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Breast cancer (BC) often spreads to bones, leading to bone metastasis (BM). Current targeted therapies
have limited effectiveness in the treatment of this condition. Osteoclasts, which contribute to bone
destruction, are crucial in supporting tumor cell growth in the bones. Breast cancer bone metastasis
(BCBM) treatments have limited efficacy and can cause adverse effects. Ononin exhibits anticancer
properties against various cancers. The study examined the impact of ononin on the BCBM and the
signaling pathways involved. Our study utilized a variety of experimental techniques, including cell
viability assays, colony formation assays, wound-healing assays, Transwell migration assays, Western blot
analysis, and tartrate-resistant acid phosphatase (TRAP) staining. We examined the effects of ononin on
osteoclastogenesis induced in MDA-MB-231 conditioned medium- and RANKL-treated RAW 264.7 cells. In
amouse model of BCBM, ononin reduced tumor-induced bone destruction. Ononin treatment effectively
inhibited proliferation and colony formation and reduced the metastatic capabilities of MDA-MB-231
cells by suppressing cell adhesion, invasiveness, and motility and reversing epithelial-mesenchymal
transition (EMT) markers. Ononin markedly suppressed osteoclast formation and osteolysis-associated
factors in MDA-MB-231 cells, as well as blocked the activation of the mitogen-activated protein kinase
(MAPK) pathway in RAW 264.7 cells. Ononin treatment down-regulated the phosphorylation of MAPK
signaling pathways, as confirmed using MAPK agonists or inhibitors. Ononin treatment had no adverse
effects on the organ function. Our findings suggest that ononin has therapeutic potential as a BCBM
treatment by targeting the MAPK pathway.
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Introduction

Breast cancer (BC) is among the most commonly diagnosed
malignancies globally, with an incidence rate of 11.5%, ranking
second only to lung cancer [1]. BC has the potential to metas-
tasize to various organs, and bone metastasis (BM) accounts
for approximately 50% of cases [2]. BM often leads to tumor-
associated bone pathologies, markedly reducing patients’
quality of life. Patients with BC and BM have a median sur-
vival period ranging from 24 to 36 months [3,4]. Current
treatments for BCBM have limited effectiveness and focus
primarily on palliative care [5]. However, these treatments are
associated with various side effects, including renal toxicity
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and jaw osteonecrosis [5]. Currently, there is no ideal solution
for preventing BC from metastasizing to bones. The prevailing
treatment strategy entails the excision of BMs through surgery
and augmentation with chemotherapy. However, this method
presents noteworthy perioperative risks and often yields sub-
optimal results.

The onset of BCBM is a multifaceted process that involves
bone cells and cancer cells, resulting in the disruption of normal
bone remodeling mechanisms. Hence, it is crucial to concur-
rently suppress metastasis and bone deterioration during treat-
ment [6]. Bisphosphonates have shown positive effects in BM
management [3], and denosumab was developed to curb bone
loss and skeletal-related events [7]. However, a recent phase 3


https://doi.org/10.34133/research.0553
mailto:feigao207@yeah.net
mailto:abchen@hku.hk
mailto:tanghl@sysucc.org.cn
https://doi.org/10.34133/research.0553
https://doi.org/10.34133/research.0553
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Research

clinical study reported that denosumab treatment did not
markedly improve survival rates in the management of BCBM
[8]. Currently, most patients with BC and BM receive palliative
treatment [9], making it urgent to identify new drugs or strate-
gies against BCBM. Comprehending the mechanisms and fac-
tors driving BCBM is crucial for devising effective prevention
and treatment strategies.

Tumor-driven osteoclastogenesis is critical in BCBM [4].
In BC, tumor cells engage with bone cells to stimulate the
activation of osteoclasts [5]. This interaction results in exces-
sive bone degradation and the secretion of growth factors
(GFs), which subsequently fosters tumor proliferation and
metastasis [10]. Osteolytic lesions are predominantly observed in
the majority of patients with BC, whereas osteoblastic lesions
occur in only 15 to 20% of patients [11]. The formation of
metastatic bone lesions is a complex process involving various
chemokines and cytokines [12,13], leading to continuous
tumor progression and bone destruction. Interactions between
tumor cells and osteoblasts or osteoclast precursors play a
pivotal role in BCBM [14]. Therefore, inhibition of osteoclas-
togenesis is a promising approach to prevent or treat BM in
patients with BC.

