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Purpose: To investigate the therapeutic potential of lobetyolin (LBT), a bioactive compound derived from Codonopsis pilosula, 
against bone loss in postmenopausal osteoporosis (PMOP).
Methods: To investigate the therapeutic potential of LBT in osteoporosis, a multifaceted approach involving network pharmacology 
and molecular docking was employed to identify relevant targets and elucidate mechanisms of action. In vitro experiments evaluated 
LBT’s impact on osteoclastogenesis, bone resorption, and osteoblast differentiation using bone marrow macrophages (BMMs) and 
bone marrow mesenchymal stromal cells (BMSCs). The inhibition of RANKL-activated NF-κB signaling and downstream NFATc1/ 
c-Fos pathways was analyzed via Western blot and immunofluorescence. Additionally, an in vivo ovariectomy (OVX)-induced 
osteoporosis mouse model was utilized to examine the effects of LBT on bone architecture, assessed through micro-CT imaging 
and histological analyses.
Results: LBT effectively suppressed RANKL-driven osteoclast differentiation in vitro without cytotoxic effects, reducing osteoclast 
numbers, size, and resorptive function. It also downregulated osteoclast-specific genes expressions, inhibited ROS production, and 
disrupted the NF-κB signaling cascade by blocking p50/p65 nuclear translocation. Moreover, LBT mitigated LPS-induced osteogenic 
impairment, enhancing osteoblast differentiation and mineralization. In the OVX mouse model, LBT treatment improved bone 
microstructure. Histological analyses further corroborated LBT’s role in reducing osteoclast activity and promoting bone formation.
Conclusion: LBT exerts a dual effect on bone remodeling, simultaneously inhibiting osteoclast-mediated bone resorption and 
promoting osteoblast-driven bone formation. By targeting key pathways such as NF-κB/NFATc1/c-Fos and reducing inflammatory 
responses, LBT emerges as a potential therapeutic agent for managing PMOP and other conditions associated with excessive bone loss, 
offering a safer alternative to current treatments.
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Introduction
Osteoporosis is a degenerative skeletal disease characterized by a reduction in bone mineral density (BMD) and the break
down of bone micro-architecture. Postmenopausal osteoporosis (PMOP), also known as primary osteoporosis type I, arises 
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from a steady decline in estrogen levels after menopause, leading to significant bone loss.1 Skeletal health relies on the 
dynamic balance of bone remodeling, where osteoclast-mediated bone resorption and osteoblast-driven bone formation are 
synchronized in a spatial and temporal manner. Osteoclasts (OCs) are specialized, multinucleated cells that specifically 
originate from bone marrow monocytes/macrophages (BMMs) to resorb bone tissue. Meanwhile, osteoblasts (OBs) that were 
derived from bone marrow mesenchymal stromal cells (BMSCs), play a central role in bone formation, structural main
tenance, and mineralization of the bone matrix.2 Endocrine factors like parathyroid hormone and estrogen play vital roles in 
regulating osteoblast and osteoclast function. Estrogen deficiency has been widely recognized as a key factor in PMOP 
progression with the effect of disrupting bone remodeling balance and leading to bone loss. Furthermore, chronic inflamma
tion exacerbated by estrogen deficiency promotes the release of pro-inflammatory cytokines that enhance osteoclast activity 
and impede bone formation.3–5

Currently, bisphosphonates, denosumab, and teriparatide combined with daily adequate vitamin D and calcium intake 
are effective treatment means in inhibiting osteoclastogenesis or promoting bone formation.6,7 Besides, as a biological 
agent by inhibiting sclerostin that normally suppresses bone formation, romosozumab shows remarkable effect both in 
promoting bone formation and hindering bone resorption.8 Recently, our team has identified the anti-porosis effect and 
underlying mechanism of Hedgehog signaling, protein S-palmitoylation, and monomer agents including bulleyaconitine 
A and MCC950.9–12 However, long-term use of high oral doses may lead to several adverse effects, including 
gastrointestinal discomfort, renal function abnormalities, cardiovascular event, and an increased risk of breast cancer.
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To simulate the pathological process of postmenopausal osteoporosis, ovariectomy (OVX) operation was reported to 
induce chronic inflammation in the bone marrow.13–15 Recent researches have increasingly highlighted the critical role of 
anti-inflammatory drugs in bone health. For instance, a cytokine-suppressive and non-steroidal anti-inflammatory drug 
benzydamine has been uncovered the capacity in inhibiting osteoclast formation and promoting osteoblast differentiation 
via hindering nuclear factor-κB (NF-κB) activation and IL-1β expression.16 Targeting inflammatory signal pathway, 
a series of drugs including alloferon-1, catalpol, and tussilagone have been identified the effect of alleviating bone 
loss.17–19 Lobetyolin (LBT), a biologically active compound extracted from Codonopsis pilosula, is recognized for its 
anti-inflammatory properties, likely mediated through inhibition of pro-inflammatory cytokines and suppression of 
oxidative stress pathways.20,21 These effects are critical in bone metabolism, as chronic inflammation and oxidative 
stress disrupt the balance between osteoblast-mediated bone formation and osteoclast-mediated bone resorption. 
Recently, we revealed that LBT exhibited effective bio-activity in suppressing osteoclastogenesis and reduce inflamma
tion level, leading to alleviating bone loss in ovariectomy-induced osteoporosis.

Materials and Methods
Network Pharmacology Analysis
Identification of Lobetyolin-Targeted Genes
Genes targeted by LBT were obtained from the online databases SuperPred and Swiss Target Prediction using 
“lobetyolin” as the search keyword.22,23 Targets with probability values above 0.1 were selected as active component 
targets. The results from the two databases were combined, and duplicate entries were removed to identify the unique 
targets of LBT. We used UniProt ID mapping tools to convert the LBT target proteins into their corresponding gene 
symbols.

Identification of Osteoporosis-Related Genes
The genes related to osteoporosis were obtained from GeneCards databases. The search term in this work was 
“osteoporosis”. Targets larger than the median of relevance score were selected.24 Similarly, we convert the LBT target 
proteins into their corresponding gene symbols via UniProt ID mapping tools. Then, we obtained the intersection of gene 
targets of LBT and osteoporosis using bioinformatics online platform (https://www.bioinformatics.com.cn/).

Enrichment Analysis of the Intersected Genes
To gain insight into the functions of the intersecting targets, gene ontology (GO) and Kyoto encyclopedia of genes and 
genomes (KEGG) pathway enrichment analyses were performed using the DAVID database. GO terms and KEGG 
pathways with p-values below 0.05 were regarded as significantly enriched. Top 20 KEGG pathways and GO terms were 
initially ranked by based on the lowest p values to prioritize those with the strongest statistical evidence of enrichment.25 

The pathway enrichment analysis results were visualized through bioinformatics online platform.

Construction of the Drug-Ingredient-Target Network and Protein-Protein Interactions
To elucidate the mechanisms by which LBT combats osteoporosis, a network including integrating components, disease- 
related targets, and pathways was developed using Cytoscape software (version 3.9.1). Additionally, the shared targets of 
LBT for treating osteoporosis were input into the STRING database, allowing us to generate comprehensive predicted 
protein-protein interaction (PPI) networks and associated data to forecast these interactions.

Molecular Docking
The identified key genes were selected as primary receptor targets, with receptor structure data sourced from the PDB 
and UniProt databases. The molecular structure of LBT was retrieved from the PubChem database, and optimized ligands 
were utilized as initial inputs for docking. Protein-ligand molecular docking and associated calculations were carried out 
using CB-DOCK2. Upon completion of the docking analysis, the conformations and minimum binding energies of 
ligand-receptor interactions were obtained. To validate our docking protocol, we incorporated a well-characterized p50 
inhibitor (andrographolide) as a positive control. The docking procedure was repeated for this compound using the same 
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parameters applied to LBT. The predicted binding pose and affinity of andrographolide aligned closely with published 
binding data, confirming the reliability of our docking protocol.26

This research has been conducted using the public databases involving human data and approved by the Ethics 
Committee of the Taizhou Hospital of Zhejiang Province (tzyy-2022007).

