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Abstract

Postmenopausal osteoporosis (PMOP) is associated with estrogen deficiency and oxidative
stress (OS), which impair osteoblast survival and osteogenic function. Formononetin (FMN)
is a phytoestrogen with antioxidant properties, but its protective effects on osteoblasts
under OS and the signaling pathways associated with these effects remain incompletely
understood. Here, we evaluated the effects of FMN in ovariectomized (OVX) mice and in
a tert-butyl hydroperoxide (t-BOOH)-induced oxidative injury model in MC3T3-E1 cells.
Bone microarchitecture, histology, serum OS markers, cell viability, reactive oxygen species
(ROS) production, apoptosis, mitochondrial morphology, and osteogenic differentiation
were assessed. Network pharmacology, molecular docking, molecular dynamics simula-
tions, RNA sequencing, Western blotting, and pharmacological pathway-modulation exper-
iments were used to investigate signaling changes associated with FMN treatment. FMN
attenuated trabecular bone deterioration and systemic oxidative imbalance in OVX mice.
In MC3T3-E1 cells, FMN improved cell viability, reduced ROS accumulation and apopto-
sis, alleviated mitochondrial damage, and preserved osteogenic differentiation following
t-BOOH exposure. FMN treatment was accompanied by reduced phosphorylation of ex-
tracellular signal-regulated kinase 1/2 (ERK1/2), p38, and c-Jun N-terminal kinase (JNK),
together with reduced expression of activator protein 1 (AP-1)-related proteins, including
c-Fos, c-Jun, and phosphorylated c-Jun. Pharmacological reactivation of p38/JNK signal-
ing with anisomycin attenuated several antioxidant, anti-apoptotic, and pro-osteogenic
effects associated with FMN treatment, whereas nuclear factor erythroid 2-related factor
2 (NRF2) inhibition partially diminished FMN-mediated protection. Collectively, these
findings support an association between the protective effects of FMN and modulation of
mitogen-activated protein kinase (MAPK)/AP-1 and NRF2-associated signaling.

Keywords: formononetin; postmenopausal osteoporosis; oxidative stress; osteoblast;
osteogenic differentiation; MAPK/AP-1 signaling pathway

1. Introduction

Osteoporosis (OP) is a prevalent metabolic skeletal disorder characterized by loss of
bone mass and disruption of bone microarchitecture, which consequently increases skeletal
fragility and susceptibility to fractures [1]. Postmenopausal osteoporosis (PMOP), the
most prevalent form of primary ODP, is primarily driven by estrogen deficiency. Estrogen
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withdrawal disrupts bone remodeling by increasing osteoclast-mediated bone resorption
and impairing bone formation, ultimately resulting in progressive bone loss [2]. Globally,
approximately one-third of women and one-fifth of men aged over 50 years are estimated
to experience osteoporotic fractures, with hip fractures posing a particularly serious clinical
burden because of their substantial morbidity and mortality [3]. Thus, effective strategies
to preserve bone mass and restore the balance between bone resorption and formation are
needed to prevent disease progression and its associated fractures.

Current anti-osteoporotic therapies mainly comprise anti-resorptive and bone-forming
agents. Anti-resorptive drugs, including bisphosphonates and denosumab, are widely used
to suppress osteoclast-mediated bone resorption and reduce fracture risk. Nevertheless,
these therapeutic approaches remain limited in their ability to recover compromised bone
formation or reverse pre-existing damage to bone microarchitecture. Moreover, prolonged
treatment has been linked to uncommon but clinically significant adverse events, such as
osteonecrosis of the jaw and atypical femoral fractures [4]. Thus, strategies that preserve
osteoblast survival and enhance osteogenic function may be particularly important for
restoring bone formation and maintaining skeletal integrity in PMOP.

Oxidative stress (OS) is increasingly considered a key factor involved in the onset and
progression of OP [5,6]. Estrogen deficiency promotes the excessive accumulation of reac-
tive oxygen species (ROS), which can disrupt mitochondrial homeostasis, activate apoptotic
signaling and impair osteoblast differentiation [7,8]. Under conditions of OS, osteoblasts
show decreased expression of osteogenic markers together with compromised mineral-
ization, which further disturbs the balance between bone resorption and formation [9,10].
Thus, mitigating OS-induced osteoblast apoptosis and dysfunction may represent a promis-
ing therapeutic strategy for PMOP. Mitogen-activated protein kinases (MAPKSs) are critical
intracellular signaling molecules that mediate cellular responses to stress, inflammation
and oxidative injury [11]. Within the MAPK family, p38 and c-Jun N-terminal kinase
(JNK) are widely recognized as kinases activated in response to cellular stress, while ex-
tracellular signal-regulated kinase (ERK) is critically involved in regulating cell survival,
differentiation, and apoptosis [12,13]. OS is capable of activating MAPK signaling, which
subsequently modulates downstream transcription factors such as activator protein 1
(AP-1). AP-1 consists predominantly of proteins from the Jun and Fos families, including
c-Jun and c-Fos, and participates in the transcriptional regulation of genes associated with
inflammation, apoptosis, and cellular stress responses [14]. Activation of p38 and JNK
can promote AP-1 activity and c-Jun phosphorylation, thereby contributing to OS-related
cellular injury [15-18]. Collectively, these findings suggest that the MAPK/AP-1 axis may
represent an important signaling pathway linking OS to osteoblast dysfunction.

Formononetin (FMN) is a 7-hydroxyisoflavone primarily derived from red clover
(Trifolium pratense) and Astragalus membranaceus [19]. As a phytoestrogen, FMN has been
reported to exhibit anti-inflammatory, antioxidant, anti-apoptotic and estrogenic activi-
ties [20-28]. Previous studies have suggested that FMN may exert anti-osteoporotic effects
by modulating osteoblast and osteoclast function, attenuating bone loss in ovariectomized
(OVX) animals, inhibiting adipogenesis and promoting bone regeneration [29-32]. How-
ever, whether FMN protects osteoblasts against OS-induced apoptosis and osteogenic
dysfunction in the context of PMOP, and whether these effects involve the MAPK/AP-1
pathway remain unclear.

In the present study, we evaluated the effects of FMN using an OVX mouse model and
further examined its protective role against tert-butyl hydroperoxide (t-BOOH)-induced
oxidative injury in MC3T3-E1 cells. By integrating in vivo experiments, cellular func-
tional assays, network pharmacology, molecular docking, molecular dynamics simulations,
transcriptomic analysis, and pharmacological pathway-modulation experiments, we in-
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vestigated whether the effects of FMN are associated with alterations in MAPK/AP-1 and
nuclear factor erythroid 2-related factor 2 (NRF2)-related signaling during OS, apoptosis,
and osteogenic dysfunction.

2. Materials and Methods
2.1. Reagents and Antibodies

FMN (purity, 98.99%) was purchased from MedChemExpress (HY-N0183, Shanghai,
China). Estradiol valerate (E;) tablets were obtained from Bayer (J20130009, Berlin, Ger-
many). Sodium carboxymethyl cellulose (CMC-Na) was purchased from Macklin (C804625,
Shanghai, China).

Primary antibodies targeting B-cell lymphoma 2 (BCL-2; #3498), BCL-2-associated X
protein (BAX; #2772), caspase-3/cleaved caspase-3 (#9662), ERK1/2 (#4695), phosphory-
lated ERK1/2 (p-ERK1/2; #5726), p38 (#9212), phosphorylated p38 (p-p38; #8690), JNK
(#9252), and p-Tubulin (#2146) were obtained from Cell Signaling Technology (Danvers,
MA, USA) and applied at a 1:1000 dilution. Antibodies against superoxide dismutase 1
(SOD1; JF1005), heme oxygenase 1 (HO-1; PSH02-76), catalase (CAT; J]M11-12), glutathione
peroxidase 1 (GPX1; JJ092-07), runt-related transcription factor 2 (RUNX2; SD208-0), Osterix
(OSX; PSHO07-29), osteocalcin (OCN; ER1919-20), c-Jun (ET1608-3), phosphorylated c-Jun
(p-c-Jun; ET1608-4), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; SA30-01)
were purchased from HUABIO (Zhejiang, China). Except for GAPDH, which was used at a
dilution of 1:50,000, all other antibodies from HUABIO were used at 1:1000 for Western blot-
ting. The NRF2 antibody (A21176) was purchased from ABclonal (Wuhan, China) and used
at 1:1000. The p-JNK antibody (sc-6254) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA) and used at 1:200. The c-Fos antibody (#AF5354) was purchased from
Affinity Biosciences (Liyang, China) and used at 1:1000. The cyanine 3 (Cy3)-conjugated
goat anti-rabbit immunoglobulin G (IgG; AS007) and Cy3-conjugated goat anti-mouse
IgG (heavy and light chains; AS008) secondary antibodies were purchased from ABclonal
(Wuhan, China).

t-BOOH solution (#418064) was purchased from Merck (Darmstadt, Germany). Ani-
somycin (HY-18982) and ML385 (HY-100523) were purchased from MedChemExpress. The
following reagents and assay kits were obtained from Beyotime Biotechnology (Shang-
hai, China): Malondialdehyde (MDA) Assay Kit (S0131S), Superoxide Dismutase (SOD)
Assay Kit (50101S), ROS Assay Kit (S0033M), bicinchoninic acid (BCA) Protein Concen-
tration Assay Kit (P0012), 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
(BCIP/NBT) Alkaline Phosphatase (ALP) Color Development Kit (C3206), TRIzol reagent
(R0O016), Protease and Phosphatase Inhibitor Cocktail (50, P1045), terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling (TUNEL) Apoptosis Detection Kit (C1089),
and 4’ ,6-diamidino-2-phenylindole (DAPI) staining solution (P0131). Alizarin Red S (ARS)
Solution was obtained from OriCell (ALIR10001, Suzhou, China). The Apoptosis Detection
Kit was provided by Elabscience (E-CK-A211, Wuhan, China). Cell Counting Kit-8 (CCK-8)
was purchased from GLPBIO (GK10001, Montclair, CA, USA). Dexamethasone (D4902),
-glycerophosphate (G9422), and ascorbic acid (PHR1008) were supplied by Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Animals and Treatments

All animal procedures were approved by the Animal Ethics Committee of Guangzhou
University of Chinese Medicine (Approval No. 20250227073). Eight-week-old female
C57BL/ 6] mice weighing approximately 18-20 g were obtained from the Laboratory Animal
Center of Guangzhou University of Chinese Medicine. The mice were housed at 22-24 °C
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and 50-60% relative humidity under a 12 h light/dark cycle, with free access to standard
laboratory rodent diet and water.