Furthermore, several signaling pathways, such as osteopro-
tegerin (OPG), receptor activator of nuclear factor kB (RANK),
and receptor activator of nuclear factor kB ligand (RANKL),
TGF-f, mitogen-activated protein kinase (MAPK), and Wnt
signaling pathways, are important in BCBM [15] and have
been verified to play a crucial role in the BCBM process.
Various chemokines [chemokine (C-C motif) ligand 2 (CCL2),
CCL3, interleukin-1/6/8/11 (IL-1/6/8/11), and chemokine
(C-X-C motif) ligand 12 (CCL12)] [16] and cytokines [RANKL,
parathyroid hormone-related protein (PTHrP), prostaglandin
E, (PGE,), tumor necrosis factor (TNF), and macrophage
colony-stimulating factor (M-CSF)] [7,17,18] have been
reported to be key ligands in the signaling pathway. RANK
and CXCR4 were the predominant receptors. The MAPK pathway
is a crucial signaling cascade that mediates several cellular
activities, such as proliferation, differentiation, and survival.

Ononin is a specific flavonoid compound primarily observed
in the root nodules of legume plants [4]. These include clover
(Trifolium spp.), Astragalus membranaceus, Sophora flavescens,
Omnonis spinose, Ononis angustissima, Smilax scobinicaulis,
Millettia nitida, and soybeans (Glycine max) [19]. In addition
to legumes, ononin is found in various vegetables and fruits.
Studies have shown that it possesses antitumor, anti-inflamma-
tory, and protective properties [20-25]. Moreover, studies have
demonstrated that it can potentially inhibit tumor metastasis
[26,27]. Earlier, our study found that ononin has the potential
to prevent triple-negative breast cancer (TNBC) lung metastasis
and the associated molecular pathways [28]. Our present find-
ings suggested that ononin exerts noteworthy inhibitory effects
on the migration, invasion, and colony formation of human BC
cells in vitro. Additionally, it effectively suppressed tumor-
induced osteoclastogenesis and inhibited RANKL-induced
differentiation of osteoclasts from RAW 264.7 cells in vitro.
Moreover, administration of ononin markedly ameliorated
tumor-induced osteolysis. These findings demonstrate that ono-
nin can markedly inhibit osteoclastogenesis and osteolysis asso-
ciated with metastatic BC in vivo and curtail the migration,
invasion, and colony formation of BC cells. Given these robust
results, ononin has emerged as a promising therapeutic candi-
date for the treatment of BC with BM.
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Results

Ononin inhibits the malignant phenotypes
of TNBC cells

Figure 1A shows the chemical structure of ononin. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay results indicate that, with the exception of the 5 pM
concentration of ononin, which did not markedly affect cell
viability after 24 h of treatment, the viability of TNBC cells
markedly decreased following 24 or 48 h of treatment with
ononin at concentrations ranging from 10 to 80 pM (Fig. 1B).
Following 24 h of treatment, the IC,, (median inhibitory con-
centration) values ranged between 40 and 60 pM. In com-
parison to MDA-MB-231 cells, ononin exhibited markedly
lower cytotoxic effects on normal mammary epithelial cells
after the same duration of treatment (Fig. S1). Figure 1C and
D depict the findings from clonogenic assays carried out on
MDA-MB-231 cells. Ononin (at doses of 5 and 20 pM) and
doxorubicin (DOX) led to a progressive decrease in colony
formation. Figure 1E and F demonstrates that both DOX
and ononin treatments effectively inhibit cell migration.
The Transwell assay results indicate that ononin treatment can
inhibit both cell migration and invasion, with the inhibitory
effect being more pronounced at a concentration of 20 pM (Fig.
1G and H). To further investigate the anticancer mechanism
of ononin, we detect the protein expression of the MAPK
pathway in MDA-MB-231 cells. The results demonstrated that
ononin treatment markedly down-regulated the expression
levels of p38, c-Jun N-terminal kinase (JNK), extracellular
signal-regulated kinase 1/2 (ERK1/2), and their phosphorylated
forms (Fig. 1] and K).