Reagents and Animals
Lobetyolin (#HY-N0327, LBT) was purchased from MedChemExpress (Monmouth Junction, NJ, USA) and dissolved in 
DMSO (#ST038, Beyotime Biotechnology, Shanghai, China) with a concentration of 100 mm. RIPA buffer (#P0013B), 
phenylmethanesulfonyl fluoride (PMSF, #ST505), phosphatase inhibitor cocktail (#P1081), lipopolysaccharide (LPS, 
#S1732), penicillin/streptomycin (#C0222), Reactive Oxygen Species Assay Kit (#S0033), and 2.5% trypsin (#C0201) 
were obtained from Beyotime Biotechnology (Shanghai, China). The α-minimum essential medium (#SH30265.01, α- 
MEM) and Dulbecco’s phosphate-buffered saline (#SH30028.02, DPBS) were supplied by Hyclone (Logan, UT, USA). 
Fetal bovine serum (#10099141, FBS) was obtained from Gibco-BRL (Waltham, MA, USA). Recombinant mouse macro
phage-colony stimulating factor (#P00107, M-CSF), recombinant receptor activator for nuclear factor-κB ligand (#P02067, 
RANKL), and red blood cell lysis buffer (#R1010) were purchased from Solarbio Life Science (Beijing, China). Cell counting 
kit-8 (#R22305, CCK-8), dexamethasone (#S17003), and L-ascorbic acid (#S13001) were supplied by Yuanye Bio- 
Technology (Shanghai, China). β-glycerophosphate (#G5422) was obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Rabbit primary antibodies against p-p65 (#3033, 1:1000), AKT (#9272, 1:1000), p-AKT (#9271, 1:1000), JNK (#9252, 
1:1000), p-JNK (#4668, 1:1000), p38 (#8690, 1:1000), ERK (#4695, 1:1000), p-ERK (#4370, 1:1000), and β-Actin (#4970, 
1:2000) were obtained from Cell Signaling Technology (Cambridge, MA, USA). Rabbit primary antibodies for p-p38 
(#ab4822, 1:1000), NFATc1 (#ab25916, 1:1000), and c-Fos (#ab190289, 1:1000) were purchased from Abcam (San 
Francisco, CA, USA). Rabbit primary antibodies against total p65 (#10745-1-AP, 1:1000), GAPDH (#10494-1-AP, 
1:2000), Histone H3 (#17168-1-AP, 1:2000), and CoraLite® Plus 594-Goat anti-rabbit recombinant secondary antibody 
(#RGAR004, 1:1000) were purchased from Proteintech (Wuhan, Hubei, China). HRP-conjugated anti-rabbit secondary 
antibody (#D110058, 1:2000) was provided by Sangon Biotech (Shanghai, China).

The C57BL/6 mouse were obtained from SLAC laboratory animal (Shanghai, China). All experimental operations 
involving animal were followed the NIH Guide for the care and use of laboratory animals and approved by the Ethics 
Committee of the Taizhou Hospital of Zhejiang Province (tzyy-2022007). All animals were kept in a specific pathogen-free 
(SPF) facility under controlled conditions, including a 12-hour light/dark cycle and a stable temperature of 22 ± 1 °C.

Cell Culture and Differentiation
BMMs were extracted from the femurs and tibiae of 6- to 8-week-old mouse and cultured in complete α-MEM medium 
supplemented with 10% FBS and 30 ng/mL M-CSF for 24 h following erythrocyte lysis. After the medium was 
discarded, the cells were rinsed twice with DPBS and maintained in fresh medium for an additional 2 d until they 
reached 90% confluence. To induce osteoclast formation, BMMs were further seeded onto tissue culture treated plate at 
a density of 6 × 104 cells/cm² and stimulated with 30 ng/mL M-CSF and 50 ng/mL RANKL.

Similarly, BMSCs were isolated from the femurs and tibiae of 6- to 8-week-old mouse and initially cultured in 
complete α-MEM medium containing 10% FBS for 3 d after erythrocyte lysis. The medium was then replaced, and the 
cells were washed twice with DPBS before being cultured in fresh medium for another 3 d until 90% confluence was 
achieved. To induce osteoblast differentiation, BMSCs were seeded onto tissue culture treated plate at a density of 6 × 
104 cells/cm² and treated with 50 μg/mL L-ascorbic acid, 10 mm β-glycerophosphate, and 100 nM dexamethasone. All 
cell cultures were maintained in a humidified incubator at 37 °C with 5% CO2.

Cell Viability
Cell counting kit-8 was employed to evaluate the cytotoxic effects of LBT on the proliferation of BMMs and BMSCs. 
Actively growing cells were seeded in a 96-well plate at a density of 5000 (BMMs) or 8000 (BMSCs) cells per well, with 
six replicates for each condition. After 24 h, the cells were treated with either a vehicle control (DMSO) or varying 
concentrations of LBT for 48, 72, and 96 h. At each time point, cells were cultured for 2 h at 37 °C after addition of 
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10 μL CCK-8 reagent to each well. Absorbance was measured at 450 nm by Multiskan™ FC Microplate Photometer 
(Thermo Fisher Scientific, Waltham, MA, USA).

To further confirm the toxicity of LBT on BMMs, Calcein/PI Cell Viability/Cytotoxicity Assay Kit (#C2015, 
Beyotime Biotechnology, Shanghai, China) was applied according specification. Briefly, calcein AM is a non- 
fluorescent compound that becomes fluorescent only after entering viable cells, where it is cleaved by active intracellular 
esterases to generate calcein. This resulting molecule is highly polar and negatively charged, preventing it from crossing 
the cell membrane and causing it to accumulate inside the cell. Calcein emits a strong green fluorescence, serving as an 
indicator of cell viability. In contrast, dead cells, which lack esterase activity or have it significantly reduced, produce 
little to no calcein, leading to negligible fluorescence. Meanwhile, propidium iodide (PI), a red fluorescent nucleic acid 
stain, cannot permeate the intact membranes of live cells but readily penetrates compromised membranes in dead cells, 
selectively marking them with red fluorescence.

TRAP Staining
Osteoclasts were rinsed twice with PBS and fixed in 4% paraformaldehyde (PFA, #G1101, Servicebio, Wuhan, Hubei, 
China) for 10 min at room temperature (RT). Following two additional PBS washes, the cells were incubated at 37 °C for 
20 min in a substrate solution containing L-(+) tartaric acid (#1291074-87-7, Yuanye Bio-Technology, Shanghai, China) 
and naphthol AS-BI phosphate (#A606682, Sangon Biotech, Shanghai, China). Subsequently, they were treated with 
a color-developing solution consisting of sodium nitrite (#A415326, Sangon Biotech, Shanghai, China) and pararosani
line chloride (#S19024, Yuanye Bio-Technology, Shanghai, China), incubating for 20 min in the dark. TRAP staining 
images were captured using the IXplore standard compound microscope system and the BX43 manual system micro
scope (Olympus Corporation, Tokyo, Japan). The area of TRAP-positive cells (with ≥ 3 nuclei) was quantified using 
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Podosome Fluorescence Staining
To visualize the podosome which was dynamic and filamentous actin (F-actin) structure specifically in osteoclast, cells 
were labeled with phalloidin, a fluorescent probe that specifically binded to polymerized actin. Firstly, the cells were 
fixed in 4% PFA at RT for 10 min, followed by permeabilization with 0.1% Triton X-100 (#GC204003, Servicebio, 
Wuhan, Hubei, China). To block nonspecific binding, the cells were treated with 3% bovine serum albumin (BSA, 
#GC305010, Servicebio, Wuhan, Hubei, China) for 20 min. Subsequently, FITC-conjugated phalloidin (#MF8203, 
MesGen Biotech, Shanghai, China) was applied in a dark environment for 20 min to stain the actin filaments. 
Afterward, the nuclei were counterstained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, #MG1789, 
MesGen Biotech, Shanghai, China) for 5 min, and the samples were mounted using anti-fade medium (#MFF1002, 
MesGen Biotech, Shanghai, China). Fluorescence imaging of phalloidin was performed using the IXplore standard 
compound microscope system (Olympus Corporation, Tokyo, Japan). The number and relative size of phalloidin in each 
group were analyzed using ImageJ software.