Following a 7-day acclimatization period, mice were randomly assigned to undergo bi-
lateral ovariectomy or sham surgery using a random-number table. Surgery was performed
under sodium pentobarbital anesthesia (50 mg/kg), supplemented with local infiltration
of 0.25% bupivacaine (7 pL) at the incision site. In the Sham group, the ovaries were ex-
posed but not removed. Postoperative analgesia was provided with meloxicam (5 mg/kg,
intraperitoneally), and penicillin (40,000 units/mouse/day, intraperitoneally) was admin-
istered for postoperative infection prophylaxis. Both treatments were administered once
daily for three consecutive days after surgery. Animal welfare was assessed twice daily
during the first three postoperative days, daily on postoperative days 4-7, and weekly
thereafter. Humane endpoints were established for severe postoperative complications and
clinical conditions that compromised the animals’ ability to obtain food or water.

Forty-five days after surgery, OVX mice were further randomized using a random-
number table into four groups: OVX, OVX plus low-dose FMN (OVX+L-FMN,
15 mg/kg/day), OVX plus high-dose FMN (OVX+H-FMN, 30 mg/kg/day), and OVX plus
E; (OVX+E, 0.104 mg/kg/day). Together with the Sham group, the study comprised five
groups, with six mice per group. FMN and E; were separately suspended in 0.5% CMC-Na
and administered by daily oral gavage for 45 consecutive days. The Sham and untreated
OVX groups received an equivalent volume of 0.5% CMC-Na by oral gavage according
to the same administration schedule. At the experimental endpoint, blood was collected
under anesthesia, followed by euthanasia with sodium pentobarbital (150 mg/kg, i.p.).
No specific inclusion or exclusion criteria were established a priori, and no animal deaths,
withdrawals, or exclusions occurred during the experimental period.

2.3. Micro-Computed Tomography (Micro-CT)

The collected mouse femurs were fixed in 4% paraformaldehyde for 24 h and scanned
using an NMC-200 micro-CT scanner (NEMO, PINGSENG Healthcare Inc., Kunshan,
China). The system has a nominal spatial resolution of approximately 7.5 um at 10% mod-
ulation transfer function (MTF). Scanning was performed at 90 kV and 50 pA. Projection
data were reconstructed using Avatar software (version 1.7) with the Feldkamp-Davis—
Kress (FDK) algorithm at a reconstruction matrix of 1024 x 1024 pixels and a nominal
reconstructed voxel size of 2 um. The reconstructed voxel size represents the digital sam-
pling interval of the reconstructed volume and should not be interpreted as the effective
spatial resolution of the imaging system. For trabecular bone analysis, the region of interest
(ROI) was defined in the distal femoral metaphysis, beginning 0.5 mm proximal to the
distal femoral growth plate and extending 1.0 mm proximally, with cortical bone excluded.
Image processing, segmentation, and morphometric analysis were also performed using
Avatar software. During segmentation, a standardized display window was applied, with a
window level of 2000 and a window width of 1800, corresponding to a displayed gray-level
range of 1100-2900. The same reconstruction, image-processing, and segmentation set-
tings were applied to all specimens. Trabecular bone morphometric parameters, including
bone volume fraction (BV/TV), trabecular thickness (Tb.Th), structure model index (SMI),
trabecular number (Tb.N), and trabecular separation (Tb.Sp), were subsequently quantified.

2.4. Hematoxylin and Eosin (H&E) Staining

Bone samples were decalcified in 10% EDTA for 4 weeks and subsequently dehy-
drated through a graded ethanol series, whereas major organs were fixed for preliminary
histological evaluation of safety. All processed specimens were then embedded in paraffin
and sectioned at a thickness of 4.5 um. The sections were deparaffinized, rehydrated, and
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stained with H&E according to routine histological procedures. Images were acquired
using an optical microscope. For quantitative analysis of distal femoral sections, three
microscopic fields were randomly selected per section and analyzed using Image]J (version
1.52v). The trabecular bone area was normalized to the corresponding tissue area.

2.5. Serum Biochemical Analysis

Under anesthesia, blood samples were collected from the retro-orbital venous plexus
and maintained at room temperature for 30 min to allow clot formation. Serum was
recovered by centrifugation at 1500x g and 4 °C for 10 min and stored at —80 °C until
analysis. SOD activity and MDA concentration were determined using commercial assay
kits according to the manufacturer’s instructions. Each serum sample was measured in
technical triplicate, and the mean of the three measurements was used for subsequent
statistical analysis.

2.6. Integrated Network Pharmacology and Computational Simulation Analysis

Potential targets of FMN were retrieved from the TCMSP (v2.3), HERB, SwissTarget-
Prediction, and ITCM databases, while osteoporosis-related targets were collected from
GeneCards, DisGeNET, and OMIM using “osteoporosis” as the search term. All databases
were accessed on 9 December 2025. For TCMSP, the screening criteria were oral bioavail-
ability (OB) > 30% and drug-likeness (DL) > 0.18. TCMSP-derived targets were mapped to
standardized human gene symbols using UniProt, and unmapped entries and duplicates
were removed. Overlapping targets between FMN and osteoporosis were identified using
Venny (version 2.1) and subsequently submitted to STRING for protein—protein interaction
(PPI) network construction. STRING analysis was performed using the multiple-proteins
mode, with the species restricted to Homo sapiens and the minimum required interaction
score set to 0.900. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were performed using the bioinformatics online platform
(https:/ /www.bioinformatics.com.cn/; accessed on 9 December 2025), based on the hyper-
geometric test implemented in the clusterProfiler package (version 4.18.1). The enrichment
p values were not adjusted for multiple testing, and a nominal p value < 0.05 was used
as an exploratory threshold. Accordingly, these enrichment analyses were considered
exploratory and were used for pathway prioritization and hypothesis generation rather
than confirmatory statistical inference.

For molecular docking, the three-dimensional structure of FMN was obtained from
PubChem (https:/ /pubchem.ncbi.nlm.nih.gov/; accessed on 9 December 2025) and con-
verted from structure-data file (SDF) format to Protein Data Bank (PDB) format using
Open Babel 3.1.1. The crystal structures of MAPK1, MAPKS, and MAPK14 (PDB IDs:
8AOQ]J, 4QTD, and 3LFF, respectively) were retrieved from the RCSB Protein Data Bank
(https:/ /www.rcsb.org/; accessed on 9 December 2025). Water molecules and native lig-
ands were removed using PyMOL 3.1.0, followed by hydrogen addition and Gasteiger
charge assignment using AutoDock Tools 1.5.7. Molecular docking was performed using
AutoDock Vina 1.2.6. The grid center coordinates and box dimensions for each protein are
provided in Supplementary Table S3. The docking poses with the lowest predicted binding
energies were selected for visualization and subsequent molecular dynamics simulations.

Molecular dynamics simulations of the FMN-MAPK complexes were performed for
100 ns using GROMACS 2022.2 [33]. The Amber99SB-ILDN force field was applied to the
proteins [34], whereas ligand parameters were generated using sobtop 1.0 (dev3.1) based
on the General Amber Force Field 2 (GAFF2) and restrained electrostatic potential (RESP)-
derived atomic charges. Each complex was solvated in a cubic three-point transferable
intermolecular potential (TIP3P) water box, with a minimum distance of 1.0 nm between the
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protein and the box boundary. Na* and Cl~ ions were added to neutralize the systems and
establish a 0.15 M NaCl environment. Long-range electrostatic interactions were calculated
using the particle mesh Ewald method, with cutoff distances of 1.2 nm for short-range
electrostatic and van der Waals interactions. Covalent bonds were constrained using the
Linear Constraint Solver (LINCS) algorithm, and an integration time step of 2 fs was
applied. Following energy minimization using the steepest descent and conjugate gradient
methods, each system underwent 10 ps of canonical ensemble (NVT) equilibration and
10 ps of isothermal-isobaric ensemble (NPT) equilibration with positional restraints applied
to the proteins and ligands. Temperature and pressure were maintained at 300 K and 1 bar
using the V-rescale thermostat and Parrinello-Rahman barostat, respectively. Unrestrained
production simulations were subsequently conducted. Trajectories were analyzed for root
mean square deviation (RMSD), root mean square fluctuation, radius of gyration (Rg),
solvent-accessible surface area, and protein-ligand hydrogen bonds using GROMACS tools
(version 2022.2). Free energy landscapes were generated using the GROMACS gmx sham
utility, with RMSD and Rg as the reaction coordinates. Molecular mechanics/Poisson—
Boltzmann surface area (MM-PBSA) binding-energy estimates and per-residue energy
decomposition were calculated using 11 snapshots extracted from the final 10 ns (90-100 ns)
of each trajectory at 1 ns intervals.