Ononin reverses EMT process and effectively inhibits

MMP-2/9 in MDA-MB-231 cells

Using Western blot (WB) analysis, we assessed the impact of
ononin on epithelial-mesenchymal transition (EMT) in TNBC
cells by examining cadherins and matrix metalloproteinases
(MMPs). The results indicated that ononin treatment led
to an increase in the epithelial marker E-cadherin expres-
sion, while the mesenchymal marker N-cadherin showed
a decrease, suggesting a reduction in mesenchymal charac-
teristics. Concurrently, there was a noteworthy down-regulation
of MMP-2 and MMP-9, with MMP-9 being particularly
affected. This indicates important modulation of biomarker
expression, which is consistent with the reduction in mesen-
chymal traits (Fig. 2A and B). These findings suggest that
ononin’s capacity to facilitate a shift from a mesenchymal to an
epithelial state could underlie its effectiveness in reducing the
metastatic propensity of TNBC cells.

Ononin demonstrates nontoxicity in RAW 264.7 cells
RANKL-induced RAW 264.7 cells have been established as a
valuable tool for investigating bone homeostasis [29-31]. In
this study, we investigated whether ononin exhibits any toxic
side effects on RAW 264.7 cells. Figure 2C presents the out-
comes of MTT assays. After a 48-hour treatment with ononin
at concentrations of 5, 10, and 20 pM, cell viability remained
unimpaired. Figure 2D shows that no notable dose-dependent
variations in colony formation were detected. Further analysis
via WB to detect caspase-3 and caspase-9 protein expression
revealed that ononin had no impact on the expression of these
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Fig. 1. Antiproliferative effects of ononin on MDA-MB-231 cell lines. (A) Chemical structure formula of ononin. (B) Ononin was administered to MDA-MB-231 cell lines at
concentrations ranging from 0 to 80 uM over periods of 24 and 48 h, subsequent to which MTT assays were conducted. (C) Results from the clonogenic assays were recorded
for these cells after exposure to various concentrations of ononin and DOX. (D) Colonies were quantified after exposure to ononin and DOX at the specified concentrations.
(E) Wound-healing assay results following separate treatments of cells with DOX and ononin (5/20 pM). (F) The wound closure percentage was calculated. (G to 1) Transwell
assay results following separate treatments of cells with DOX and ononin (5/20 pM). (J and K) WB results of ERK1/2/JNK/p38 signaling pathway following separate treatments

of cells with DOX and ononin (5/20 pM). ¥¥¥%P < 0.0001, **#*P < 0.0001, ****P < 0.0001.
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Fig. 2. Ability of ononin to suppress EMT evaluated by treating the cells with ononin and DOX. (A and B) WB analysis was employed to assess the expression of E-cad, N-cad,
MMP-2, and MMP-9 in TNBC cells. **++P < 0.0001, *##P < 0.0001, ****P < 0.0001. (C) MTT assays demonstrated that ononin (0 to 20 uM) does not cause cytotoxicity
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in control and experimental groups of RAW 264.7 cells. (F) Quantification of the apoptosis markers. (G and H) Ononin inhibits RANKL-induced osteoclastogenesis in RAW
264.7 cells (n = 6). (1 and J) The antimigratory properties of ononin were assessed using a Matrigel-coated Transwell assay on RAW 264.7 cells treated with CM.
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apoptosis markers in RAW 264.7 cells (Fig. 2E and F). These
findings strongly indicated that ononin does not induce any
toxic effects in RAW 264.7 cell lines.

Ononin inhibits osteoclastogenesis in RAW 264.7
cells induced by tumor cells through ERK1/2/JNK/
p38 pathways
To investigate the effects of ononin on the interactions between
tumor cells and bone cells, we assessed its impact on osteoclas-
togenesis and migratory capacity of RAW 264.7 cells activated
by conditioned medium (CM) from MDA-MB-231 cells. After
stimulating RANKL-treated RAW 264.7 cells with CM, a
decrease in osteoclast count per well was noted following pre-
treatment with ononin (5 and 20 pM) or DOX. This decrease
was dose dependent, as shown in Fig. 2G and H. Figure 21
and ] demonstrates that the administration of ononin or DOX
considerably decreased the migration capabilities of RAW
264.7 cells. Then, we conducted a quantitative analysis of
osteoclast differentiation using TRAP staining. RAW 264.7 cells
were treated with RANKL and stimulated with CM, followed
by pretreatment with ononin (5 and 20 pM) or DOX.
Subsequently, TRAP-positive cells were counted under a
microscope. The results indicated that ononin inhibits
osteoclastogenesis in RAW 264.7 cells induced by CM (Fig. 3A
and B). Furthermore, Fig. 3C and D illustrates that cotreatment
with ononin (5 and 20 pM) alongside MDA-MB-231 CM
markedly suppresses factors associated with osteolysis,
particularly RANKL, and enhances bone regeneration, indi-
cated by elevated OPG levels compared with control CM.
Focusing on the MAPK signaling pathways may represent
a promising therapeutic approach to enhance bone synthesis
while inhibiting osteoclastogenesis and bone degradation in
patients with BM [32]. Ononin demonstrates potential as a
therapeutic candidate for bone-related disorders, including
BM, by enhancing bone regeneration. Treatment with ononin
at 5 and 20 pM, along with DOX, markedly down-regulated
the expression of ERK1/2, JNK, p38, and their phosphorylated
form in in RAW 264.7 cells treated by CM (Fig. 3E and F). These
findings propose that ononin beneficially impacts bone integ-
rity by restraining osteoclastogenesis and stimulating bone
development through ERK1/2/JNK/p38 pathways.