Bone Resorption Assay
To evaluate the effect of LBT on the bone resorption capacity of osteoclast, sterile bovine bone slices were utilized as 
a substrate for osteoclast adhesion. The slices were initially immersed in 75% ethanol for 2 d to ensure sterility. 
Following this, they were thoroughly rinsed with PBS for 24 h, air-dried, and subsequently soaked in PBS for further 
use. BMMs were seeded into 6-well plates at a density of 2×104 cells/cm2 cultured in osteoclastogenic medium for 3 d to 
induce the formation of small, fused immature osteoclasts. These cells were then detached using trypsin and reseeded 
onto the pre-treated bone slices placed in 96-well plates at the same density. The cells were cultured in osteoclast 
differentiation medium containing 0, 10, or 20 μM LBT until they differentiated into mature, enlarged osteoclasts. 
Afterward, the bone slices were immersed in double-distilled water (ddH2O) for 30 min and gently brushed to remove 
any remaining adherent cells. Finally, the slices were air-dried, coated with gold, and examined using a Hitachi S-4800 
Field Emission Scanning Electron Microscope (SEM, Tokyo, Japan). The number of osteoclasts and the resorption area 
were quantified using ImageJ software.
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Reactive Oxygen Species (ROS) Assay
To detect ROS generation, cells were labeled with DCFH-DA, a non-fluorescent compound readily traverses the cell 
membrane. Inside the cell, it undergoes hydrolysis by esterases, resulting in the formation of DCFH. ROS present in the 
cytoplasm oxidize DCFH, converting it into the fluorescent molecule DCF. BMMs were treated with 30 ng/mL M-CSF, 
50 ng/mL RANKL, and 0, 10, and 20 μM LBT for 4 d. Then the cells were subjected to ROS examination according to 
the instruction manual. Fluorescence imaging of ROS was performed using the IXplore standard compound microscope 
system (Olympus Corporation, Tokyo, Japan).

Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)
After being cultured in differentiation medium with or without LBT, cells underwent total RNA extraction using the TRIzol 
reagent (#CW0580, Cwbiotech, Beijing, China) according to the manufacturer’s protocol. The total RNA was then reverse- 
transcribed into cDNA using the 1st Strand cDNA Synthesis Kit (#E042, Novoprotein, Suzhou, Jiangsu, China). Quantitative 
real-time PCR (qPCR) was carried out on an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) 
using Fast SYBR qPCR SuperMix (#E301, Novoprotein, Suzhou, Jiangsu, China). Reactions were performed in triplicate 
under the following conditions: 40 cycles of 94 °C for 30s, 60 °C for 10s, and 72 °C for 30s. Gene expression levels were 
normalized to the housekeeping gene GAPDH, and primer sequences are provided in Supplementary Table S1.

Western Blot
The total protein from each cell was extracted using RIPA buffer supplemented with the protease inhibitor PMSF and 
phosphatase inhibitor cocktail. Cytoplasmic and nuclear protein fractions were prepared following the protocol provided 
by the Nuclear and Cytoplasmic Protein Extraction Kit (#P0028, Beyotime Biotechnology, Shanghai, China). Protein 
concentrations were quantified with the BCA protein assay kit (#P0012, Beyotime Biotechnology, Shanghai, China). The 
absorbance at 562 nm (OD562) was recorded using a MultiskanTM FC microplate photometer (Thermo Fisher Scientific, 
Waltham, MA, USA). Samples were then combined with SDS-PAGE loading buffer (#P0015, Beyotime Biotechnology, 
Shanghai, China) and heated to 100 °C for 5 min. Equal amounts of protein were separated on 10% SDS-PAGE gels and 
transferred onto PVDF membranes (#ISEQ00010, Merck Millipore, Billerica, MA, USA). The membranes were blocked 
for 1 h with 5% non-fat milk (#A600669, Sangon Biotech, Shanghai, China) prepared in 1 × TBST, followed by 
overnight incubation at 4 °C with specific primary antibodies. Subsequently, the membranes were treated for 1 h at RT 
with HRP-conjugated secondary antibodies. Detection of immunoreactivity was performed using Chemiluminescent 
HRP Substrate (Millipore Corporation, Billerica, MA, USA) and captured with the ImageQuant LAS 500 system (GE 
Health Care, Fairfield, CT, USA). Band intensities were analyzed using ImageJ software.

Alkaline Phosphatase (ALP) Staining and Von Kossa Staining
For osteoblast differentiation assays, BMSCs were seeded into 12-well plates containing complete medium. Once the 
cells reached confluence, they were treated with osteogenic induction medium as previously described, along with or 
without LPS and LBT. To evaluate alkaline phosphatase activity, an ALP staining kit (#P0321, Beyotime Biotechnology, 
Shanghai, China) was employed. After being rinsed with DPBS, the cells were fixed in 4% PFA for 10 min, followed by 
incubation in an ALP staining solution prepared according to the manufacturer’s instructions.

Mineralized nodule formation by mature osteoblasts was assessed using Von Kossa staining. In brief, the cells were 
fixed with 4% PFA for 10 min, washed with deionized water, and stained using a Von Kossa staining kit (#MVK1206, 
MesGen Biotech, Shanghai, China) in accordance with the provided protocol.

Ovariectomy (OVX)-Induced Osteoporosis Model Establishment and Analysis
After a one-week acclimation period, 18 female C57BL/6 mice, 8 weeks old, were randomly divided into three 
groups: sham-operated (Sham, n = 6), bilateral ovariectomy (OVX, n = 6), and OVX combined with LBT treatment 
(OVX + LBT, n = 6) using a computer-generated random number table to ensure unbiased allocation. Body weight 
was measured subsequent to group assignment, and no statistically significant differences were observed between 
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groups, confirming homogeneity. The mice were anesthetized via intraperitoneal injection of pentobarbital sodium 
(50 mg/kg) before undergoing bilateral ovariectomy (OVX and OVX + LBT groups) or partial removal of fat tissue 
near the ovaries (Sham group). Three days after surgery, the Sham and OVX groups received daily intraperitoneal 
injections of a vehicle solution (10% DMSO, 40% PEG300, and 5% Tween-80), while the OVX + LBT group was 
administered 20 mg/kg LBT in the same vehicle solution for 5 weeks. Selecting the 20 mg/kg dose of LBT for 
in vivo studies was based on the literature-based reference and in vitro results in this study.27,28 The LBT dosage 
was selected based on prior research demonstrating its safety and effectiveness in mice at this concentration.29 For 
the dynamic histomorphometric assessment, mice were administered intraperitoneal injections of calcein (10 mg/kg, 
#C0875, Sigma-Aldrich, St. Louis, MO, USA) on day 7 and 2 prior to euthanasia. At the end of the experimental 
period, following 8 h of fasting, the mice were anesthetized and euthanized. Samples, including serum tibias, and 
femurs, were collected, with serum stored at −80 °C and others fixed in 4% PFA for histological and micro-CT 
analysis.