2.7. Cell Culture and Treatments

MC3T3-E1 subclone 14 cells (GNM15) were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). According to the quality-control report provided
by the cell bank, the cells tested negative for Mycoplasma contamination. Cells between
passages 5 and 15 were used for all experiments. Cells were cultured in a-minimum
essential medium (x-MEM) supplemented with 10% fetal bovine serum and 1% penicillin—
streptomycin at 37 °C in a humidified atmosphere containing 5% CO;. All cell culture
reagents were obtained from Gibco (Grand Island, NY, USA), and the culture medium
was replaced every other day. FMN and ML385 were dissolved in dimethyl sulfoxide
(DMSO) and diluted with culture medium to the required concentrations. The final DMSO
concentration did not exceed 0.1% (v/v), and vehicle controls received an equivalent
concentration of DMSO.

For OS experiments, cells were pretreated with FMN for 2 h before exposure to 100 uM
t-BOOH for 24 h, with FMN maintained during t-BOOH exposure. For experiments
involving p38/JNK reactivation, cells were pretreated with FMN for 2 h and subsequently
exposed to 0.16 uM anisomycin for 1 h. The anisomycin-containing medium was then
removed, and cells were treated with FMN and 100 uM t-BOOH for an additional 24 h. For
NREF?2 inhibition experiments, cells were pretreated with 5 uM ML385 for 2 h, followed by
the addition of FMN and 100 uM t-BOOH. ML385 was maintained in the culture medium
throughout the subsequent 24 h treatment period.

2.8. Cell Viability Assay

MC3T3-E1 cells were seeded in 96-well plates at 5 x 10> cells/well and subjected to
the indicated treatments. Subsequently, 10 uL of CCK-8 reagent was added to each well
containing 100 uL of culture medium, followed by incubation at 37 °C for 2 h. Absorbance
was measured at 450 nm using a microplate reader.

2.9. Apoptosis Assay

After the indicated treatments, cells were collected and stained with Annexin V-
fluorescein isothiocyanate (FITC) and propidium iodide (PI) for 15 min at room temperature
in the dark. The stained cells were analyzed using a BD LSRFortessa flow cytometer (BD
Biosciences, San Jose, CA, USA), and the data were processed with Flow]o software (version
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10.8). Viable, early apoptotic, and late apoptotic or necrotic cells were identified according
to Annexin V-FITC/PI staining, and the total apoptosis rate was calculated as the sum of
early and late apoptotic cells.

2.10. ROS Measurement

MC3T3-E1 cells were incubated with 10 uM DCFH-DA at 37 °C for 20 min in the dark.
Fluorescence images were acquired using a BioTek Cytation C10 imaging system (Agilent
Technologies, Winooski, VT, USA) under consistent imaging conditions. ROS-associated
fluorescence was quantified using Image]. Mean fluorescence intensity was measured
within cellular ROIs after subtraction of the background signal obtained from cell-free
regions of the corresponding images. The resulting values were normalized to the control
group and expressed as relative fluorescence intensity.

2.11. Transmission Electron Microscopy (TEM)

After the indicated treatments, MC3T3-E1 cells were fixed with 2.5% glutaraldehyde,
post-fixed with 1% osmium tetroxide, dehydrated, and embedded in Epon 812 resin.
Ultrathin sections were prepared, stained with uranyl acetate and lead citrate, and examined
using a transmission electron microscope (FEI TECNAI G2 20 TWIN, FEI, Eindhoven, The
Netherlands) to assess cellular ultrastructure, with particular emphasis on mitochondrial
morphology.

2.12. Osteogenic Differentiation

MC3T3-E1 cells were seeded in 12-well plates at a density of 4 x 10* cells/well.
Following a 2 h pretreatment with FMN, cells were exposed to 100 uM t-BOOH for 24 h
in the continued presence of FMN. For experiments involving anisomycin, cells were
additionally treated with 0.16 pM anisomycin for 1 h following FMN pretreatment, after
which anisomycin was removed before t-BOOH exposure.

Following the initial treatments, cells were cultured in osteogenic induction medium
containing 10 nM dexamethasone, 10 mM f-glycerophosphate, and 50 pg/mL ascorbic
acid. FMN treatment was maintained at the corresponding concentrations throughout
osteogenic induction, whereas t-BOOH and anisomycin were not maintained during this
period. ALP staining was performed after 7 days using a BCIP/NBT Alkaline Phosphatase
Color Development Kit, and matrix mineralization was evaluated after 21 days using ARS
staining. Images were acquired using a BioTek Cytation C10 imaging system. ALP and
ARS staining intensities were quantified using Image] after background subtraction and
normalized to the corresponding reference group within each independent experiment.

2.13. Transcriptome Analysis

Total RNA was extracted from MC3T3-E1 cells in the t-BOOH and t-BOOH+FMN
groups using TRIzol reagent, with three independent biological replicates per group. RNA
quality assessment, library preparation, and RNA sequencing (RNA-seq) were performed
by Biomarker Technologies Co., Ltd. (Beijing, China). Strand-specific mRNA libraries were
sequenced on an Illumina NovaSeq 6000 platform (San Diego, CA, USA) using paired-end
150 bp reads. Following quality control, clean reads were aligned to the mouse reference
genome (GRCm38, release 95) using HISAT?2 (version 2.2.1). StringTie (version 2.2.1) was
used for transcript assembly and gene expression quantification, with expression levels
reported as fragments per kilobase of transcript per million mapped fragments (FPKM).
Differential expression analysis was performed on gene-level count data using edgeR
(version 4.8.0), with p values adjusted for multiple testing using the Benjamini-Hochberg
false discovery rate (FDR) method. Genes with an FDR < 0.05 and an absolute log, fold
change >1.5 were identified as differentially expressed genes (DEGs). GO and KEGG
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enrichment analyses were subsequently performed on the DEGs to explore associated
biological functions and signaling pathways. The enrichment p values were not adjusted
for multiple testing, and a nominal p value < 0.05 was used as an exploratory threshold.

2.14. TUNEL Staining and Immunofluorescence Analysis

Paraffin-embedded distal femoral sections were deparaffinized, rehydrated, and sub-
jected to antigen retrieval. For immunofluorescence staining, sections were incubated with
the appropriate primary antibodies overnight at 4 °C, followed by species-matched Cy3-
conjugated secondary antibodies. Specifically, the Cy3-conjugated Goat anti-Mouse IgG
was used for p-JNK staining, whereas the Cy3-conjugated Goat anti-Rabbit IgG was used
for staining with rabbit-derived primary antibodies. TUNEL staining was performed using
a TUNEL Apoptosis Detection Kit, and nuclei were counterstained with DAPI. Fluorescence
images were acquired using a BioTek Cytation C10 imaging system. Background-subtracted
mean fluorescence intensity was quantified using Image] within the selected ROIs and
normalized to the Sham group.

2.15. Western Blotting

Total protein was isolated by lysing cells in RIPA buffer supplemented with PMSF
and a protease and phosphatase inhibitor cocktail. Equivalent amounts of protein (20 pug)
were resolved on 12% SDS-polyacrylamide gels and subsequently transferred to PVDF
membranes. The membranes were blocked with 5% skimmed milk for 60 min at room
temperature and then incubated with the corresponding primary antibodies overnight
at 4 °C. Following TBST washing, species-specific HRP-conjugated secondary antibodies
were applied for 1 h at room temperature. Protein bands were subsequently detected
using an enhanced chemiluminescence (ECL) system, and band intensities were quantified
with Image]J software. For densitometric analysis, target proteins were normalized to their
corresponding loading controls from matched experimental samples, except for p-ERK1/2,
p-p38, and p-JNK, which were normalized to their respective total protein levels. When
different target proteins were analyzed on separate blots, their corresponding loading
controls were used for normalization.

2.16. Statistical Analysis

All statistical analyses were performed using GraphPad Prism software (version 10.0).
Quantitative data are presented as the mean £ standard deviation (SD). The normality
of the data distribution was assessed using the Shapiro-Wilk test, and homogeneity of
variance was evaluated using the Brown-Forsythe test before parametric analyses. For
data satisfying the assumptions of normality and homogeneity of variance, comparisons
between two independent groups were performed using an unpaired two-tailed Student’s
t-test, whereas comparisons among three or more groups were performed using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple-comparisons test. When the
assumption of homogeneity of variance was not satisfied but the data were approximately
normally distributed, Welch’s ¢-test was used for comparisons between two groups, and
Welch’s ANOVA followed by Dunnett’s T3 multiple-comparisons test was used for compar-
isons among three or more groups. For data showing substantial deviation from normality,
the Mann-Whitney U test or Kruskal-Wallis test followed by Dunn’s multiple-comparisons
test was applied, as appropriate. All statistical tests were two-sided, and a p value < 0.05
was considered statistically significant. Statistical significance was indicated as follows:
ns, not significant; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. No a priori
sample-size calculation was performed, and no single primary outcome was prespecified.
Accordingly, the present study was exploratory in nature. For animal experiments, each
mouse was considered an independent biological replicate. Micro-CT analysis included
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six mice per group. For analyses requiring three biological replicates, three mice were
randomly selected from each group using a random-number table before outcome assess-
ment. Measurements obtained from multiple microscopic fields or technical replicates
of the same biological sample were averaged to generate a single value per animal for
statistical analysis. The exact sample size for each analysis is indicated in the corresponding
figure legend. For cell-based functional assays and Western blotting, biological replicates
represented independent experiments in which cells were cultured and treated separately.
Technical replicate measurements obtained within the same experiment were averaged
before statistical analysis. Unless otherwise indicated, n = 3 represents three independent
biological experiments. Outcome assessment and data analysis for both animal and cell
experiments were performed under blinded conditions. Investigators were unaware of
group allocation during outcome evaluation, quantification, and statistical analysis.