Ononin alleviates tumor-induced osteolytic

degradation and inhibits tumor metastasis invivo

Given the observed compound’s suppressive impact on tumor
malignant phenotypes and its inhibition of osteoclastogenesis
in vitro, we established an animal model using left ventricle
injection (1 x 10° per mouse). The treatment protocol is illus-
trated in Fig. 4A. Using bioluminescence imaging, the inhibi-
tory effects of ononin and DOX on metastasis in BC were
observed in mice implanted with MDA-MB-231-luc (n = 6)
(Fig. 4B). X-ray imaging of leg bones demonstrated that ononin
(10 and 20 mg/kg body weight) or DOX markedly decreased
the incidence and size of osteolytic lesions (Fig. 4C to E). The
various treatments did not have a noteworthy impact on the
body weight of the mice (Fig. 4F). Results from hematoxylin
and eosin (H&E) staining indicated that the ononin-treated mice
exhibited markedly less bone destruction and BM (Fig. 5A and B).
Consistent results were observed with TRAP staining, where the
ononin-treated mice displayed fewer osteolytic areas and
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TRAP-positive cells, indicating an inhibition of tumor metastasis
(Fig. 5C to F). Moreover, the survival rates of MDA-MB-231
BC-bearing mice were enhanced following treatment with
ononin or DOX, as indicated by the survival curves (Fig. 4G).
The experimental outcomes demonstrate that ononin effectively
alleviates tumor-induced osteolytic degradation and inhibits tumor
metastasis in systemic mouse models of metastasis.

CC-401 is synergistically active with ononin
to reduce BCBM

Previously, we investigated the effects of ononin on the MAPK
pathway. To substantiate these results, we explored the impact
of combining ononin and JNK inhibitor (JNKi) CC-401, a
selective adenosine triphosphate (ATP)-competitive anthra-
pyrazolone MAPK inhibitor, on both the metastatic capability
and signaling pathways involved. CC-401 is a potent inhibitor
of all 3 JNK isoforms and other kinases, which exhibited
strong inhibitory effects. Moreover, it selectively targets JNK
and related kinases with at least 40-fold selectivity. High JNK
expression was independently associated with unfavorable
survival outcomes. Therefore, blocking the JNK signaling
pathway at an upstream stage effectively impedes the advance-
ment of experimental mammary tumors toward metastasis.

The MDA-MB-231 cells were concurrently treated with
ononin and 4 pM CC-401. The dose of JNKi was selected due
to its established specificity and documented impacts on BC
cells [33]. Our findings indicated that combined treatment with
ononin and JNKi markedly enhances the cytotoxic effects on
MDA-MB-231 cells compared to the treatment with JNKi alone
(Fig. 6A). Furthermore, administering ononin (20 pM) together
with JNKi (4 pM) suppressed colony forming when compared
to treatments involving only JNKi or the untreated control
group (Fig. 6B and C). Figure 6D to G indicates that combined
treatment with ononin and JNKi notably decreased the migra-
tion and invasion capabilities of MDA-MB-231 cells compared
to treatment with JNKi alone. Synergistic administration mark-
edly diminished the expression of ERK1/2, JNK, p38, and their
phosphorylated form compared to the administration of
JNKi alone. This suggests that the MAPK inhibitor contrib-
uted to the down-regulation of MAPK phosphorylation
(Fig. 6H and I). These suggests that cotreatment with JNKi
and ononin synergistically inhibit malignant phenotypes of
MDA-MB-231 cells.