Micro-Computed Tomography (μCT) Scanning
The distal femurs were scanned at a resolution of 9 μm per layer, with X-ray energy parameters set to 50 kV and 
500 μA, and a rotational step of 0.7° per angle. Cross-sectional images were reconstructed using NRecon Software 
(SkyScan, Aartselaar, Belgium), while datasets were inspected and aligned with DataViewer (SkyScan, Aartselaar, 
Belgium). The region of interest (ROI) encompassed the distal femur and the upper edge of the growth plate. 
A total of 100 layers within the ROI were merged to create a volume of interest (VOI). Structural parameters of 
the cancellous bone and 3D images were analyzed with CTAn software (SkyScan, Aartselaar, Belgium), while 
Mimics software (Materialise, Leuven, Belgium) was used to generate stereoscopic reconstructions.

Histomorphometric Analysis
Bone samples were decalcified in 10% ethylenediaminetetraacetic acid (EDTA, #A100322, Sangon Biotech, Shanghai, 
China) for 14 d, followed by dehydration through a graded ethanol series and embedding in paraffin wax. Cross-sections of 
6 μm thickness were prepared using a microtome (Leica Biosystems, Buffalo Grove, IL, USA). The sections were stained 
with hematoxylin and eosin (H&E) (#C0105, Beyotime Biotechnology, Shanghai, China) and TRAP (#MCP9580, MesGen 
Biotech, Shanghai, China) according to the manufacturer’s protocols. Images of the stained samples were captured using 
a high-resolution microscope (Olympus, Japan). Osteoclast-related parameters, such as the number of osteoclasts per bone 
perimeter (N.Oc/BS) and osteoclast surface area per bone surface (Oc.S/BS), were quantified from the trabecular bone in the 
distal femur metaphysis using Bioquant II software (Bioquant Image Analysis Corp., Nashville, TN, USA).

Dynamic Histomorphometry
Undecalcified tibial sections were prepared using a modified tape transfer method as previously described.30 The slides 
were rinsed with PBS, stained with DAPI, and mounted using anti-fade mounting medium. Fluorescent images were 
captured with a IXplore standard compound microscope system (Olympus Corporation, Tokyo, Japan). Parameters 
related to dynamic bone histomorphometry, including mineral apposition rate (MAR), and mineralizing surface percen
tage (MS/BS) were analyzed using Bioquant II software.

Enzyme Linked Immunosorbent Assay (ELISA)
To assess the impact of LBT treatment on bone resorption and formation in mice, we first prepared serum samples. The 
levels of carboxy-terminal cross-linked telopeptide of type 1 collagen (CTX-1) and osteocalcin (OCN) in the serum were 
then measured, following the method outlined in our previous study.31 The concentrations of these biomarkers were 
determined using ELISA kits for CTX-1 (#E-EL-M3023, Elabscience, Wuhan, Hubei, China) and OCN (#E-EL-M0864c, 
Elabscience, Wuhan, Hubei, China) according to the instruction manual.
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Immunofluorescence Staining
To evaluate the nuclear translocation of p65, immunofluorescence staining was performed. Briefly, BMMs were seeded onto 
sterile 12-well cover glasses at a density of 2 × 104 cells/cm² and cultured overnight. The cells were then pre-treated with 
either vehicle or 20 μM LBT for 4 h, followed by stimulation with 50 ng/mL RANKL for 0, 15, and 30 min. At the 
designated time points, cells were rinsed with PBS and fixed in 4% PFA for 10 min at RT. To minimize nonspecific 
background staining, fixed cells were incubated in PBS containing 1% BSA for 20 min. Subsequently, the cells were 
incubated overnight at 4°C with a rabbit anti-NF-κB p65 primary antibody (1:1000 dilution), followed by treatment with 
a Cy3-conjugated anti-rabbit secondary antibody (1:400 dilution) for 1 h at RT. Nuclei were counterstained with DAPI for 
5 min at RT, and cells were mounted using an anti-fade medium. Fluorescent images of p65 localization were captured using 
the IXplore Standard Compound Microscope System (Olympus Corporation, Tokyo, Japan).

Statistical Analysis
Quantitative data were obtained from a minimum of five biological replicates, analyzed using GraphPad PRISM 8 
(GraphPad Software, San Diego, CA, USA), and displayed as bar graphs or dot plots representing the mean ± standard 
deviation (SD). Statistical comparisons between groups were performed using Student’s t-test, one-way ANOVA with 
Tukey’s post hoc test. A p-value less than 0.05 was considered statistically significant, with significance levels indicated 
on the graphs by asterisks (*): p < 0.05 (*), p < 0.01 (**).

Results
Network Pharmacology Analysis of Lobetyolin and Osteoporosis
Using the SuperPred and Swiss Target Prediction databases, we identified 156 potential targets for LBT. From the 
GeneCards database, we retrieved 3629 osteoporosis-related targets based on the median relevance score. The overlap 
between LBT targets and osteoporosis-related targets was visualized through a Venn diagram, revealing 73 shared targets 
implicated in osteoporosis treatment (Figure 1A).

These 73 intersecting genes were further analyzed using the DAVID database for GO and KEGG pathway enrich
ment, with significance set at p ≤ 0.001. GO analysis identified 51 enriched biological processes (BP), 12 cellular 
components (CC), and 11 molecular functions (MF). As shown in Supplementary Figure S1, prominent biological 
processes included the inflammatory response, positive regulation of cytosolic calcium ion concentration, and the ERK1/ 
ERK2 cascade. Molecular functions were enriched for terms such as “nuclear receptor activity”, “kinase activity”, and 
“ATP binding”, while cellular components predominantly involved the plasma membrane, cytoplasm, and the external 
side of the plasma membrane. Collectively, these results suggest that LBT’s effects on osteoporosis are closely linked to 
these biological processes. KEGG pathway analysis highlighted 85 enriched pathways, with the top 20 visualized in 
Supplementary Figure S1. Key pathways associated with LBT’s potential therapeutic effects included “Pathways in 
cancer” (hsa05200), “PI3K-Akt signaling pathway” (hsa04151), and “MicroRNAs in cancer” (hsa05206).

To further explore these findings, a network integrating LBT components, disease-related targets, and pathways was 
constructed using Cytoscape (Figure 1B). A protein-protein interaction (PPI) network of the enriched genes was developed 
through the STRING database, identifying core targets such as HSP90AA1 (degree: 34), EGFR (degree: 37), ESR1 
(degree: 36), and NFKB1 (degree: 34) (Figure 1C).

Docking analysis was conducted using CB-DOCK2 software to evaluate the binding energy of LBT to these core targets. 
Binding energies below −1.2 kcal/mol (or −5 kJ/mol) were considered indicative of significant binding capacity. In our study, 
LBT exhibited binding energies below −5 kJ/mol for EGFR, ESR1, NFKB1, and HSP90AA1, suggesting spontaneous binding 
of the ligand to the receptor molecules. Among these, NFKB1 (binding energy: −5.7 kJ/mol) has been well-documented as 
a regulator in osteoporosis via the NF-κB signaling pathway, playing a critical role in suppressing inflammation, aging, and 
cancer.32–35 Specific docking parameters for LBT and NFKB1 are detailed in Figure 1D.
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Lobetyolin Impeded Osteoclastogenesis and Osteoclast-Specific Gene Expression 
in vitro without Cytotoxicity
Upon identifying potential targets of LBT in the treatment of osteoporosis, we proceeded to evaluate its direct impact on 
osteoclast formation, a critical pathogenic factor in this condition. The condensed structural formula, molecular formula, 
and CAS number of LBT are presented in Figure 2A. Our initial focus was to assess the cytotoxic effects of LBT on 
BMM proliferation. According to the CCK-8 assay results, LBT at concentrations ranging from 0 to 20 μM exhibited no 
discernible cytotoxicity, even after 96 h of treatment. In contrast, higher concentrations (50–200 μM) displayed a dose- 

Figure 1 Network pharmacology analysis of lobetyolin and osteoporosis. (A) LBT-anti-osteoporosis disease target network diagram. (B) KEGG pathway analysis of LBT-anti 
-osteoporosis disease targets. (C) LBT-anti-osteoporosis disease PPI network. (D) Docking result of LBT with the NFKB1 (p50) target.
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dependent inhibitory effect on cell viability (Figure 2B). Furthermore, we evaluated the toxicity of LBT via Calcein/PI 
fluorescence staining. As expected, the PI+ cells were rarely detected in control, 10, and 20 μM LBT groups 
(Supplementary Figure S2). As a positive control, numerous PI+ cells appeared in 100 μM LBT group.