3. Results
3.1. FMN Attenuates Bone Loss and Ameliorates OS in OVX Mice

To evaluate the effects of FMN on PMOP, an OVX mouse model was established.
The chemical structure of FMN is shown in Figure 1A. Beginning 45 days after surgery,
OVX mice received daily intragastric administration of low-dose FMN (15 mg/kg), high-
dose FMN (30 mg/kg), or the positive control E; (0.104 mg/kg) until sample collection
(Figure 1B). To provide additional morphological evidence supporting the establishment of
the OVX model, gross uterine morphology was examined. Representative photographs
revealed visibly smaller uteri in OVX mice than in Sham mice, consistent with OVX-
associated uterine atrophy (Supplementary Figure S1D). The effects of FMN on OVX-
induced bone loss and systemic OS were assessed using micro-CT, femoral histological
staining and serum OS marker assays.

Micro-CT analysis of the distal femur showed marked deterioration of trabecular
bone microarchitecture in OVX mice compared with Sham mice (Figure 1C). Quantitative
analysis revealed that OVX significantly reduced BV /TV, Tb.Th, and Tb.N, while increasing
Tb.Sp and SMI (Figure 1D-H). Treatment with E, or FMN partially restored these microar-
chitectural parameters. Notably, high-dose FMN produced a more pronounced protective
effect than low-dose FMN, as indicated by higher BV/TV and Tb.N and lower Tb.Sp and
SML. These findings indicate that FMN attenuates OVX-induced deterioration of trabecular
bone microarchitecture, with a greater effect observed at the higher dose.

Consistent with the micro-CT findings, H&E staining of femoral sections showed
abundant, continuous trabecular structures in the Sham group, whereas OVX mice exhib-
ited sparse and disrupted trabeculae with enlarged marrow spaces (Figure 1I). Treatment
with E; or FMN attenuated these histological abnormalities, with greater preservation
of trabecular architecture observed in the OVX+H-FMN group than in the OVX+L-FMN
group. Quantitative analysis further showed that OVX markedly reduced the trabecular
area fraction, whereas E; and FMN treatment significantly increased trabecular bone area
(Figure 1]).

To determine whether FMN alleviated OV X-related OS, serum MDA levels and SOD
activity were evaluated. Relative to the Sham group, OVX resulted in a significant elevation
of serum MDA levels accompanied by a reduction in SOD activity, indicating enhanced
systemic OS following estrogen deficiency (Figure 1K,L). FMN treatment attenuated these
changes, with high-dose FMN significantly reducing MDA levels and increasing SOD
activity. The magnitude and direction of these changes in the high-dose FMN group were
descriptively similar to those observed in the E,-treated group.
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Figure 1. FMN attenuates OVX-induced trabecular bone loss and systemic oxidative stress in
mice. (A) Chemical structure of FMN. (B) Schematic diagram of the animal experimental timeline.
(C) Representative micro-CT images of the distal femur. Top, 3D reconstruction; middle, sagittal
view; bottom, transverse view (1 = 6, scale bar = 1 mm). (D-H) Quantitative analysis of trabecular
bone microarchitectural parameters, including BV/TV (D), Tb.Th (E), SMI (F), Tb.N (G), and Tb.Sp
(H) (n = 6). (I) Representative H&E-stained sections of the distal femur. Scale bars indicate 200 pm in
the upper panels and 50 pm in the lower panels (n = 3). (J) Quantitative analysis of trabecular bone
area per unit tissue area in the distal femur (n = 3). (K) Serum malondialdehyde (MDA) levels (1 = 3).
(L) Serum superoxide dismutase (SOD) activity (n = 3). OVX, ovariectomy; E,, estradiol valerate;
L-FMN, low-dose FMN; H-FMN, high-dose FMN. Data are presented as mean £ SD; n represents
the number of individual mice. Statistical comparisons were performed using one-way ANOVA
followed by Tukey’s multiple-comparisons test. ns, not significant; * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.
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In addition, RUNX2 immunofluorescence staining was performed to assess osteoblast-
associated activity in the distal femur. OVX markedly reduced RUNX2 fluorescence inten-
sity compared with the Sham group, whereas FMN treatment partially restored RUNX2
expression, particularly at the higher dose (Supplementary Figure S1A,B). Histological
examination of the heart, liver, spleen, lung, and kidney revealed no obvious histological
abnormalities associated with FMN administration at the tested doses under the present
experimental conditions (Supplementary Figure S1C).

Collectively, these findings suggest that FMN attenuates OVX-associated trabecular
bone deterioration, improves circulating OS markers, and partially preserves RUNX2-
associated fluorescence in bone tissue.

3.2. Network Pharmacology, Molecular Docking, and Molecular Dynamics Simulations Implicate
the MAPK Signaling Pathway in the Effects of FMIN Against OP

To investigate the potential molecular mechanisms underlying the effects of FMN
against OP, network pharmacology analysis was first performed. A total of 166 potential
targets of FMN were obtained from TCMSP, HERB, SwissTargetPrediction, and ITCM
(Supplementary Table S1), while 7024 OP-associated targets were collected from OMIM,
DisGeNET, and GeneCards. Intersection analysis revealed 139 shared targets, which
were considered potential therapeutic targets of FMN for OP (Figure 2A; Supplementary
Table S2). To explore the interactions among these targets, a PPI network was subsequently
established using STRING (Figure 2C).

GO enrichment analysis showed that the overlapping targets were primarily involved
in biological processes related to OS, apoptosis, ROS metabolism and the MAPK cascade.
Cellular component analysis highlighted enrichment in the nucleoplasm, cytoplasmic
region and BCL-2 family protein complexes, whereas molecular function analysis showed
enrichment in enzyme binding, oxidoreductase activity, BCL-2 homology 3 (BH3) domain
binding and MAP kinase activity (Figure 2B). KEGG pathway analysis further highlighted
several enriched signaling pathways, including chemical carcinogenesis—ROS, interleukin-
17 (IL-17) signaling, apoptosis and, notably, the MAPK signaling pathway (Figure 2D).
Based on these enrichment results, the MAPK signaling pathway was prioritized for
subsequent computational analyses and experimental evaluation.

To further assess the network pharmacology predictions, molecular docking was
performed between FMN and three representative MAPK family proteins: MAPK1 (ERK2),
MAPKS (JNK1), and MAPK14 (p38x). FMN showed favorable predicted binding affini-
ties for MAPK1, MAPKS, and MAPK14, with binding energies of —6.95, —7.97 and
—8.76 kcal/mol, respectively, suggesting favorable interactions between FMN and the
predicted binding sites of these kinases (Supplementary Figure S2A; Figure 2E,]).

The dynamic stability of the docking-predicted protein-ligand complexes was further
evaluated using 100 ns molecular dynamics simulations. RMSD analysis showed that the
protein-ligand complexes remained relatively stable throughout the simulations, with the
systems reaching dynamic equilibrium after the initial equilibration phase (Figure 2G,L;
Supplementary Figure S2C). Residue energy decomposition analysis identified several
amino acid residues that contributed substantially to the calculated ligand-binding energy,
suggesting that these residues may contribute to stabilizing FMN within the predicted bind-
ing pockets of MAPKS8, MAPK14 and MAPK1 (Figure 2EK; Supplementary Figure S2B).
The Rg values showed only minor fluctuations throughout the simulations, indicating
that the three protein-ligand complexes maintained relatively stable and compact confor-
mations without apparent structural expansion or collapse (Supplementary Figure S2F).
Furthermore, Gibbs free energy landscape analysis revealed distinct low-energy confor-
mational regions for all three FMIN-MAPK complexes, suggesting that the simulated
systems sampled relatively favorable conformational states (Figure 2H,I,M,N; Supplemen-
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tary Figure S2D,E). Together, these computational analyses support a potential role of
MAPK signaling in the effects of FMN against OP.
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Figure 2. Network pharmacology, molecular docking, and molecular dynamics analyses highlight
MAPK signaling as a candidate pathway associated with FMN. (A) Venn diagram of FMN-related
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targets and osteoporosis-related targets. (B) GO enrichment analysis of the overlapping targets.
(C) PPI network of the overlapping targets. (D) KEGG pathway enrichment analysis of the overlap-
ping targets. p values for the GO and KEGG enrichment analyses were not adjusted for multiple
testing. (E) Molecular docking analysis of FMN with MAPKS, including the overall docking con-
formation, enlarged binding pocket, and two-dimensional interaction diagram. (F) Residue energy
decomposition analysis of the FMN-MAPKS complex. (G) RMSD plot of the FMN-MAPKS8 complex
during 100 ns molecular dynamics simulation. (H,I) Gibbs free energy landscape of the FMN-MAPKS8
complex. (J) Molecular docking analysis of FMN with MAPK14, including the overall docking con-
formation, enlarged binding pocket, and two-dimensional interaction diagram. (K) Residue energy
decomposition analysis of the FMN-MAPK14 complex. (L) RMSD plot of the FMN-MAPK14 com-
plex during 100 ns molecular dynamics simulation. (M,N) Gibbs free energy landscape of the
FMN-MAPK14 complex.