The concurrent application of ononin and JNKi markedly
diminished colony formation (Fig. 7A) and migration capa-
bilities (Fig. 7C) of RAW 264.7 cells activated by CM from
MDA-MB-231, compared to JNKi treatment alone or the con-
trol group. Additionally, we investigated the impact of ononin
and JNKi on osteoclast differentiation utilizing TRAP staining.
We noted a substantial decrease of TRAP™ cells in the combina-
tion of ononin with JNKi compared to JNKi treatment alone
(Fig. 7B). Therefore, our results indicate that ononin, particu-
larly in combination with JNKi, may effectively inhibit osteo-
clast differentiation induced by CM from MDA-MB-231 cells.
The results described in Fig. 7D demonstrate that the combina-
tion treatment of ononin and JNKi effectively inhibits factors
associated with osteolysis, specifically RANKL, while promot-
ing bone formation by increasing levels of OPG. These
results suggest that ononin and its synergistic effect with
JNKi hold great promise for enhancing bone health by
inhibiting osteoclast formation and promoting new bone
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formation. In addition, synergistic administration markedly Ononin inhibits PMA-induced cell proliferation,

down-regulates MAPK pathway phosphorylation comparedto  invasion, migration, and osteolytic factors through
the administration of JNKi alone in RAW 264.7 cells treated ~ MAPK pathway

with CM (Fig. 7E and F). These results suggest that cotreat- Phorbol-12-myristate-13-acetate (PMA) is a ligand that acti-
ment with JNKi and ononin has promising potential for  vates the MAPK pathways, promoting cell cycle progression,
inhibiting BM in BC. proliferation, invasion, migration, and metastasis in BC [34,35].
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Fig. 5. (A and B) H&E staining was employed to assess the impact of ononin treatment on bone tissue. (C to F) Results from TRAP staining indicated a substantial reduction

in metastatic tumor load in groups treated with ononin.

To explore the possibility of ononin-mediated inhibition of
PMA-induced TNBC cell metastasis, we exposed MDA-MB-231
cells to PMA (50 ng/ml) with or without ononin for 24 h. Our
findings indicated that after 24 h of exposure to PMA, there
was a marked enhancement in cell viability, motility, colony
formation, and invasive potential. Conversely, ononin admin-
istration decreased these PMA-induced effects (Fig. 8A to G).

Building upon an earlier investigation showing that ononin
administration can prevent MAPK activation, we conducted
further investigations to determine its effects on the phosphor-
ylation of these pathways induced by PMA. WB analysis dem-
onstrated that PMA markedly enhanced the phosphorylation
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levels of ERK1/2, JNK, and p38 MAPK (Fig. 8H and I). None-
theless, pretreatment with ononin for 24 h markedly diminished
these changes induced by PMA, which indicates that ononin’s
suppression of PMA-stimulated metastatic capabilities in TNBC
is linked to a down-regulation of MAPK pathways.

Next, we further evaluated the impact of ononin on the
effects of PMA in RAW 264.7 cells treated with CM. The
results, illustrated in Fig. 9A and C, demonstrate that expo-
sure to 50 ng/ml PMA for 24 h led to increased colony for-
mation and migration. Conversely, ononin administration
efficiently upturned the clonogenic and migratory effects.
Furthermore, ononin markedly reduced the number of
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TRAP™ cells induced by PMA (Fig. 9B). This provided evi-
dence that ononin has the potential to inhibit the differentia-
tion of osteoclasts stimulated by PMA-induced CM.

Figure 9D indicates that administration of ononin, in con-
junction with PMA-induced RAW 264.7 cells in CM, effectively
inhibits factors associated with osteolysis, specifically RANKL,
while promoting bone formation by increasing levels of OPG.
These findings suggest that ononin holds great promise for
enhancing bone health by inhibiting osteoclast formation
and promoting new bone formation. Additionally, WB analy-
sis revealed that ononin treatment inhibits PMA-induced
phosphorylation of the MAPK pathway (Fig. 9E and F).