Next, we investigated the influence of LBT on osteoclast differentiation. BMMs were seeded at a density of 5×104 

cells per well in a 24-well plate, stimulated with RANKL, and treated with either a vehicle or increasing concentrations 
of LBT (10 and 20 μM) for 6 d, followed by TRAP staining. As depicted in Figure 2C, control group BMMs successfully 
differentiated into a substantial number of osteoclasts. However, LBT treatment significantly impeded osteoclastogenesis 

Figure 2 LBT dose-dependently inhibited RANKL-induced osteoclastogenesis without cytotoxicity in vitro. (A) The molecular structure, formula and CAS number of LBT. 
(B) BMMs were cultured with M-CSF in the presence of indicated concentrations of LBT for 48, 72 or 96 h, then cell viability was measured by cell counting kit-8 (n=6). (C) 
BMMs were stimulated with 30 ng/mL M-CSF and 50 ng/mL RANKL for 6 d and then subjected to TRAP staining. Scale bar, 400 μm. (D) Quantification of TRAP+ 

multinucleated osteoclasts number and relative area per well (n=5). All values were presented as mean ± SD. *p<0.05, **p<0.01, relative to control group.
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in a dose-dependent manner. At 10 μM, LBT markedly reduced both the number and size of osteoclasts, while at 20 μM, 
osteoclast formation was almost entirely suppressed. Quantitative analysis revealed that TRAP-positive osteoclasts 
averaged 258.00 ± 31.48 per well in the control group, but decreased to 109.33 ± 27.39 and 47.67 ± 11.02 per well in 
the presence of 10 μM and 20 μM LBT, respectively. Similarly, the relative area of TRAP-positive osteoclasts was 
significantly smaller in LBT-treated groups compared to controls (Figure 2D). These findings highlight that LBT 
effectively suppresses osteoclastogenesis at non-cytotoxic concentrations.

As illustrated in Figure 3A, the addition of LBT during the early phase of osteoclast differentiation (days 0–2) significantly 
inhibited osteoclast formation. When LBT was introduced during the intermediate stage (days 2–4), the overall area covered 
by osteoclasts was noticeably reduced compared to the control group, although the total number of osteoclasts remained 
unchanged significantly. Similarly, administering LBT in the late stage of differentiation (days 4–6) resulted in the formation 
of smaller mature osteoclasts, without affecting their total count relative to the control (Figure 3B). These findings suggest that 
LBT primarily exerts its inhibitory effect on osteoclastogenesis during the early stage of differentiation.

To further elucidate the inhibitory effect of LBT on osteoclast differentiation, we performed qRT-PCR to evaluate the 
transcription levels of osteoclast-related genes in treated cells. The analysis revealed that LBT significantly down
regulated the expression of key genes associated with osteoclastogenesis in RANKL-stimulated BMMs, including  
Nfatc1, C-fos, Ctsk, Dcstamp, Oscar, Acp5, Mmp9, and Calcr, in a dose-dependent manner (Figure 3C–J).

Lobetyolin Suppressed Podosome Formation and Bone Resorption
Podosomes are highly dynamic, actin-rich structures that appear as small, dot-like formations within cells.36 They are integral 
to processes such as adhesion, migration, and the degradation of the extracellular matrix.37 In osteoclasts, podosomes are 
particularly essential, serving as key components that facilitate their bone-resorbing functions.38 To investigate podosome 
formation in RANKL-treated BMMs, we employed phalloidin staining. FITC-phalloidin (green) was used to label podo
somes, while DAPI (blue) was utilized to visualize nuclei. As depicted in Figure 4A and B, the control group displayed 
prominent green podosomes localized at the periphery of mature osteoclasts. However, treatment with 10 μM LBT led to 
a marked decrease in cell fusion and podosome formation, accompanied by reductions in nuclear count and cell size. Notably, 
at a concentration of 20 μM LBT, both cell fusion and podosome formation were almost entirely absent.

To evaluate the impact of LBT on osteoclast-mediated bone resorption, we conducted in vitro resorption assays. As 
illustrated in Figure 5A, osteoclasts treated with LBT exhibited markedly fewer and smaller resorption lacunae compared to 
the control group. Quantitatively, the relative number of bone resorption events decreased to 71.17 ± 11.87% and 26.17 ± 
6.27% in the presence of 10 and 20 μM LBT, respectively (Figure 5B). Similarly, the relative area of bone resorption declined 
to 30.67 ± 8.34% and 13.00 ± 5.83% under the same treatment conditions. These findings collectively highlight the inhibitory 
effect of LBT on RANKL-induced podosome formation and osteoclastic bone resorption in vitro.

Furthermore, we detected ROS generation which is a characteristic during osteoclastogenesis and relative with 
inflammation via fluorescence staining. As expected, ROS generation was decreased in the 10 μM LBT group after 
4 d RANKL stimulation, and almost entirely suppressed in the 20 μM LBT group (Figure 5C).

Lobetyolin Inhibited NFATc1, c-Fos, and Src Expression During Osteoclast 
Differentiation
To investigate the mechanism through which LBT suppresses osteoclastogenesis, we first analyzed its impact on the 
expression of c-Fos, NFATc1, and Src that were key transcriptional regulators and a protein kinase critical for osteoclast 
differentiation and activity. Western blot analysis revealed that, in the control group, RANKL stimulation of BMMs led 
to a time-dependent increase in c-Fos, NFATc1, and Src protein levels (Figure 6A). However, in the group treated with 
20 μM LBT, the expression of these proteins was significantly reduced following RANKL compared to the control group. 
This finding was further corroborated by statistical analysis (Figure 6B).

In addition, the expression and nuclear translocation of NFATc1 were assessed through immunofluorescence co- 
localization. As shown in Figure 6C, a significant increase in NFATc1 expression and clear nuclear translocation were 
evident following 4 d RANKL induction. In contrast, LBT treatment notably inhibited this process.
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Figure 3 LBT primarily exerts its inhibitory effect on osteoclastogenesis on early stage and inhibited osteoclast-specific genes expression in vitro. (A) BMMs were 
stimulated with 30 ng/mL M-CSF for 6 d and 50 ng/mL RANKL for 0–2, 2–4, 4–6 d and then subjected to TRAP staining. Scale bar, 400 μm. (B) Quantification of TRAP+ 