3.3. FMN Protects MC3T3-E1 Cells from t-BOOH-Induced Cytotoxicity and Apoptosis

An in vitro oxidative injury model was established by exposing MC3T3-E1 cells to
t-BOOH. The effects of FMN on cell viability were initially assessed over different concen-
trations and treatment durations. FMN at concentrations of up to 10 uM did not markedly
affect cell viability over the tested time range, whereas higher concentrations, particularly
with prolonged exposure, tended to reduce cell viability (Figure 3A). t-BOOH reduced the
viability of MC3T3-E1 cells in a concentration-dependent manner, yielding a half-maximal
inhibitory concentration (ICsp) of 101.9 uM after 24 h of treatment. Based on these findings,
exposure to 100 uM t-BOOH for 24 h was chosen to generate the oxidative injury model
(Figure 3B). Compared with t-BOOH treatment alone, FMN significantly increased cell
viability across the tested concentrations within the non-cytotoxic range of up to 10 uM,
with a greater effect observed at higher concentrations (Figure 3C). These findings indi-
cate that FMN attenuates t-BOOH-induced loss of cell viability under the experimental
conditions used.

Flow cytometric analysis showed that t-BOOH markedly increased the proportion
of apoptotic cells, whereas FMN treatment reduced the apoptosis rate, with the most
pronounced effect observed at 10 pM (Figure 3D,G). In agreement with these observations,
Western blot analysis revealed that t-BOOH decreased the expression of the anti-apoptotic
protein BCL-2 while elevating cleaved caspase-3 levels. In contrast, FMN treatment reversed
these changes by restoring BCL-2 expression and suppressing caspase-3 cleavage after
t-BOOH exposure (Figure 3E,H-]). These findings indicate that FMN attenuates t-BOOH-
induced apoptosis in MC3T3-E1 cells.

TEM further revealed ultrastructural changes in MC3T3-E1 cells. Control cells exhib-
ited relatively intact cellular morphology, with well-preserved mitochondrial structure and
clearly visible cristae. In contrast, t-BOOH-treated cells showed mitochondrial swelling,
disrupted cristae and nuclear shrinkage. FMN treatment attenuated these ultrastructural
abnormalities, as evidenced by relatively preserved mitochondrial morphology and re-
duced cellular structural damage (Figure 3F). Collectively, these findings indicate that
FMN attenuates t-BOOH-induced cytotoxicity, apoptosis and mitochondrial ultrastructural
damage in MC3T3-E1 cells.
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Figure 3. FMN protects MC3T3-E1 cells against t-BOOH-induced cytotoxicity, apoptosis, and mito-
chondrial damage. (A) Cell viability of MC3T3-E1 cells after treatment with FMN at 1.25, 2.5, 5, 10, 20,
and 40 uM for 24, 48, 72, and 96 h. (B) Cell viability of MC3T3-E1 cells after treatment with t-BOOH
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at 25, 50, 100, 200, and 400 pM for 24 h. (C) Cell viability of t-BOOH-treated MC3T3-E1 cells
after intervention with FMN at 1.25, 2.5, 5, 10, and 20 pM. (D) Representative Annexin V-FITC/PI
apoptosis plots. (E) Western blot analysis of BCL-2, BAX, caspase-3, and cleaved caspase-3 using
GAPDH as the internal reference. (F) Representative TEM images showing cellular and mitochondrial
ultrastructure under the indicated treatment conditions. The middle panels show enlarged views of
cellular ultrastructure, and the bottom panels show higher-magnification views of the boxed regions.
Scale bars: 5 um (top), 2 um (middle), and 1 um (bottom). (G) Quantitative analysis of apoptosis
rate. (H-J) Quantitative analysis of BCL-2 (H), BAX (I), and cleaved caspase-3 (J) protein levels.
Data are presented as mean =+ SD from three independent biological experiments (2 = 3). Statistical
comparisons were performed using one-way ANOVA followed by Tukey’s multiple-comparisons
test. ns, not significant; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.4. FMN Reduces OS and Preserves Osteogenic Differentiation Under t-BOOH-Induced OS

To further evaluate the effects of FMN under OS conditions, intracellular ROS accumu-
lation and osteogenic differentiation capacity were assessed in t-BOOH-treated MC3T3-E1
cells. ROS staining showed that t-BOOH markedly increased intracellular ROS levels,
whereas FMN treatment significantly reduced ROS accumulation, with a greater effect
observed at higher concentrations (Figure 4A,B). Consistent with these findings, West-
ern blot analysis showed that t-BOOH impaired the antioxidant defense response, as
reflected by reduced expression of NRF2 and its downstream antioxidant proteins, in-
cluding CAT, HO-1, GPX1, and SOD1. FMN treatment increased the expression of these
antioxidant-related proteins, particularly at 5 and 10 uM, suggesting enhanced antioxidant
defense in MC3T3-E1 cells under t-BOOH-induced OS (Figure 4C-H). To further assess
osteogenic function, t-BOOH markedly reduced ALP staining intensity and mineralized
nodule formation, whereas FMN treatment attenuated these inhibitory effects, with greater
effects observed at higher concentrations (Figure 4I-L). Consistent with the staining results,
Western blot analysis showed that t-BOOH reduced the expression of osteogenic markers,
including RUNX2, OSX and OCN, whereas FMN treatment increased the expression of
these markers under OS conditions (Figure 4M-P). Collectively, these findings indicate
that FMIN attenuates t-BOOH-induced OS and preserves osteogenic differentiation in
MCB3T3-E1 cells, accompanied by enhanced expression of antioxidant defense proteins and
osteogenic markers.

3.5. Transcriptomic and Protein Analyses Reveal MAPK/AP-1-Associated Signaling Changes
Following FMN Treatment

To characterize the transcriptional changes associated with the protective effects of
FMN against t-BOOH-induced oxidative injury in MC3T3-E1 cells, RNA-seq was performed
in the t-BOOH and t-BOOH+FMN groups, with three independent biological replicates
per group. Based on the cell viability results, 10 uM FMN was selected for transcriptomic
analysis. Following differential expression analysis using an FDR threshold of 0.05 and
an absolute logy fold change cutoff of 1.5, a total of 45 DEGs were identified, comprising
13 upregulated and 32 downregulated genes (Figure 5A). Hierarchical clustering analysis
revealed distinct expression patterns between the t-BOOH and t-BOOH+FMN groups
(Figure 5B).
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Figure 4. FMN reduces t-BOOH-induced oxidative stress and preserves osteogenic differentiation in
MC3T3-E1 cells. (A) Representative fluorescence images of intracellular ROS staining. Nuclei were
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counterstained with DAPI. (B) Quantitative analysis of ROS fluorescence intensity. (C) Representative
Western blots of NRF2, CAT, HO-1, GPX1, and SOD1, each displayed with its corresponding loading
control. NRF2 and HO-1 were normalized to 3-Tubulin, whereas CAT, GPX1, and SOD1 were
normalized to GAPDH. (D-H) Quantitative analysis of NRF2/3-Tubulin (D), CAT/GAPDH (E),
HO-1/B-Tubulin (F), GPX1/GAPDH (G), and SOD1/GAPDH (H). (I,J) Representative ALP staining
images and quantitative analysis of ALP staining intensity. (K,L) Representative ARS staining images
and quantitative analysis of mineralized nodule formation. (M) Western blot analysis of RUNX2,
OSX, and OCN using GAPDH as the internal reference. (N-P) Quantitative analysis of RUNX2 (N),
0OSX (0), and OCN (P) protein levels. Data are presented as mean + SD from three independent
biological experiments (n = 3). Statistical comparisons were performed using one-way ANOVA
followed by Tukey’s multiple-comparisons test. ns, not significant; * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

Notably, several AP-1-related genes, including Fos, Junb, Fosb, Jund, and Jun, were
among the downregulated DEGs following FMN treatment (Figure 5A). GO enrichment
analysis identified biological processes associated with osteoblast differentiation, ossifica-
tion, OS responses, ROS responses, and intrinsic apoptotic signaling. The enriched cellular
component terms included transcription regulator complexes and collagen-associated
structures, whereas molecular function terms included transcriptional regulation and pro-
tein kinase regulatory activities (Figure 5C). KEGG enrichment analysis identified several
pathways related to inflammatory and stress responses, including IL-17 signaling, tumor
necrosis factor (TNF) signaling, and MAPK signaling, as well as the reactive oxygen species-
related chemical carcinogenesis pathway (Figure 5D). Collectively, these transcriptomic
findings suggest that FMIN treatment is associated with alterations in AP-1-related gene
expression and multiple biological processes involved in osteoblast function and cellular
stress responses.