Discussion

The occurrence of BM in patients with BC poses a noteworthy
concern [36,37]. Contemporary therapies targeting the inhi-
bition of osteoclastogenesis have shown effectiveness in
reducing skeletal complications and bone damage caused by
cancer [4]. Despite the effectiveness of current treatments
such as bisphosphonates and denosumab, an important frac-
tion of patients (30 to 50%) continue to develop new BM,
experience skeletal complications, and show disease progres-
sion [4]. This underscores the critical need for innovative
therapeutic strategies in this area [38,39]. This study presents
pioneering evidence that ononin suppresses BC-induced
osteolytic BM by diminishing the stimulatory impact of BC
on osteoclasts and altering the interactions between osteo-
blasts and osteoclasts.

Evaluating osteoclast differentiation is crucial for compre-
hending BCBM. The inhibition of osteoclast function is a
potential strategy for preventing BM. In this investigation,
ononin, an isoflavone glycoside, was examined for its effects
and was proved to directly suppress osteoclast differentiation
and bone resorption activity. This study represents the inaugu-
ral demonstration of ononin’s inhibitory impacts on osteoclast
differentiation and bone resorption.

The current study showed that ononin can inhibit osteoclas-
togenesis and bone degradation mediated by MDA-MB-231
cells. The disruption of normal interactions between osteoclasts
and osteoblasts is caused by the presence of metastasized cancer
cells in bone [6,40]. Osteoblasts are essential in managing skel-
etal physiology, functioning both as precursors to osteocytes
and as dual regulators in the differentiation of osteoclasts [41].
In our study, MDA-MB-231 cells exhibited elevated RANKL
expression coupled with reduced OPG expression, leading
to amplified osteoclastogenesis and intensified bone resorp-
tion. However, treatment with ononin prevented RANKL
up-regulation in MDA-MB-231 cells, leading to a decrease
in BC-associated osteoclastogenesis and bone resorption. These
results underscore the potential of ononin to correct the dis-
rupted balance between osteoblasts and osteoclasts within the
bone microenvironment impacted by BC.

Our research findings indicate that ononin can reduce
osteoclast activity and decrease bone loss induced by cancer in
mice. Our study demonstrated that control mice had notable
bone loss compared to DOX- and ononin-treated tumor-bear-
ing mice, as evidenced by the number of lesions per mouse and
the osteolytic area detected using x-ray. Furthermore, histologi-
cal analysis with TRAP" staining revealed a significant presence
of activated osteoclasts in control mice, consistent with
observations of bone degradation related to tumor activity.
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Conversely, groups receiving both DOX and ononin showed
increased bone mass, restrained tumor expansion, and reduced
numbers of osteoclasts.

Furthermore, our study showed that ononin effectively sup-
pressed BM in BC models, as indicated by a decrease in the
fluorescence concentration in the bones and a poorer occur-
rence of BM. The administration of ononin did not lead to
noteworthy weight loss or toxicity in mice, which is consistent
with prior studies showing minimal noxiousness of ononin
and other polyphenols, even at higher doses [25,42]. Therefore,
based on our in vitro and in vivo results, ononin inhibits
MDA-MB-231 cell-induced osteolytic lesions by suppressing
osteoclast activity.

The MAPK pathway serves as a central signaling hub that
regulates a wide range of cellular functions, including cell pro-
liferation, survival, differentiation, and migration. Activation
of this pathway plays a crucial role in promoting cancer cell
migration and invasion, which are essential processes in the
metastatic cascade [43]. By stimulating the expression of genes
involved in EMT, MAPK signaling pathways facilitate the
acquisition of invasive properties by cancer cells. Clinical stud-
ies have consistently shown that abnormal activation of the
MAPK pathway is linked to poor prognosis and heightened
metastatic potential across various cancer types [44]. The thera-
peutic potential of targeting components of the MAPK pathway
has been underscored by promising results in both preclinical
models and clinical trials, highlighting the importance of inhib-
iting this pathway in the context of metastatic disease [45].
Ongoing research is actively exploring the use of small-molecule
inhibitors and monoclonal antibodies that specifically target
components of the MAPK pathway as potential antimetastatic
agents [46].

The MAPK pathways triggered by RANKL are primary
mediators of osteoclastogenesis [47]. RANKL stimulation
activates MAPKs associated with osteoclastogenesis [30].
Inhibition of ERK signaling attenuates osteoclast formation
[48], whereas the application of dominant-negative JNK
obstructs osteoclastogenesis triggered by RANKL [49,50].
Increasing evidence suggests that JNK, a pro-survival onco-
protein, plays a role in tumor progression in several types
of cancer, including pancreatic, lung, and BC. The function
of JNK in promoting tumor development is influenced by
the specific cell context and cell type, as it modulates the signal-
ing pathways involved in tumor initiation, proliferation, and
migration [51]. p38 plays a vital role in the initial phases of osteo-
clastogenesis by regulating the expression of microphthalmia-
associated transcription factors [52]. These findings imply that
ononin inhibits RANKL/BC cell-induced osteoclast formation
via the ERK/JNK/p38 MAPK signaling pathway.