multinucleated osteoclasts number and relative area per well (n=5). (C–J) qPCR analysis of relative expression of the osteoclast-specific genes Nfatc1 (C), C-fos (D), Ctsk (E),  
Dcstamp (F), Oscar (G), Acp5 (H), Mmp9 (I), and Calcr (J), in BMMs treated with RANKL and different concentrations of LBT (0, 10, and 20 μM) for 6 d. The relative changes 
in mRNA levels were analyzed by 2−ΔΔCT method. mRNA expression level of each target gene was first normalized to the expression of GAPDH, and then normalized to the 
control group (n=5). All values were presented as mean ± SD. *p<0.05, **p<0.01, relative to control group.
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Lobetyolin Restrained RANKL-Induced Activation of NF-κB Signaling Pathway
c-Fos and NFATc1, key transcriptional regulators in osteoclast differentiation, are modulated by various upstream 
signaling pathways, including MAPKs (p38, ERK, and JNK), NF-κB, and PI3K/AKT. To investigate their regulation, 
BMMs were pre-treated with either vehicle or 20 μM LBT for 4 h, followed by RANKL stimulation (50 ng/mL) for 
different time points (0, 5, 15, 30, or 60 min) prior to protein extraction. As shown in Figure 7A, phosphorylation of 
ERK, JNK, and p38, members of the MAPK family, peaked at 5, 15, and 5 min, respectively. Notably, no significant 
differences in the phosphorylation levels of these kinases were observed between the control and LBT-treated groups at 
these time points. Similarly, LBT had no noticeable effect on RANKL-induced AKT phosphorylation. However, LBT 
treatment markedly inhibited the phosphorylation of p65 at Ser536, a critical activation site within the NF-κB signaling 
pathway, at 5, 15, and 30 min post-RANKL stimulation (Figure 7B). These findings suggest that LBT may exert its 
inhibitory effects on osteoclastogenesis by disrupting NF-κB signaling and its downstream c-Fos/NFATc1 pathway.

Figure 4 LBT inhibited RANKL-induced podosome formation in vitro. (A) Representative images of phalloidin staining of BMMs treated with RANKL and different 
concentrations of LBT (0, 10, or 20 μM) for 6 d. Green, podosome; Blue, nuclei. Scale bar, 200 μm. (B) Quantification of average number, relative area of podosomes per 
well and average number of nuclei per osteoclast (n=5). All values were presented as mean ± SD. **p<0.01, relative to control group.
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Figure 5 LBT suppressed osteoclastic bone resorption and ROS generation in vitro. (A) Representative scanning electron microscopy images of resorption pits on bovine 
slices planted with differentiating osteoclasts in the presence of 0, 10, or 20 μM LBT. (B) Quantification of number and relative area of bone resorption pits on SEM images 
(n=5). (C) Representative ROS fluorescence staining images of BMMs treated with RANKL and different concentrations of LBT (0, 10, or 20 μM) for 4 d. Green, ROS. All 
values were presented as mean ± SD. **p<0.01, relative to control group.
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Figure 6 LBT suppressed NFATc1, c-Fos, and Src expression during osteoclastogenesis. (A) Western blot analyses of protein levels of NFATc1, c-Fos, and Src in the control 
or 20 μM LBT-treated BMMs at 0, 2, 4, and 6 d after RANKL stimulation. (B) Quantification of relative protein levels of NFATc1, c-Fos and Src in the control or 20 μM LBT- 
treated BMMs at 0, 2, 4, and 6 d after RANKL stimulation (n=5). (C) Representative NFATc1 immunofluorescent staining images of BMMs treated with RANKL and different 
concentrations of LBT (0, or 20 μM) for 4 d. All values were presented as mean ± SD. *p<0.05, **p<0.01, relative to control group on 0 d.
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Figure 7 LBT inhibited NF-κB signaling pathway under RANKL stimulation. (A) Western blot analyses of protein levels of p-ERK/ERK, p-JNK/JNK and p-p38/p38, p-AKT/ 
AKT and p-p65/p65 in BMMs treated with 50 ng/mL RANKL for indicate times in the presence of 0 or 20 μM LBT. (B) Quantification of relative protein levels of p-ERK/ERK, 
p-JNK/JNK and p-p38/p38, p-AKT/AKT and p-p65/p65 in the control or 20 μM LBT-treated BMMs treated with 50 ng/mL RANKL for indicate times (n=5). All values were 
presented as mean ± SD. *p<0.05, **p<0.01, relative to control group on 0 d.
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To further investigate the involvement of NF-κB signaling in the mechanism by which LBT inhibits osteoclast 
differentiation, we examined the nuclear translocation of p65. Immunofluorescent staining revealed a pronounced 
translocation of p65 into the nucleus following 30 min RANKL stimulation (Figure 8A). As anticipated, pre-treatment 
with LBT effectively suppressed this nuclear translocation. Additionally, we analyzed the protein levels of p65 in both 
cytoplasmic and nuclear extracts from BMMs under the same treatment conditions. Consistent with the immunofluor
escence results, Western blot analysis indicated that RANKL-induced nuclear translocation of p65 remained largely 
unchanged in LBT-treated BMMs compared to the control group (Figure 8B and C).

Lobetyolin Relieved LPS-Induced Osteogenesis Impairment
We previously had demonstrated that LBT suppressed osteoclast differentiation from BMMs under RANKL stimulation. Due to 
the fact that osteoclast-mediated bone resorption and osteoblast-mediated bone formation were essential for maintaining bone 
homeostasis, here we explored whether there was inhibitory effect of LBT on BMSCs proliferation. Firstly, we performed CCK-8 
assays to assess the cytotoxic effect of LBT on BMSCs, the precursors of osteoblasts. Similar to its effect on BMMs, LBT 
treatment did not affect viability of BMSCs at lower concentrations (20 μM or below) within 96 h (Figure 9A).

In postmenopausal osteoporosis, a persistent inflammatory state within the bone marrow plays a central role in the 
disease’s pathogenesis. This inflammation is often triggered by estrogen deficiency, immune cell activation, and an increase in 
the production of pro-inflammatory cytokines. Lipopolysaccharide (LPS), a molecular component of the outer membrane of 
Gram-negative bacteria, can activate immune cells and stimulate the release of various cytokines and intracellular signaling 
like NF-κB signaling, and is frequently utilized in osteoporosis research to induce a chronic inflammatory environment in the 
bone marrow, enabling the investigation of its impact on osteoblast differentiation. Subsequently, we examined the impact of 
20 μM LBT on osteoblast differentiation under stimulation with 10 μg/mL LPS. Both ALP staining and Von Kossa staining 
demonstrated that LPS treatment significantly impaired alkaline phosphatase activity and calcium nodule formation during 
osteogenesis (Figure 9B and C). Notably, the addition of 20 μM LBT appeared to attenuate these inhibitory effects. Supporting 
these findings, qRT-PCR analysis further validated that LBT treatment partially reversed the suppression of osteoblast-specific 
gene transcription induced by LPS (Figure 9D–I).

Lobetyolin Protected Mice Against Ovariectomy-Induced Bone Loss
The aforementioned in vitro studies highlighted the protective effects of LBT in regulating osteoclast differentiation and 
mitigating LPS-induced osteogenic impairment. Building on these findings, we sought to investigate the potential of LBT in 
preventing postmenopausal osteoporosis using an in vivo model. For this purpose, ovariectomized (OVX) mice were 
employed as an animal model mimicking postmenopausal osteoporosis in women. Specifically, 8-week-old C57BL/6 mice 
underwent either OVX or sham surgeries and subsequently received daily intraperitoneal injections of vehicle or 20 mg/kg 
LBT, beginning three days post-surgery and continuing for five weeks. At the conclusion of the treatment period, the mice 
were euthanized for further analysis. To assess the impact of LBT on bone structure, trabecular bone at the distal femur was 
analyzed via μCT scanning. As anticipated, three-dimensional μCT reconstructions demonstrated that OVX intervention led to 
a significant decrease in trabecular bone mass beneath the femoral metaphysis in mice, which was effectively mitigated by 
LBT treatment (Figure 10A). Quantitative measurements further revealed that OVX significantly reduced trabecular bone 
volume fraction (BV/TV), trabecular number (Tb.N), and trabecular thickness (Tb.Th), while markedly increasing trabecular 
separation (Tb.Sp). Remarkably, these OVX-induced alterations were partially reversed in mice treated with LBT 
(Figure 10B–E). Serum levels of type I collagen cross-linked C-terminal peptide (CTX-1), a marker of bone resorption, 
and osteocalcin (OCN), a key indicator of bone formation, were measured using ELISA assays. Compared to the control 
group, OVX surgery resulted in a significant elevation of serum CTX-1 levels, which were notably reduced following LBT 
administration (Figure 10F), indicating an inhibitory effect of LBT on bone resorption. Meanwhile, the decline in serum OCN 
levels observed in OVX mice was partially restored by LBT treatment (Figure 10G).