Based on the transcriptomic findings, Western blotting was performed to further
assess the MAPK/AP-1 signaling axis at the protein level. t-BOOH markedly increased
the phosphorylation levels of ERK1/2, JNK, and p38, whereas FMN treatment reduced the
p-ERK1/2/ERK1/2, p-JNK/JNK and p-p38/p38 ratios, with greater effects observed at
higher concentrations (Figure 5E-H). Consistent with the transcriptomic findings, t-BOOH
markedly increased the expression of the AP-1 components c-Fos and c-Jun and enhanced
¢-Jun phosphorylation. FMN treatment significantly reduced the expression of c-Fos and c-
Jun, as well as c-Jun phosphorylation, following t-BOOH exposure (Figure 5I-L). Together,
these transcriptomic and protein-level findings indicate that FMN attenuates t-BOOH-
induced activation of MAPK signaling and AP-1-related responses in MC3T3-E1 cells.
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Figure 5. Transcriptomic and protein analyses reveal MAPK/AP-1-associated signaling changes
following FMN treatment. (A) Volcano plot of differentially expressed genes between the t-BOOH
and t-BOOH+FMN groups. AP-1-related genes are labeled. (B) Hierarchical clustering heatmap
of differentially expressed genes. (C) GO enrichment analysis of differentially expressed genes.
(D) KEGG pathway enrichment analysis of differentially expressed genes. p values for the GO and
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KEGG enrichment analyses were not adjusted for multiple testing. Bubble size represents the
number of enriched genes, and color intensity represents —loglO(nominal p value). (E) Western
blot analysis of ERK1/2, p-ERK1/2, p38, p-p38, INK, and p-JNK using GAPDH as the internal
reference. (F-H) Quantitative analysis of p-ERK1/2/ERK1/2 (F), p-JNK/JNK (G), and p-p38/p38
(H). (I) Representative Western blots of c-Fos, ¢-Jun, and p-c-Jun, with selected 3-Tubulin and GAPDH
bands shown. Each protein was quantified using its corresponding loading control from the original
blots. (J-L) Quantitative analysis of c-Fos/GAPDH (J), c-Jun/3-Tubulin (K), and p-c-Jun/3-Tubulin
(L). For RNA-seq, n = 3 independent biological replicates per group. For Western blot quantification,
data are presented as mean + SD from three independent biological experiments (1 = 3). Statistical
comparisons were performed using one-way ANOVA followed by Tukey’s multiple-comparisons
test. ns, not significant; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.6. Reactivation of p38/[NK Signaling Attenuates the Antioxidant and Anti-Apoptotic Effects
of FMN

To determine whether anisomycin could enhance p38/JNK signaling under the ex-
perimental conditions used, we first optimized its concentration and exposure time in
MC3T3-E1 cells. Anisomycin reduced cell viability in a concentration- and time-dependent
manner, whereas 0.16 uM anisomycin for 1 h caused relatively limited cytotoxicity while
markedly increasing the phosphorylation of p38 and JNK (Supplementary Figure S3A-F).
Higher concentrations did not produce a consistently greater increase in the p-p38/p38
or p-JNK/JNK ratios. Therefore, 0.16 pM anisomycin for 1 h was selected for subsequent
rescue experiments. Under the FMN treatment condition, anisomycin significantly in-
creased both the p-p38/p38 and p-JNK/JNK ratios compared with the t-BOOH+FMN
group (Supplementary Figure S3G-I), indicating partial reactivation of p38/JNK signaling.

We next examined whether p38/JNK reactivation could attenuate the inhibitory effects
of FMN on the MAPK/AP-1 axis. Under t-BOOH-induced OS, FMN markedly reduced
the phosphorylation levels of p38 and JNK and decreased the expression of AP-1-related
proteins, including c-Fos, c-Jun, and p-c-Jun. Anisomycin treatment significantly attenuated
these effects, resulting in increased p38 and JNK phosphorylation and increased levels of
AP-1-related proteins compared with the t-BOOH+FMN group (Figure 6A-F). Functionally,
anisomycin also attenuated the effects of FMN on t-BOOH-induced OS and apoptosis.
Flow cytometric analysis showed that FMN reduced the proportion of apoptotic cells,
whereas anisomycin partially reversed this effect (Figure 6G,H). Similarly, ROS staining
showed that anisomycin significantly increased intracellular ROS accumulation compared
with the t-BOOH+FMN group (Figure 6L]). Western blot analysis further showed that
anisomycin attenuated the FMN-associated increases in NRF2, CAT, HO-1, and SOD1
expression (Figure 6K-O). Moreover, anisomycin decreased the BCL-2/BAX ratio and
increased the cleaved caspase-3/caspase-3 ratio compared with the t-BOOH+FMN group
(Figure 6K,P,Q). Collectively, these findings indicate that pharmacological reactivation of
p38/JNK signaling attenuated the antioxidant and anti-apoptotic effects of FMN under
t-BOOH-induced OS.

https:/ /doi.org/10.3390/antiox15101348


https://doi.org/10.3390/antiox15101348

Antioxidants 2026, 15, 1348

20 of 32

A B-Tubulin‘ — e — I Skba g C D o
3 3
o o
p-c-Jun ‘ - P— " 43kDa % H 2
, £z £ éz
B 3 3 <
21 Z @9
5 S 8
c-Fos ‘ —-_— . = -l 41kDa ¢ s E
0 o
& g,°°‘\ & & & & & &
o-P38 ‘ R — " 41kDa et IS
& &
RS ol
P38 ‘- — — ’l 41kDa & e
— 54kDa E F H
p-JNK
P e W Da . R =
54kDa & : g
INK W ——— 2 : g
W W s WwSs | 46kDa )
CAPDH | s S W W | 36KkDa
t-BOOH  ~ * * *
FMN -y ) -
Anisomycin - - - + f
§%
23
g&
:
tBOOH - r+A + *
FMN - - + +
|Anisomycin - - - + K
NRF2 | ol s | 110kDa
FITC-Annexin V
I CAT _— .. ™ e | (0kDa
HO-1 | (i - | 33kDa
SOD-T | A - 1kDa
BAX ’— D - -‘ZlkDa
DAPI
BCL-2 | W s e s | 26kDa

t-BOOH

FMN
Anisomycin

NRF2/GAPDH ratio

CAT/GAPDH ratio

caspase3 ’ —-— . -_ - ‘ 35kDa

cleaved
e . 17kD:
caspase3 -— ‘ 7kDa
+ + + GAPDH | S S S S | 36kDa
- + +
— — + t-BOOH - + + +
FMN - - + +
Anisomycin - - - +
N o} Q

SOD-1/GAPDH ratio

HO-1/GAPDH ratio

05

0.0

Figure 6. Reactivation of p38/JNK signaling attenuates the antioxidant and anti-apoptotic effects
of FMN under oxidative stress. (A) Representative Western blots of p-c-Jun, c-Jun, c-Fos, p-p38,
p38, p-JNK, and JNK under the indicated treatment conditions, with representative 3-Tubulin and
GAPDH bands shown. (B-F) Quantitative analysis of p-c-Jun/p-Tubulin (B), c-Jun/p-Tubulin (C),
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c-Fos/3-Tubulin (D), p-p38/p38 (E), and p-JNK/JNK (F). (G) Representative Annexin V-FITC/PI
apoptosis plots. (H) Quantitative analysis of apoptosis rate. (I) Representative fluorescence images of
intracellular ROS staining. Nuclei were counterstained with DAPL. (J) Quantitative analysis of ROS
fluorescence intensity. (K) Representative Western blots of NRF2, CAT, HO-1, SOD1, BAX, BCL-2,
caspase-3, and cleaved caspase-3, with GAPDH as the corresponding loading control. (L-Q) Quanti-
tative analysis of NRF2/GAPDH (L), CAT/GAPDH (M), HO-1/GAPDH (N), SOD1/GAPDH (O),
BCL-2/BAX ratio (P), and cleaved caspase-3/caspase-3 ratio (Q). Data are presented as mean + SD
from three independent biological experiments (1 = 3). Statistical comparisons were performed using
one-way ANOVA followed by Tukey’s multiple-comparisons test. ns, not significant; * p < 0.05,
**p <0.01, ** p <0.001, and *** p < 0.0001.

3.7. Anisomycin Attenuates FMIN-Associated Preservation of Osteogenic Differentiation Under OS

We next investigated whether reactivation of p38/JNK signaling affected the ability
of FMN to preserve osteogenic differentiation under OS. t-BOOH markedly reduced ALP
staining intensity and mineralization capacity in MC3T3-E1 cells, whereas FMN treatment
partially attenuated these effects. Anisomycin treatment significantly reduced the FMN-
associated increases in ALP staining intensity and matrix mineralization, indicating that
p38/JNK reactivation attenuated the preservation of osteogenic phenotypes by FMN under
OS (Figure 7A-D). Consistent with the staining results, Western blot analysis showed that
t-BOOH reduced the expression of the osteogenic markers RUNX2 and OCN, whereas FMN
increased their expression. Anisomycin attenuated the FMN-induced increases in RUNX2
and OCN expression, further supporting an association between p38/JNK signaling and
the pro-osteogenic effects of FMN (Figure 7E-G).

To further investigate whether NRF2-mediated antioxidant responses contribute to
the protective effects of FMN, ML385 was used to inhibit NRF2 activity. Compared with
the t-BOOH+FMN group, ML385 reduced the expression of NRF2 and antioxidant-related
proteins, including CAT and SOD1, and decreased the expression of the osteogenic markers
RUNX2 and OCN (Supplementary Figure S4A,C-G). In addition, ML385 reduced the
BCL-2/BAX ratio and increased the cleaved caspase-3/caspase-3 ratio, suggesting partial
attenuation of the anti-apoptotic effects of FMN under OS (Supplementary Figure S4B,H,1I).
Collectively, these pharmacological findings are consistent with the involvement of NRF2-
associated antioxidant responses and p38/JNK signaling in the protective effects observed
following FMN treatment under OS.