BC cells enhance RANKL signaling by secreting RANKL
within the tumor microenvironment [53]. Our research con-
firms that ononin curtails RANKL- or BC-driven osteoclasto-
genesis in vitro and obstructs bone deterioration and metastasis
in mice with tumors. The inhibitory effects of ononin are likely
linked to its suppression of the ERK/JNK/p38 MAPK signaling
pathway. These outcomes position ononin as a viable therapeu-
tic candidate for managing cancer-related bone lesions.
Additionally, ononin presents benefits over bisphosphonates
and denosumab, including cost-effectiveness and fewer adverse
effects. This work lays a robust groundwork for further inves-
tigations into ononin’s role in combating bone loss associated
with BC.
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Our study has several limitations. For instance, employing
cell lines as study models might not provide a comprehensive
representation of the intricate tumor microenvironment in the
bone and might not accurately mirror the treatment responses
observed in clinical environments. The use of immunodeficient
mice in the experiment is another limitation that may restrict
the application of our results to immunocompromised model
studies. Additionally, the dosage and treatment duration of
ononin used in our study may not have been optimal, and the
treatment procedures or alternative dosages may have gener-
ated dissimilar results. Moreover, the current study focused on
the ERK, JNK, and p38 MAPK signaling pathways and did not
investigate other possible pathways or mechanisms that may
contribute to the experiential effects.

BCBM remains a noteworthy challenge in clinical oncology,
and targeted therapies currently have limited effectiveness.
Osteoclasts play a crucial role in bone destruction and tumor cell
growth in the bones of patients with BCBM, and inhibiting osteo-
clastogenesis represents a potential approach for preventing or
treating BCBM. The current study showed that ononin effectively
inhibited the proliferation, colony formation, and metastatic
capabilities of MDA-MB-231 cells and suppressed osteoclast
formation and osteolysis-associated factors. The in vivo exper-
iments demonstrated that ononin reduced BC cell-induced
bone destruction and inhibited the MAPK pathway (Fig. 10).
The results of our study indicate that ononin is a harmless and
promising agent for BCBM treatment by targeting the MAPK
pathway. Further research is necessary to confirm their efficacy
and potential in clinical settings. The potential impact of ono-
nin on disease stage classification in BCBM patients should be
explored, particularly regarding its influence on metastatic
lesion stabilization or reduction. By elucidating how ononin
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treatment may affect disease progression and response monitor-
ing, clinicians can better assess the therapeutic benefits and
tailor treatment strategies for individual patients. In addition,
ononin treatment disrupts key processes in the metastatic
cascade, such as angiogenesis, immune evasion, and tumor
dormancy, elucidating its multifaceted mechanisms.

The emergence of resistance poses a noteworthy challenge
in the development of effective therapies for BM. Studies have
shown that cancer cells can develop resistance to targeted thera-
pies by modulating key signaling pathways, including MAPK,
to promote cell survival and proliferation. Moreover, the activa-
tion of compensatory signaling pathways in response to treat-
ment pressure can also contribute to treatment resistance.
Understanding these resistance mechanisms is crucial for
devising strategies to overcome resistance and enhance the
efficacy of ononin treatment. Future research efforts should
focus on elucidating the molecular mechanisms underpinning
resistance to ononin and exploring combination therapies that
can target multiple pathways to mitigate the development of
resistance and improve treatment outcomes in BM.

Addressing challenges and opportunities related to the for-
mulation of ononin for clinical use is a key issue. Factors such
as bioavailability, stability, and route of administration need to
be considered to ensure optimal delivery and efficacy of the
drug in treating BCBM [54]. Determining the optimal dose,
frequency of administration, and duration of treatment is cru-
cial to achieve therapeutic benefits while minimizing potential
side effects [55]. Criteria for selecting patients who are most
likely to benefit from ononin therapy must be outlined, con-
sidering factors such as tumor characteristics, previous treat-
ment history, and overall health status to personalize treatment
strategies and improve patient outcomes. Identifying areas for
future investigation, such as pharmacokinetic studies, com-
bination therapies, and biomarker identification, can guide
the development of more effective and personalized treatment
approaches for BCBM.