Further histological assessments corroborated these findings. Both H&E and Von Kossa staining confirmed the 
protective effects of LBT against OVX-induced bone loss (Figure 11A). To explore whether the observed bone 
preservation was related to the suppression of osteoclast activity, TRAP staining was performed on femoral sections. 
OVX mice exhibited a substantial increase in the number of TRAP-positive multinucleated osteoclasts (N.Oc/BS) and 
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Figure 8 LBT hindered p65 nuclear translocation under RANKL stimulation. (A) Representative p65 immunofluorescent staining images of BMMs pre-treated with different 
concentrations of LBT (0, or 20 μM) and stimulated with RANKL for 0, 15, and 30 min. (B) Western blot analyses of protein levels of p65, GAPDH, and Histone H3 in 
cytoplasm and nucleus in BMMs treated with 50 ng/mL RANKL for indicate times in the presence of 0 or 20 μM LBT. (C) Quantification of relative protein levels of p65, 
GAPDH, and Histone H3 in cytoplasm and nucleus in BMMs treated with 50 ng/mL RANKL for indicate times in the presence of 0 or 20 μM LBT (n=5). All values were 
presented as mean ± SD. *p<0.05, **p<0.01, relative to control group on 0 d.
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Figure 9 LBT relieved LPS-induced osteogenesis impairment. (A) BMSCs were cultured in the presence of indicated concentrations of LBT for 48, 72 or 96 h, then cell viability 
was measured by cell counting kit-8 (n=6). (B) BMSCs were stimulated with osteogenic induction with or without 10 μg/mL LPS or 20 μM LBT, and then subjected to ALP 
staining. Scale bar, 200 μm. (C) BMSCs were stimulated with osteogenic induction for 14 d with or without 10 μg/mL LPS or 20 μM LBT, and then subjected to Von Kossa 
staining. Scale bar, 200 μm. (D–I) qRT-PCR analysis of relative mRNA levels of osteoblast-specific genes, including Sp7 (D), Runx2 (E), Bglap (F), Alpl (G), Ibsp (H), Spp1 (I), in 
BMSCs stimulated with osteogenic induction for 7 d with or without 10 μg/mL LPS or 20 μM LBT. The relative changes in mRNA levels were analyzed by 2−ΔΔCT method. mRNA 
expression level of each target gene was first normalized to the expression of GAPDH, and then normalized to the control group (n=5). All values were presented as mean ± SD. 
ns: not significant, *p<0.05, **p<0.01, determined by statistical analyses between two indicated groups.
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Figure 10 LBT alleviated bone loss in OVX mice. (A) Representative three-dimensional μCT images and coronal plane images of trabecular bones in the distal femurs from 
Ctrl, OVX, and OVX+LBT mice. White, bone (cancellous bone and cortical bone). (B–E) μCT analysis of the percentage of trabecular bone volume (BV/TV), trabecular 
number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) in the distal femurs (n-6). (F–G) Serum levels of bone resorption marker CTX-1 (F) and 
bone formation marker OCN (G) were determined by ELISA analysis (n=6). *p<0.05, **p<0.01, determined by statistical analyses between two indicated groups.
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Figure 11 Histomorphometry analysis of distal femurs staining. (A) Representative images of distal femurs in Von Kossa, H&E, TRAP, and Calcein staining. (B) 
Histomorphometry analysis of number of OCs per trabecular bone surface (N. Oc/BS) and osteoclast surface per bone surface (Oc. S/BS) in TRAP staining images 
(n=6). (C) Histomorphometry analysis of mineral apposition rate (MAR) and mineralizing surface percentage (MS/BS) in calcein staining images (n=6). *p<0.05, **p<0.01, 
determined by statistical analyses between two indicated groups.
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the percentage of osteoclast surface relative to bone surface (Oc.S/BS), indicative of heightened osteoclastogenesis and 
resorption activity (Figure 11B). Strikingly, LBT treatment significantly attenuated these changes. Additionally, the 
impact of LBT on bone formation was examined. OVX surgery impaired osteogenesis along the trabecular surface, 
whereas LBT administration appeared to stimulate bone formation (Figure 11A). Bone histomorphometric analysis 
further validated the enhancement of osteoblast activity in LBT-treated mice (Figure 11C). At last, HE staining results 
of liver and myocardial tissues from three groups of mice in the OVX model demonstrated that no obvious long-term 
toxicity in vivo was founded during LBT treatment (Supplementary Figure S3). In summary, these findings demonstrate 
that LBT protects against OVX-induced bone loss by simultaneously inhibiting osteoclastogenesis and bone resorption, 
while promoting bone formation.

Discussion
Osteoporosis, particularly PMOP, remains a major global health concern, marked by diminished BMD, compromised 
bone microarchitecture, and a heightened risk of fractures. The onset and progression of this condition are largely driven 
by estrogen deficiency following menopause, which disrupts the delicate equilibrium between osteoclast-mediated bone 
resorption and osteoblast-driven bone formation.39 This imbalance is further exacerbated by chronic inflammation, which 
not only accelerates osteoclast activity but also inhibits osteoblast function.40,41 While existing pharmacological treat
ments, including bisphosphonates, denosumab, and teriparatide, offer therapeutic benefits, their prolonged use often leads 
to undesirable side effects, highlighting the urgent need for novel treatment approaches.42 In light of this, our study 
explored the potential of LBT as a therapeutic strategy for PMOP, focusing on its effects on osteoclastogenesis, bone 
resorption, and osteoblast function. Through in vitro assays, we found that LBT, at low concentrations, exhibited no 
cytotoxicity and significantly suppressed osteoclast differentiation in a dose-dependent manner, resulting in a substantial 
decrease in osteoclast number and size. Moreover, LBT reduced the expression of osteoclast-specific genes and hindered 
podosome formation and bone resorption. Notably, LBT was shown to inhibit the activation of the NF-κB signaling 
pathway, a critical mediator of osteoclastogenesis. Additionally, LBT alleviated the osteogenesis impairment caused by 
LPS in BMSCs and facilitated osteoblast differentiation. In vivo, LBT offered protective effects against ovariectomy- 
induced bone loss in mice, as evidenced by improved bone structure, reduced osteoclast activity, and enhanced osteoblast 
function. Taken together, these findings suggest that LBT holds promise as a therapeutic agent for osteoporosis, capable 
of modulating osteoclast differentiation, inhibiting bone resorption, and promoting bone formation.