3.8. FMN Suppresses MAPK/AP-1 Activation and Reduces Apoptosis in Bone Tissue of
OVX Mice

To further assess the in vivo relevance of the cellular findings, immunofluorescence
staining was performed on distal femoral sections from OVX mice. TUNEL staining
revealed markedly increased fluorescence intensity in the trabecular bone region of OVX
mice compared with the Sham group. In contrast, FMN treatment decreased TUNEL-
positive signals, with the most pronounced reduction observed in the OVX+H-FMN group
(Figure 8A,B). These findings indicate that FMN attenuates OVX-induced apoptosis in
bone tissue.

We next examined whether FMN modulated MAPK/AP-1 signaling in vivo. Im-
munofluorescence staining showed that the fluorescence intensities of p-p38 and p-JNK
were markedly increased in the distal femur of OVX mice compared with the Sham group,
consistent with increased p38/JNK signaling activity following estrogen deficiency. FMN
treatment reduced the fluorescence intensities of p-p38 and p-JNK, particularly at the higher
dose (Figure 8C-F). Consistent with these findings, the AP-1 component c-Fos showed
increased expression in the OVX group, whereas FMN treatment reduced c-Fos expression
in bone tissue (Figure 8G,H). Together, these in vivo findings are consistent with the cellular
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results and support an association between FMN treatment, reduced p38/JNK signaling
and decreased apoptosis in the bone tissue of OVX mice.
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Figure 7. Anisomycin attenuates FMN-associated preservation of osteogenic differentiation under
oxidative stress. (A) Representative ALP staining images. (B) Quantitative analysis of ALP staining
intensity. (C) Representative ARS staining images. (D) Quantitative analysis of ARS staining intensity.
(E) Western blot analysis of RUNX2 and OCN using GAPDH as the internal reference. (F,G) Quantita-
tive analysis of OCN (F) and RUNX2 (G) protein levels. Data are presented as mean =+ SD from three
independent biological experiments (1 = 3). Statistical comparisons were performed using one-way
ANOVA followed by Tukey’s multiple-comparisons test. ns, not significant; ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.
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Figure 8. FMN reduces apoptosis-associated TUNEL signals and MAPK/AP-1-related immunoflu-
orescence in OVX mice. (A) Representative TUNEL staining images of distal femoral sections.
(B) Quantitative analysis of TUNEL fluorescence intensity. (C,E,G) Representative immunofluores-
cence staining images of p-p38 (C), p-JNK (E), and c-Fos (G) in distal femoral sections. (D,F,H) Quan-
titative analysis of p-p38 (D), p-JNK (F), and c-Fos (H) fluorescence intensity. Scale bars = 200 pm.

2

(Fold of Control)

Relative p-P38 fluorescence intensity
o
Y
L+
%4’4«
‘;1’4«

o)
<,
e

N

9,
“

o
“,

-

®
1

}
|

N
1

Relative p-JNK fluorescence intensity
(Fold of Control)
b i

I

Relative c-FOS fluorescence intensity
(Fold of Control)

https:/ /doi.org/10.3390/antiox15101348


https://doi.org/10.3390/antiox15101348

Antioxidants 2026, 15, 1348

24 of 32

Data are presented as mean £ SD from three independent mice per group (n = 3). Statistical
comparisons were performed using one-way ANOVA followed by Tukey’s multiple-comparisons
test. ns, not significant; ** p < 0.01 and **** p < 0.0001.

4. Discussion

OP is a systemic skeletal disorder generally categorized into primary and secondary
forms, with primary OP mainly including postmenopausal and age-related types [35].
PMOP is mainly associated with estrogen deficiency, which promotes increased bone
turnover and gradual loss of bone mass. Although the pathogenesis of OP is multifactorial,
OS, inflammation, mitochondrial dysfunction, aging and expansion of bone marrow adi-
pose tissue are recognized as important contributors to disrupted bone homeostasis [36-38].
In particular, estrogen deficiency can disrupt redox homeostasis by impairing antioxi-
dant defenses and increasing the susceptibility of bone cells to oxidative injury [39,40].
Estrogen-related receptor signaling has also been implicated in cellular redox sensing and
OS responses [41]. Consistent with these observations, postmenopausal women exhibit
lower circulating levels of antioxidant biomarkers, such as SOD, glutathione peroxidase,
and total antioxidant capacity, accompanied by elevated levels of oxidative products [42].
Serum lipid peroxide levels have also been reported to correlate inversely with lumbar
spine bone mineral density, further supporting an association between oxidative imbalance
and postmenopausal bone loss [43]. Similar alterations in OS markers have been observed
in OVX animal models and are associated with reduced bone mineral density [44,45].
Excessive OS can promote osteoblast apoptosis and impair osteoblast function, thereby con-
tributing to an imbalance between bone formation and resorption [46]. Therefore, strategies
that mitigate OS and preserve osteoblast function may represent a promising therapeutic
approach for PMOP.

FMN is a phytoestrogen with antioxidant, anti-inflammatory and estrogenic properties
that may contribute to its potential osteoprotective effects [47-49]. Previous research has
demonstrated that FMN suppresses osteoclast differentiation and reduces the expression of
osteoclast-specific genes through regulation of the nuclear factor kappa B, MAPK, and AP-1
signaling pathways, thereby attenuating osteolytic bone loss under various pathological
conditions [50,51]. However, previous studies of the skeletal effects of FMN have predomi-
nantly focused on osteoclasts, whereas its effects on osteoblasts under OS remain less well
characterized. Given that estrogen deficiency promotes oxidative damage and impairs
osteoblast function, the antioxidant activity of FMN may provide an additional mechanism
underlying its anti-osteoporotic effects [52]. In the present study, FMN attenuated trabec-
ular bone loss in the distal femoral metaphysis of OVX mice. Micro-CT and histological
analyses showed that FMN partially preserved trabecular microarchitecture, with greater
improvements generally observed in the high-dose FMN group. For several microarchi-
tectural parameters, high-dose FMN produced changes that were descriptively similar
to those observed with E, treatment. However, no formal equivalence or non-inferiority
analysis was performed, and these observations should not be interpreted as evidence
of equivalent efficacy. In parallel, FMN reduced serum MDA levels and increased SOD
activity, consistent with an improvement in systemic redox status following OVX. Previ-
ous pharmacokinetic studies have indicated that FMN is absorbed through the intestine
and undergoes metabolism primarily in the liver and kidneys [53]. In the present study,
no apparent histopathological abnormalities were observed in major organs after FMN
administration. Collectively, these findings suggest that FMN attenuates OVX-induced tra-
becular bone loss and systemic oxidative imbalance and was not associated with apparent
histopathological abnormalities in major organs under the experimental conditions used.
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Excessive ROS accumulation can disrupt mitochondrial homeostasis, promote apopto-
sis and impair osteoblast function. To model oxidative injury in vitro, MC3T3-E1 cells were
exposed to t-BOOH, a relatively stable organic peroxide that can induce sustained OS [54].
t-BOOH treatment reduced cell viability, increased intracellular ROS accumulation and
apoptosis, induced mitochondrial ultrastructural damage, and impaired osteogenic differ-
entiation and matrix mineralization. FMN attenuated these alterations, with greater effects
generally observed at higher concentrations, suggesting that FMIN protects osteoblasts
against oxidative injury while preserving their osteogenic capacity. Consistent with its an-
tioxidant effects, FMN increased the expression of NRF2 and NRF2-associated antioxidant
proteins, including HO-1, CAT, GPX1, and SOD1. NRF2 serves as a major transcriptional
regulator of cellular antioxidant defense, promoting the expression of genes that maintain
redox homeostasis and protect against oxidative damage [55]. Pharmacological inhibition
of NRF2 with ML385 reduced the expression of NRF2, CAT and SOD], together with the
osteogenic markers RUNX2 and OCN, in FMN-treated cells. Moreover, ML385 decreased
the BCL-2/BAX ratio and increased the cleaved caspase-3/caspase-3 ratio, indicating at-
tenuation of the anti-apoptotic effects of FMN. Collectively, these findings suggest that
NRF2-associated antioxidant responses contribute to the antioxidant, anti-apoptotic and
pro-osteogenic effects of FMN under t-BOOH-induced OS.

Network pharmacology and enrichment analyses highlighted MAPK signaling and
OS-related processes as candidate pathways associated with the effects of FMIN. Molecular
docking predicted favorable interactions between FMN and MAPK1/ERK2, MAPKS8/JNK1
and MAPK14/p38x. Subsequent 100 ns molecular dynamics simulations showed relatively
stable RMSD profiles, limited fluctuations in Rg and distinct low-energy conformational
basins, providing additional computational support for the stability of the predicted FMN-
MAPK complexes. These computational findings support the structural plausibility of
the predicted interactions but do not establish direct target engagement or biochemical
inhibition. Consistent with these predictions, transcriptomic analysis showed that FMN
markedly downregulated AP-1-related genes, including Fos, Junb, Fosb, Jund and Jun. AP-1
is composed primarily of Jun and Fos family proteins and is regulated by stress-responsive
MAPK signaling, with JNK-mediated phosphorylation of c-Jun representing an important
mechanism of AP-1 activation [56,57]. Correspondingly, FMN reduced t-BOOH-induced
phosphorylation of ERK1/2, p38 and JNK, while decreasing the expression of c-Fos and c-
Jun and the phosphorylation of c-Jun. Collectively, these findings support the involvement
of the MAPK/AP-1 signaling axis in the effects of FMN under OS and suggest that FMN
attenuates t-BOOH-induced activation of this axis.

