understanding of precise targets that
regulate these signals. Additionally, future studies should
investigate the effects of regorafenib on various osteolytic
models, such as bone metastasis models and inflammatory
bone disease models, to broaden our understanding of its
impact on different osteolytic diseases.

6. CONCLUSIONS
In the current study, we integrated network pharmacology,
molecular docking, cellular and animal experiments to predict
and validate the targets and mechanisms of regorafenib in
treating osteoclast-related osteolytic diseases. The results of
network pharmacology reveal that regorafenib may act on
osteoclast-related osteolytic diseases through MAPK, PI3K-
Akt, apoptosis, TNF signaling, and osteoclast differentiation
signaling pathways. And regorafenib showed strong binding
affinities to key targets involved in osteoclast activity, such as
MAPK3 and MAPK14. Through experimental study, our
research demonstrates that regorafenib could inhibit osteoclast
differentiation and bone resorption (P < 0.05) in dose-

dependently without no toxic effects on RAW 264.7 and
BMMs. These effects might be achieved via inhibiting
RANKL-induced NF-κB, NFAT, ERK, and p38 signaling
pathways (Figure 13). The efficacy of regorafenib was
corroborated in an ovariectomized mouse model where
regorafenib treatment significantly improved bone micro-
architecture and bone loss. Notably, regorafenib significantly
improved BV/TV, BS/TV, and TB.N, as well as reduced Tb.Sp
compared to the OVX groups (P < 0.05). Our study evaluates
the potential of regorafenib in modulating bone remodeling
processes, mainly by inhibiting the pathways that promote
osteoclast differentiation and activity. Our research offers
promising evidence supporting the development and clinical
application of regorafenib in treating osteoclast-related
osteolytic diseases, such as osteoporosis and bone metastasis.
Moreover, it offers new theoretical bases and innovative ideas
for the application of regorafenib development in nononcology
fields, highlighting its potential beyond cancer treatment. This
study not only contributes to the understanding of
regorafenib’s mechanism of action in bone disease but also
opens avenues for further research and development in the
field of bone disease treatment.
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