LBT is a bioactive compound primarily extracted from plants in the Codonopsis pilosula.43,44 In recent years, it has 
garnered significant attention due to its promising pharmacological properties, including anti-inflammatory, anticancer, 
antioxidant, and neuroprotective effects.45 While the precise molecular mechanisms of LBT’s action remain incompletely 
understood, it is thought to exert its effects through modulation of various signaling pathways associated with oxidative 
stress, apoptosis, and inflammation.46–49 LBT has been explored for its potential therapeutic applications in a variety of 
conditions. Its anti-inflammatory effects position it as a potential treatment for chronic diseases such as arthritis and 
inflammatory bowel disease.49–51 Furthermore, its neuroprotective properties have led to investigations into its role in 
treating neurodegenerative disorders, including Alzheimer’s diseases.52 In the field of oncology, LBT is being studied as 
a possible adjunct to cancer therapy, given its ability to induce apoptosis (programmed cell death) in cancer cells.53,54 

Additionally, LBT has a long history of use in traditional medicine, particularly for treating respiratory illnesses.55 

Current research is focused on further elucidating its full spectrum of biological activities and optimizing its therapeutic 
potential, though further clinical trials are necessary to establish its safety and efficacy across different applications. In 
our study, network analysis identified several key targets, including HSP90AA1, EGFR, ESR1, and NFKB1, with 
docking studies revealing strong binding affinities between LBT and these targets. Notably, NFKB1 encodes a subunit 
(p50) of the NF-κB transcription factor, which is integral to regulating immune responses, inflammation, cell survival, 
and osteoclastogenesis.56–58 While network pharmacology provides a powerful framework for identifying potential drug- 
target interactions and signaling pathways, its predictive outcomes are influenced by the quality and completeness of the 
databases used. This study suggests that the NF-κB signaling pathway may serve as a potential mechanism underlying 
the biological effects of LBT through network pharmacological analysis, which needs further molecular mechanism 
research. NF-κB signaling is triggered by various stimuli such as cytokines, stress, or pathogens, leading to the 
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phosphorylation and degradation of IκB proteins, which normally inhibit NF-κB. Once activated, NF-κB dimers (such as 
p65/p50) translocate to the nucleus, where they regulate the expression of genes involved in inflammation, immune 
responses, and cell survival.59–61 In the context of osteoporosis, the NF-κB pathway enhances osteoclast differentiation 
and activity, promoting bone resorption.62–64 Dysregulated NF-κB activity is strongly associated with excessive osteo
clast activity and bone loss in osteoporosis. Pro-inflammatory cytokines including TNF-α and IL-6, which are elevated in 
osteoporosis, amplify NF-κB signaling, creating a feed-forward loop that exacerbates bone resorption.65 NF-κB further 
induces the expression of transcription factors such as NFATc1, which drive osteoclast-specific gene programs.66 This 
makes NF-κB a pivotal therapeutic target for mitigating pathological bone remodeling. By inhibiting this pathway, LBT 
may suppress osteoclastogenesis, offering a potential therapeutic approach for treating bone loss conditions.

NF-κB is typically composed of various dimers, including p65/p50, p50/p50, and RelB/p50. Among these, the p50 
subunit plays a pivotal role in the canonical NF-κB signaling pathway, particularly in regulating inflammation and 
immune responses.67–69 During osteoclastogenesis, p50 commonly forms dimers with p65 (RelA), which are the most 
transcriptionally active complexes upon RANKL stimulation. Activation of RANKL triggers the IKK complex (IκB 
kinase), leading to the phosphorylation and subsequent degradation of IκB proteins that normally sequester NF-κB 
dimers in the cytoplasm.70 This degradation enables the translocation of p65/p50 dimers into the nucleus, where they 
initiate the transcription of genes critical for osteoclast differentiation, such as c-Fos, NFATc1, and other osteoclast- 
specific markers.71–73 Additionally, the p50/p65 dimers promote the production of pro-inflammatory cytokines, such as 
TNF-α and IL-1, further amplifying the osteoclastogenic signaling cascade. Given that p50/p65 dimers are essential for 
the expression of key osteoclastogenic factors, the inhibition of p50 leads to a reduced expression of these factors, 
consequently impairing osteoclast differentiation. In mouse models with p50 deletion, a significant reduction in RANKL- 
induced osteoclastogenesis was observed. These mice demonstrated a decreased response to bone resorption signals and 
exhibited diminished trabecular bone loss, underscoring the crucial role of p50 in osteoclast differentiation and main
taining bone homeostasis.74,75 Furthermore, in models of osteoporotic bone loss, p50 inhibition has been shown to 
protect against RANKL-induced osteoclastogenesis, highlighting its potential as a therapeutic target for osteoporosis and 
other bone-related diseases.76

However, While the findings provide valuable insights, certain limitations should be noted. Firstly, we fully acknowl
edge that the OVX mouse model, while widely validated for studying postmenopausal osteoporosis, does not fully 
recapitulate the complexity of human bone loss-related disease pathology. This model was selected due to its established 
utility in evaluating estrogen deficiency-induced bone loss and its alignment with standardized protocols for bone 
metabolism research.77 However, we recognize that conclusions drawn from a single model may lack generalizability. 
Further researches may aim to validate LBT’s therapeutic efficacy in complementary models (eg, aged mice or diabetic 
osteoporosis models), which will bridge preclinical and clinical translation. Secondly, based on previous literature reports 
and the results of network pharmacology in this study, we selected MAPKs (p38, JNK, ERK), AKT/PI3K and NF-κB 
signaling as potential mechanism research targets.78,79 Although we have made it clear that LBT suppressed osteoclas
togenesis via hindering NF-κB signaling not MAPKs and AKT/PI3K signal pathway, this cannot rule out the potential 
multi-target mechanism of LBT. The translational potential of LBT in clinical practice warrants careful consideration. 
Subsequently, the translational potential of LBT in clinical practice warrants careful consideration. Based on our 
mechanistic findings, several challenges must be addressed prior to clinical implementation such as pharmacokinetic 
optimization, long-term safety monitoring, and patient stratification. Emerging research areas such as the bone marrow 
microenvironment, macrophage polarization, ROS activation, and immune cell dysregulation are increasingly recognized 
as critical contributors to bone metabolism.80–82 Due to space constraints, this study did not explore these mechanisms in 
depth. Future work will leverage advanced methodologies, including transcriptomics and single-cell omics, to system
atically investigate these pathways.83,84

In the postmenopausal phase, the decline in estrogen levels triggers an elevation in the production of RANKL and 
a concomitant reduction in osteoprotegerin (OPG), a natural inhibitor of RANKL. This imbalance in the RANKL/OPG 
ratio fosters an overproduction of osteoclasts and excessive bone resorption.85–87 The bone marrow microenvironment, 
which consists of diverse stromal cells, immune cells, and components of the extracellular matrix, plays a pivotal role in 
modulating local levels of RANKL and OPG, thereby influencing osteoclast differentiation and function. In the 
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postmenopausal state, estrogen deficiency triggers a cascade of events that not only disrupt the balance between 
osteoclasts and osteoblasts but also promote a pro-inflammatory environment in the bone marrow.88,89 Inflammatory 
cytokines such as TNF-α, IL-1, and IL-6 are upregulated, contributing to the increased differentiation and activation of 
osteoclasts, which leads to enhanced bone resorption. This inflammatory milieu also impairs osteoblast function, further 
hindering bone formation and exacerbating bone loss.90–93 Moreover, targeting specific inflammatory mediators may 
offer a novel approach to treat osteoporosis by not only addressing the inflammatory components but also enhancing the 
bone remodeling process.

Conclusion
In conclusion, our findings indicated that lobetyolin inhibited RANKL-induced osteoclast differentiation, fostered 
osteoblastogenesis under inflammatory environment in vitro, and safeguarded mice from OVX-induced osteoporosis 
in vivo by hindering p50/p65 nuclear translocation in the NF-κB signaling and modulating NFATc1/c-Fos expressions. 
These results position LBT as a potential therapeutic candidate for both preventing and treating OVX-related osteo
porosis, as well as other bone disorders driven by excessive osteoclast activity. Future studies could explore the effects of 
LBT in additional osteoporosis models (eg, aging or glucocorticoid-induced bone loss) to validate its broader applic
ability. Further investigations into its pharmacokinetics, long-term safety, and synergistic potential with existing anti- 
osteoporotic therapies, as well as clinical trials to assess its efficacy in humans, will be critical steps toward translational 
application.
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