To further examine whether modulation of MAPK/AP-1 signaling was associated
with the protective effects of FMN, we performed pharmacological pathway-modulation
experiments using anisomycin, which increased p38 and JNK phosphorylation under the
experimental conditions used [58]. Anisomycin attenuated the FMN-associated reductions
in c-Fos and c-Jun expression and c-Jun phosphorylation and increased intracellular ROS
accumulation and apoptosis compared with FMN treatment alone. In addition, anisomycin
partially diminished the FMN-associated preservation of ALP staining intensity, matrix
mineralization, and the expression of the osteogenic markers RUNX2 and OCN. Taken
together, these findings are consistent with an involvement of stress-responsive p38/JNK-
AP-1 signaling in the cellular effects associated with FMN treatment. However, these
pharmacological experiments do not establish pathway-specific causality or demonstrate
that MAPK/AP-1 signaling is the exclusive mediator of FMN action.

At the tissue level, immunofluorescence staining of the distal femur revealed that OVX
enhanced the signals of p-p38, p-JNK, and the AP-1 component c-Fos. In contrast, FMN
treatment suppressed these fluorescence signals, with more pronounced effects generally
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observed in the high-dose FMN group. These findings were consistent with the suppression
of p38/JNK-AP-1 signaling observed in the t-BOOH-induced cellular model. TUNEL
staining further showed that FMN reduced apoptosis-associated fluorescence intensity in
the trabecular bone region of OVX mice. Collectively, these in vivo findings support an
association between reduced p38/JNK-AP-1-related signaling and attenuation of apoptosis-
associated changes following FMN treatment, extending the cellular observations to the
OVX model.

Nevertheless, several limitations of this study should be acknowledged. First, al-
though our findings support the involvement of MAPK/AP-1 signaling in the protective
effects of FMN, its precise molecular targets remain incompletely defined. Molecular dock-
ing and molecular dynamics simulations suggested potential interactions between FMN
and MAPK1/ERK2, MAPKS8/JNK1, and MAPK14/p38a; however, these computational
predictions do not establish direct target engagement. Further biochemical binding or
kinase activity assays are needed to determine whether FMN directly interacts with spe-
cific MAPK family members or modulates these pathways through upstream signaling
components. Second, the pharmacological experiments relied on anisomycin to reactivate
p38/JNK signaling and ML385 to inhibit NRF2. Because anisomycin also inhibits protein
synthesis and can independently induce cellular stress, some of the observed changes
in protein expression, ROS accumulation, apoptosis, and osteogenic outcomes may not
be attributable solely to p38/JNK activation. Moreover, pharmacological modulation
alone cannot establish pathway-specific causality or determine the relative contributions
of MAPK/AP-1 and NRF2 signaling to the protective effects of FMN. Third, this study
primarily focused on osteoblast-associated mechanisms, whereas bone homeostasis de-
pends on coordinated interactions between osteoblasts and osteoclasts. Although previous
studies have suggested that FMN modulates osteoclast differentiation and function, its
contribution to the bone-protective effects observed in the present study remains uncertain.
Similarly, the potential contribution of FMN'’s estrogenic properties to its effects in OVX
mice cannot be distinguished from its antioxidant and osteoblast-associated activities based
on the current experimental findings. Fourth, although FMN modulated ERK1/2, p38, and
JNK phosphorylation, the functional contribution of ERK1/2 was not investigated in depth.
Because ERK1/2 can also regulate AP-1 activity, potential crosstalk and compensatory
interactions between ERK1/2 and the p38/JNK branches of MAPK signaling warrant
further investigation. Fifth, because FMN improved cell viability under OS, the observed
increases in ALP staining intensity and matrix mineralization may partly reflect improved
cell survival or cell number rather than enhanced osteogenic differentiation alone. Further
studies are required to distinguish these effects. Finally, the relatively small sample size
and the use of MC3T3-E1 cells and an OVX mouse model may limit the generalizability
of the findings. In addition, no a priori sample-size calculation was performed and no
single primary outcome was prespecified; therefore, the present study should be considered
exploratory. Effect sizes and corresponding confidence intervals were not systematically
reported, which limits assessment of the magnitude and precision of the observed effects.
Although previous studies have investigated the pharmacokinetic properties of FMN, its
pharmacokinetic profile was not evaluated under the experimental conditions used here. In
addition, bone biomechanical properties and long-term safety were not assessed. Further
investigations addressing these limitations are needed to establish the broader relevance of
the observed effects and clarify the therapeutic potential of FMN.

5. Conclusions

In this study, FMN attenuated OVX-associated trabecular bone deterioration in mice
and protected MC3T3-E1 cells against t-BOOH-induced OS, apoptosis, and impaired
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osteogenic differentiation. FMN treatment was accompanied by reduced activation of
MAPK/AP-1-related signaling and enhanced NRF2-associated antioxidant responses. Phar-
macological modulation with anisomycin and ML385 further supported the involvement
of these signaling responses in the cellular effects associated with FMN treatment, although
these experiments do not establish pathway-specific causality or direct molecular targeting.
Collectively, these findings identify MAPK/AP-1 and NRF2-associated signaling as can-
didate pathways linked to the protective effects of FMN and provide a basis for further
mechanistic investigation. A schematic summary of the signaling changes associated with
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Figure 9. Schematic representation of the signaling changes associated with FMN treatment in the
present study. FMN treatment was associated with reduced MAPK/AP-1 signaling and enhanced
NRF2-associated antioxidant responses, accompanied by reduced osteoblast apoptosis and preserva-
tion of osteogenic function under OS. The dashed inhibitory connection between AP-1 and NRF2

represents a putative relationship that was not directly examined in the present study. Created in
BioRender. Shuhua, L. (2026) https:/ /BioRender.com/okewrsd.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/antiox15101348/s1. Supplementary Figure S1. FMN preserves
RUNX2 expression in the distal femur and shows no obvious histological toxicity in major organs.
(A) Representative RUNX2 immunofluorescence staining images of distal femoral sections. RUNX2
is shown in red, and nuclei were counterstained with DAPI in blue. (B) Quantitative analysis of
RUNX?2 fluorescence intensity. (C) Representative H&E staining images of the heart, liver, spleen,
lung, and kidney. Scale bars = 200 um. (D) Representative gross photographs of uterine tissues
from Sham and OVX mice, showing a visible reduction in uterine size following ovariectomy. A
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metric ruler is included as a size reference. Data are presented as mean £ SD from three inde-
pendent mice per group (n = 3). Statistical comparisons were performed using one-way ANOVA
followed by Tukey’s multiple-comparisons test. ns, not significant; * p < 0.05, *** p < 0.001, and
*** p < 0.0001. Supplementary Figure S2. Molecular docking and molecular dynamics simulation of
the FMN-MAPKI1 complex. (A) Molecular docking analysis of FMN with MAPK1, including the
overall docking conformation, enlarged binding pocket, and two-dimensional interaction diagram.
(B) Residue energy decomposition analysis of the FMN-MAPK1 complex. (C) Root mean square
deviation (RMSD) plot of the FMN-MAPK1 complex during 100 ns molecular dynamics simulation.
(D,E) Gibbs free energy landscape of the FMN-MAPK1 complex. (F) Radius of gyration (Rg) analysis
of the FMN-MAPK1, FMN-MAPKS, and FMN-MAPK14 complexes. Supplementary Figure S3.
Optimization and validation of anisomycin-mediated p38/JNK pathway activation. (A—-C) Cell
viability of MC3T3-E1 cells after treatment with anisomycin at 0.032, 0.16, 0.8, 4, and 20 uM for
1h (A), 2 h (B), and 3 h (C), respectively. (D) Representative Western blot analysis of p-JNK, JNK,
p-p38, and p38 after treatment with anisomycin at 0.16, 0.8, and 4 uM for 1 h, with GAPDH shown as
the loading control. (E,F) Quantitative analysis of the p-p38/p38 ratio (E) and p-JNK/JNK ratio (F).
(G) Representative Western blot analysis of p-JNK, JNK, p-p38, and p38 under the indicated t-BOOH,
FMN, and anisomycin treatment conditions. (H,I) Quantitative analysis of the p-JNK/JNK ratio
(H) and p-p38/p38 ratio (I). Data are presented as mean + SD from three independent biological
experiments (n = 3). Statistical comparisons were performed using one-way ANOVA followed by
Tukey’s multiple-comparisons test. ns, not significant; * p < 0.05, ** p < 0.01, * p < 0.001, and
*** p < 0.0001. Supplementary Figure S4. NRF2 inhibition attenuates the antioxidant, anti-apoptotic,
and pro-osteogenic effects of FMIN under oxidative stress. (A) Western blot analysis of NRF2, CAT,
RUNX2, SOD1, and OCN in t-BOOH+FMN:-treated MC3T3-E1 cells with or without ML385, using
GAPDH as the internal reference. (B) Western blot analysis of caspase-3, cleaved caspase-3, BCL-2,
and BAX using GAPDH as the internal reference. (C—G) Quantitative analysis of NRF2 (C), CAT
(D), SOD1 (E), RUNX2 (F), and OCN (G) protein levels. (H,I) Quantitative analysis of BCL-2/BAX
ratio (H) and cleaved caspase-3/caspase-3 ratio (I). Data are presented as mean + SD from three
independent biological experiments (n = 3). Statistical comparisons were performed using an un-
paired two-tailed Student’s t-test. ns, not significant; * p < 0.05, ** p < 0.01, and *** p < 0.001. ML385,
NRF2 inhibitor. Supplementary Table S1. The target of FMN (n = 166). Supplementary Table S2.
Drug-disease intersection targets (1 = 139). Supplementary Table S3. Molecular docking parameters
for the FMN-MAPK complexes.
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