Limitation and future perspectives
1. Conducting additional preclinical studies to assess the long-term
efficacy and safety of ononin treatment in various models of BCBM.

2. Exploring potential combination therapies involving ono-
nin and other targeted agents to enhance treatment outcomes
and overcome potential resistance mechanisms.

3. Translating the preclinical findings into clinical trials to
evaluate the efficacy of ononin in human patients with BCBM,
potentially leading to the development of novel treatment strat-
egies for this challenging condition.

4. Investigating the impact of ononin on tumor microenviron-
ment components other than osteoclasts, such as immune cells, to
comprehensively understand its effects on BCBM progression.

5. The study primarily focused on the MDA-MB-231 cell
line, which may not fully represent BC heterogeneity. Including
diverse cell lines could enhance understanding.

Materials and Methods

Cell culture

MDA-MB-231 and RAW 264.7 cells were obtained from the
American Type Culture Collection (ATCC) (Manassas, VA,
USA) at passages 5 to 15. These cells were cultured following
the protocol provided by the supplier. The MDA-MB-231 cell
line was obtained from a Caucasian woman diagnosed with
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metastatic BC. This cell line has been classified as a member of
the claudin-low molecular subtype.

Drug treatments

Ononin (catalog no. 111747-200501) was provided by the
National Institutes for Food and Drug Control (Beijing, China).
The effective concentrations of ononin were established by seri-
ally diluting the stock solution in an appropriate medium. Cells
were subjected to 50 pM DOX and ononin at concentrations
ranging from 5 to 80 pM for various durations ranging from
12 to 144 h, in the cell proliferation assay. For the clonogenic
assay, cells were incubated with 5 and 20 pM of ononin for a
minimum of 1 week. In the assays of Transwell and wound
healing, cells were exposed to a coadministration of ononin
and PMA (catalog no. 16561-29-8, Sigma-Aldrich, St. Louis,
MO, USA) or CC-401 (JNKij, catalog no. sc-364748, Santa Cruz
Biotechnology Inc., TX, USA). BC cells were initially pretreated
with ononin for 2 h, and then they were exposed to 50 ng/ml
PMA for 24 h. Specifically, in MDA-MB-231 cells, ononin pre-
treatment lasted 24 h, succeeded by either PMA (50 ng/ml) or
JNKi (4 pM) administration for 30 min, to assess the activation
states of ERK1/2, JNK, and p38 signaling pathways. To conduct
cotreatments with JNKis, BC cells were initially exposed to 4 pM
CC-401 (JNKi, catalog no. 395104-30-0, MedChemExpress,
NJ, USA) for 30 min. The cells were then treated with 20 pM
ononin for 24 h.

Colony formation, wound-healing, MTT, and

Transwell assay

MT'T, colony formation, wound-healing, and Transwell assays
were conducted according to previously established methods
[4,28].

Western blot
The antibodies and their working concentrations used in the
WB experiments are detailed in Table S1.

Animals

Female BALB/c nude mice (14 to 16 g; 5 to 6 weeks) were
sourced from the Laboratory Animal Unit at the University of
Hong Kong. A BM assay was performed as previously estab-
lished [56]. The evaluation of tumor metastasis was conducted
using bioluminescence imaging on days 3, 7, 17, and 25. Mice
were randomly allocated to 4 groups. The first group, which
served as a vehicle control, was administered saline. The second
group (positive control) was treated with DOX at a dosage of
0.5 mg/kg orally every 2 d. The final 2 groups were administered
ononin at dosages of 10 and 20 mg/kg orally every 2 d, respec-
tively. The Committee on the Use of Live Animals in Teaching
and Research approved the animal experiments conducted in
this study (CULATR 5286-20).

Bioluminescence and H&E staining assay
The bioluminescence assay was conducted according to previ-
ously established methods [4].

TRAP staining

Histological sections underwent TRAP staining utilizing the
Leukocyte Acid Phosphatase kit (Sigma-Aldrich), and the
analysis was carried out with Image-Pro Plus 6.0 software.
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Statistical analysis

Statistical analyses were performed using GraphPad Prism soft-
ware (version 9.0). Data were expressed as means + SDs for
3 replicates. One-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test was used for group com-
parisons, with statistical significance set at P < 0.05.
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